B n36paHHbIX 0030pHbIX CTaTbAX U3BECTHOrO B
HaLLeil CTpaHe 1 3a pybexxom crewuanucra B
006nacT1 ONTMKN NONYNPOBOAHNKOB aKaieMMKa
B. b. TumoQeeBa, HanncaHHbIX B pa3Hble rogbl
1 no 6onbLueli YacTy B C0aBTOPCTBE
C Kosineramu, 0XBayeH LWUpOKUii Kpyr
(U3nYecKIX ABNEHNN B 06bEMHBIX
noNynpoBOAHNKAX 1 B ABYMEPHbIX
MoNyNnpoBOAHUKOBbIX HAHOCTPYKTYpaX.
OnucaHbl ¥ poaHanu3MpoBaHbl (BOICTBA
IKCUTOHHBIX KOMNIEKCOB M IKCUTOH-AbIPOYHON
XUAKOCTU B 00bEMHBIX MaTepuanax,
KBaHTOBbII 3QQeKT Xonna u BUrHepoBcKas
KpuCTannm3auua B rereponepexopax,
003e-31HLUTEHOBCKAA KOHAEHCaLWA
3KCUTOHOB B KBAHTOBBIX AMaX, LIMKNOTPOHHbIX
MArHUTO3KCUTOHOB B X0JII0BCKOM
LVNEKTPUKE 1 SKCUTOHHDIX NOJIAPUTOHOB
B MMKPOPE30HATOpaX.

(6opHuK byaeT noneseH HayyHbIM
COTPYAHUKAM, aCNWpaHTaM 1 CTyAeHTam
CTapLUMX KYPCOB GU3MYECKUX CneLnanbHoCTed
YHUBEPCUTETOB.

Akapemuk B.b. TumodeeB - Bbigato-
WNINCA PU3NK-IKCNepUMeHTaTop,
LUINPOKO M3BECTHbIV B HaLLIe CcTpaHe
1 32 py6e)Kom CBOUMMN JOCTUXKEHUAMM
B 06nactn ¢p13nKm NonynpoBOJHUKOB,
KOHOEHCUPOBaHHbIX cpef 1 HU3Kopas-
MepPHbIX MONYNPOBOAHUNKOBbIX CUCTEM,
naypeart [ocygapcTBeHHOW Npemum
CCCP, umeeT nNpaBUTe/IbCTBEHHbIE
N MeXAYHapoAHble Harpafbl.

ISBN 978-5-6040418-5-7

9%785604"041857

A

NN TEMATUYHECKUN UMK OB3OPOB

JNIEKTPOHHDIE

W NEKTPOHHO-AbIPOYHDIE
KOPPENALIMOHHBIE ABNEHWA

B ObbEMHbIX ONYNPOBOAHWUKAX
WHAHOCTPYKTYPAX

TEMATUYECKWN LIMKN OB630POB



UHCTUTYT ®U3UKU TBEPIOI'O TEJIA
POCCHUIVICKOM AKAIEMUU HAVK

J/IeKTPOHHBIE U 3JIEKTPOHHO-IbIPOUYHBIE

KOPPpeIIIMOHHbBIE SIBJIEHUS B 00beMHBIX

MOJIYIIPOBOTHMKAX M HAHOCTPYKTYypax —
TeMaTHU4YeCKU IIMKJI 0030pOB

Tom 2

‘1 & )
MockBa

N3panmne bopuca Hukomaesa
2020



VIK 538.95+537.632
BbK 22.379
945

CocTaBuUTeENb
akagemuk B.B. Tumogees

PepakioHHas KO/JIerus:

0.¢p.-m.H. A.B. TopbyHo8,
k.n.H. O.U. J/legueHko,
T.IO. Tkauyk,
M.U. Bvixano

ONeKTPOHHbIE U 3JIEKTPOHHO-ABbIPOUHBbIE KOPPESMOHHbIE SIBJIEHUS

B OOBEMHBIX MOMYITPOBOAHMKAX M HAHOCTPYKTYpax — TeMaTUUYECKUIi
245 MK 0630poB. B.B. Tumodees (coct.): B 2 1. T. 2. — M.: 3nanne Bopuca

Huxonaesa, 2020. — 440 c.: .

ISBN 978-5-6040418-5-7 (T. 2)

B 136paHHBIX 0630PHBIX CTAThSIX M3BECTHOTO B HAllleil cTpaHe U 3a py6eskom
CITenyaaucTa B 06J1acTy ONTUKY TIOMYIIPOBOAHMUKOB akajgemuka B.B. Tumodeesa,
HaMMCaHHbIX B pa3HbIe I'OMIbI 1 110 OOJIbINIE YaCTM B COABTOPCTBE C KOJIIEraMMu, OXBa-
YeH IMUPOKUI KPyT pu3nueckux SIBJIEHMIT B 00beMHBIX MOTYITPOBOIAHNKAX U B IBY-
MEpPHBIX MOJYTIPOBOAHUKOBBIX HAHOCTPYKTYpax. OmucaHbl ¥ MPOaHAIU3MPOBAHbI
CBOJCTBA 9KCUTOHHBIX KOMIIEKCOB ¥ 9KCUTOH-IIBIPOUHOI KUIKOCTU B OObEMHBIX
MaTepuasnax, KBAaHTOBbIN 3¢ deKT Xo/aa ¥ BUTHEPOBCKAsT KPUCTATU3AIINS B reTe-
poriepexofax, 603e-3MHIITeTHOBCKASI KOHAEHCAIVSI 9KCUTOHOB B KBAHTOBBIX SIMAX,
LMKJIOTPOHHBIX MAaTHUTOIKCUTOHOB B XOJIZIOBCKOM AM3I€KTPUKE U SKCUTOHHBIX T10-
JIIPUTOHOB B MMKPOPE30HaTOpax.

C6opHMK OyJeT IMoyie3eH HayUYHbIM COTPYAHMKAM, acIMpPaHTaM U CTyHZeHTaM
CTapUIMX KypcoB DU3MUECKUX CIIeIMATbHOCTE YHUBEPCUTETOB.

© UDTT PAH, 2020
© KomnekTus aBTOpOB, 2020
ISBN 978-5-6040418-5-7 © Tumodees B.B. (cocrasienne), 2020



MAGNETO-OPTICS UNDER CONDITIONS
OF THE INTEGER AND FRACTIONAL
QUANTUM HALL EFFECT IN Si MOSFET*

I.V. Kukushkin, V.B. Timofeev

Abstract

The optical-spectroscopy method for investigating 2D-electron energy spec-
tra in a transverse magnetic field under integer and fractional QHE conditions is
reviewed. It is shown that the radiative recombination spectrum of 2D-electrons
with injected holes in the case of (001)-Si metal-oxide-semiconductor (MOS)-
structures directly reflects the single-particle density of states (DOS) of the elec-
tron system. The structure of the Landau levels is studied. The magnitudes of the
intervalley and of the spin splittings are thus determined, and it is shown that
interelectron interaction effects increase these splittings by almost an order of
magnitude. The oscillations of DOS peak widths on the Landau levels are ob-
served when the electron filling factor varies. It is shown that this effect is due to
the screening of random potential fluctuations of defects. For half-integer filling
the widths of DOS peaks are a minimum and depend on the magnetic field and
electron mobility in accordance with the theory for short-range random scat-
terers. It is shown that for completely filled levels the DOS in the gaps of the
energy spectrum is not exponentially small due to the long-range fluctuations
of the random potential. The amplitude and linear scale of these fluctuations
are found. The activation gaps in the energy spectrum and the influence of dis-
order in the case of the fractional QHE are investigated. It is found that these
gaps increase in proportion to the reciprocal magnetic length when the electron
mobility is fixed. The dependence of the activation gaps on the magnetic field
and electron mobility is factorized within a simple relation. The magnitudes
found for the activation energies and their dependence on the magnetic field
and mobility correlate with the theoretical concept concerning the condensation
of 2D electrons into an incompressible Fermi fluid.

1. Introduction

The most newsworthy recent event in the physics of semiconductors was the
discovery of quantization of the Hall resistance, which is called the quantum Hall
effect (QHE) [1], The quantum Hall effect is observed in two-dimensional (2D) n-

* Section A: Physics Reviews / ed. by .M. Khalatnikov // Soviet Scientific Reviews / ser. ed. by
V.I. Goldanskii et al. - Chur : Harwood, 1988.-Vol. 11, Part 1.- P.1-99.
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and p- space-charge layers in metal-oxide-semiconductor (MOS) structures and
also in heterojunctions with modulated doping.

In essence, this effect shows up as a series of plateaus or steps exhibited by the
low-temperature (T ~ 1 K) Hall conductivity o, of a 2D-electron gas in a strong
magnetic field H, measured as a function of H or n, the latter being the 2D-carrier
density. The plateau value of the Hall conductivity is:

o, =v-e/h. 1)

Here, e and h = 27h are universal constants representing the elementary charge
(e) and the reduced Plank constant i, whereas v is the filling factor, i.e.

v=n/n, 2)

where
n,=1/27(% = eH/ch=H/Q, 3)

is the number of states at the Landau level calculated per unit surface area, c is
the velocity of light,

{, = (ch/eH)'? 4

is the magnetic length and Q, = ch/e is the quantum of magnetic flux. The re-
markable property is that the factor v defined by Eq. (1) is given by

v=p/q, Q)

where p and q are integers. In the case of the integer or normal QHE discovered
by von Klitzing et at. [1], q = 1. Each plateau of o, corresponds to a deep dip in
the diagonal components of the conductivity tensor o, < o,, and of the resisti-
vity tensor p_ < p,,.

The quantum Hall effect is a phenomenon specific to two-dimensional sys-
tems and it is associated with the presence of gaps in the spectrum of electrons
subjected to a transverse magnetic field. Until now the main features of the inte-
ger QHE have been satisfactorily explained within the framework of the theory of
strong localization in the gaps of the energy spectrum. The precision of quantiza-
tion of the Hall conductivity is ensured by the fact that in the case of a 2D-system
the conductivity can be regarded as a topological invariant which is independent
of the random potential of defects. The effect of integer Hall quantization is es-
sentially of a single-electron nature and is associated with the special structure
of the 2D-electron spectrum in a random field: almost all the states are local-
ized, and extended states carry the current only in the Hall direction. Two years
later, in GaAs/AlGaAs heterojunctions with very high electron mobility in the 2D
charge layer, it was discovered that quantization of Hall conductivity o, and the
simultaneous vanishing of diagonal conductivity o occur not only at integer val-
ues of the filling factor, but also at fractional values of v with odd denominators
[2]. Using existing experimental results [3, 4], one can speculate that fractional
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quantization (FQHE) occurs for rational v=1/q(q =3, 5, 7,...) and all their mul-
tiples given by Eq. (5). The FQHE is observed at temperatures much lower than
the characteristic temperatures necessary for the observation of integer QHE. It
indicates the existence of new kind of gaps in the energy spectrum at fractional
v, which are not expected within the independent electron picture and are caused
by the creation of a new correlated many-particle state with a finite gap in its
excitation spectrum. According to Laughlin’s idea [5] and recent numerical cal-
culations [6], this many-particle ground state is an incompressible electron liquid
existing exclusively at rational fractional values of v with odd denominator and
due to e-h symmetry at 1—1/q. Therefore, the fractional QHE appears because of
electron-electron interaction which forms incompressible electron phases with a
gap in the spectrum of elementary excitations. The densities of these phases are
quantized because of the degeneracy of the ground state of the system.

Recently, the fractional QHE has been observed in Si MOSFETs [7-9] with
high mobility of 2D electrons in the inversion layer. Due to the difference in the
magnitude of the dielectric screening of Coulomb interaction, one can expect a
larger scale of the energy gap at a given fractional v in a Si MOSFET as compared
with GaAs/AlGaAs heterojunctions. Further, the observation of FQHE in Si MOS-
FET demonstrates that the fractional quantum Hall effect is not associated with
a special type of 2D system: its occurrence is a common event.

The focus of discussion of the energy spectrum of a 2D-system in a transverse
magnetic field is the problem concerning the electron density of states (DOS) in
the presence of disorder associated with a random potential of defects [10]. The
importance of this problem is due to the need for a microscopic description of the
magnetotransport properties of the 2D-space charge layer over a wide range of
variation of the filling factor of quantum states, including the regimes of integer
and fractional quantum Hall effects. In order to construct a microscopic theory
one must have detailed information about the disorder in the system, viz., about
the random potential of scatterers. Here the question arises of the screening of
the random potential fluctuations when the filling factor of the quantum states
varies. It is common knowledge that the density of states of an ideal 2D-elec-
tron layer placed in a transverse quantizing magnetic field is a set of §-functions
equally spaced by the value of the cyclotron energy hw_. Each Landau level is
strongly degenerate and the power of the degeneration (spin and valley-orbital
degeneracy being neglected) is given by Eq. (3). The random potential (inhomoge-
neities, structure defects, and impurities) removes the degeneracy of the Landau
levels and, hence, their finite width I" appears. Once this width is related to the
short-range potential of scatterers, the single-particle DOS on the wings on the
Landau levels D(E) decreases in accordance with the law

D (E) oc exp[— (E/2T)7], (6)

and when hw_>T' = hw (7. H/2) -'/2, it should almost vanish in the energy spec-
trum gaps (here p is the electron mobility) [10]. From recent experiments devoted
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to an investigation of the 2D-electron density of states on the Fermi level by
means of oscillating dependences of magnetization [11], electron heat capacity
[12], and also using thermoactivated magnetoconductivity [13, 14], it has been
concluded that the DOS between Landau levels is not exponentially small but
makes up a considerable portion of D at H = 0. This conclusion contradicts the
results following from the concept of short-range scatterers [10]. Recently an
optical-spectroscopy method has been proposed to study the energy distribution
of the density of the single-particle electron state — D(E) [15, 16]. The spectro-
scopic method is based on the measurements of luminescence spectra related to
the radiative recombination of 2D-electrons with photoexcited holes in silicon
MOS-structures [15, 16]. Under the conditions of excitation of nonequilibrium
electron-hole pairs in the vicinity of the Si-SiO, interface and at a positive gate
voltage V, >V, (V. is the threshold voltage), a 2D-electron accumulation channel
occurs which completely screens the gate field inside the bulk of the semicon-
ductor. Therefore, the energy bands behind the 2D-channel appear to be actu-
ally flat (the depletion layer practically disappears). The radiative recombination
spectrum is a convolution of distribution functions of 2D-electrons and injected
holes. It is significant that the width of the energy distribution of holes, partici-
pating in the recombination, is very narrow in the case in question. Therefore,
the radiative recombination spectrum directly reflects the energy distribution of
the density of single-particle states of the 2D-electrons.

The various methods previously employed were based on the measurements
of 2D-DOS on the Fermi level — dn_ /dE, (the so-called thermodynamic density
of states). When account is taken of the electron-electron interaction and re-
lated effects of random potential screening, the thermodynamic DOS —dn_/dE,
and D (E,) are different. An advantage of the spectroscopic method is that it
enables one to detect how the energy distribution of DOS varies with the filling
factor v of the quantum states and, also, with the amplitude and linear scale of
long-range random potential fluctuations, the magnetic field and the electron
mobility. Finally, the spectroscopic method may be used to determine the gap
values in the single-particle energy spectrum of 2D-electrons in a transverse
magnetic field and, which is especially important, the Coulomb gap values of
incompressible Fermi-liquids in the fractional QHE regimes. In the present re-
view article we will try to show how the optical-spectroscopy method can be
used to investigate 2D-electron energy spectra in a transverse magnetic field
under integer and fractional QHE conditions. We start with the principles of
the method for the case of Si-MOSFET in Section 2. Then the main properties
of the radiative recombination spectra of 2D-electrons with injected holes in a
transverse magnetic field are discussed in Section 3. The density ot slates in a
transverse magnetic field, screening of the random potential fluctuations and
measurements by means of magneto-optics of the amplitude and of the linear
scale of the fluctuations are presented in Section 4. Finally, the fractional quan-
tum Hall effect in Si-MOSFETSs and the measurements of Coulomb gaps in the
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energy spectrum of an incompressible Fermi-liquid using the thermoactivated-
conductivity and optical-spectroscopy methods are discussed in Section 5 and
Section 6.

2. Radiative recombination of 2D-electrons
with nonequilibrium holes in a zero magnetic field

2.1. Inversion and Accumulation Layers in Si MOS-Structures

A typical two-dimensional system is an n-type inversion channel in a silicon
metal-oxide-semiconductor (MOS) structure. The integral quantum Hall effect
was first discovered in such a channel [1]. In silicon MOS-structure a Si crystal has
a plane interface with a thin (~10° cm) film of the insulator Si0,, the opposite
side of which has a metal gate electrode (see Fig. 1). A voltage v, applied between
the gate and the interface creates a uniform electric field in Si0,, and in Si it
produces a space charge near the Si/Si0, interface as well as a potential well that
confines this space charge. On the insulator side the well is bounded by a poten-
tial barrier which is about two electron-volts high. The barrier is nearly triangular
(Fig. 1). Under equilibrium conditions when V_ is sufficiently high the bottom
of the well drops below the chemical potential level ¢ in the bulk of the silicon
crystal. Then, a thin surface layer (~ 30-50 A) bounded by the well walls becomes
filled with electrons which are carriers of charge of the opposite (inverted) sign
relative to the carriers in the bulk of the silicon crystal (holes). Therefore, an
inversion layer appears at the surface of p-type Siif V, > 0: an n-type channel is
formed (a p-type channel appears at the surface of n-type Siif V, <0). This chan-
nel is filled with carriers via built-in electrodes (source and drain). When V_has
opposite sign an accumulation layer is formed at the surface: if V, is sufficiently
high, the carriers in such a layer are degenerate. If there are no built-in electrodes,
the potential well near the interface can be filled by illumination which creates
electron-hole pairs in the vicinity of the Si-Si0, interface.

An inversion layer of this type is separated from the bulk of the silicon crystal
by a depletion region (of typical thickness L) ~ 1 um). There are no carriers in
the depletion region and it behaves as an insulator. This region contains ionized
shallow impurities with charges of the same sign as that of the carriers in the
inversion layer (channel).

In the case of Si MOS-structures the density of 2D carriers can easily be varied
within the range n_ < 10" cm2 (the limit is imposed by the breakdown of the Si0,
insulator) by altering A\ Usually imperfections of the Si0, film and of the Si-Si0,
interface ensure that the density of localized states is relatively high. Therefore,
at liquid-helium temperatures all the carriers are usually localized in the range
n < (1-2)-10" cm2,



LV. Kukushkin, V.B. Timofeev

ii (@)

RETTRRTE T

Figure 1. Metal-oxide-semiconductor (MOS) structure, (a) Schematic section: (1) p-type semi-
conductor; (2) oxide (insulator); (3) metal gate; (4) low-resistance electrode (source and drain);
(5) inversion n-type channel. (b) Energy band structure near the oxide-semiconductor interface.
Here, ¢_and ¢, are the bottom of the conduction and the top of the valence band in the semi-
conductor. The behaviour of the bottom of the conduction band in the oxide is shown on the
left. Here, ¢ is the Fermi level in the semiconductor and ¢ is the Fermi level in the metal, Vg is
the gate voltage, L is the thickness of the depletion region. The open circles represent neutral
acceptors and the black dots are ionized acceptors. (c) The behaviour of the band edges under
the conditions when e-h pairs are injected in the vicinity of interface.

Random potential fluctuations associated with charged impurities (for in-
stance alkali metal ions in Si0,) and structural defects play a dominant role in the
scattering of 2D carriers at low temperatures and limit their mobility. The highest
reported values of the electron mobility in silicon MOS-structures at T = 4.2 K do
not exceed u ~ (4—5)-10* cm?-V-1-sec™! (see [7-9)).
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2.2. Experimental Method and Structures

For spectroscopy measurements we used a number of p-Si MOSFETs with
(001) Si-Si0, interface. The structures have a rectangular geometry with five probe
contacts (for the measurements of the resistivity tensor components p_ and p,),
or have a circular geometry, the so-called Corbino disks, (for the measurements
of the conductivity o, ). Both types of MOSFETSs have semitransparent gates with
an area of about 5 mm?. The quality of the structures employed was different:
in the best structure the maximum mobility was p* = 3.1 x 10* cm?2-V-!-s~l at
n’=4x10"cm?and T = 1.5 K and for the worse one the maximum mobility
was p1* =4x10%cm?-V-!-s7'atn* =9 x 10" cm 2 and T = 1.5 K. Nonequilibrium
electron-hole pairs were injected by means of an Ar-laser.

For the study we used an optical cryostat with a solenoid (H up to 9 T). The
spectral instrument was a double monochromator with a dispersion of 10 A-mm !
in the working region. The emission was observed in the Voight geometry. We
wish to stress that the intensity of the investigated radiative recombination of
2D-electrons with injected holes was very weak (about ten counts per second). For
comparison it should be mentioned that the intensity of the bound excitons from
the crystal volume under the same conditions provided about 10* counts per sec-
ond. Therefore, the emission was detected under photon-counting conditions with
subsequent storage of the signal. It is very important that all the spectroscopic and
magnetotransport measurements should be carried out simultaneously.

2.3. Distributions of the Charges and Electric Field
in the region of the Interface

For the given and fixed gate voltage V, the sum of the space-charge densities
in the 2D-channel (n,) and in the depletion layer (n,) is constant: n_+ n, = const.
The ratio of the densities n_ and n, can be essentially changed by varying the
substrate bias voltage V, (this voltage is applied between the 2D-charged chan-
nel and the rear side of the bulk of the silicon crystal) and by using illumination
in the far infrared (FIR) region (with a photon energy which is close to the bind-
ing energy of the shallow impurity centres iw 2 A. ~ 50 meV) or with a photon
energy hw > 1g ~1leV (E;g is the indirect energy gap of Si). We will now consider
the variation of n, and n_ due to these external influences.

2.3.1. Substrate bias voltage

For the given and negative substrate bias voltage V¢, the band bending
e¢, = E, — eV, spreads inside the semiconductor volume over the region L, (L,
is the thickness of the depletion region). Thus the surface charge density in the
depletion region is equal to: en, = eN,L, (N, is the density of acceptor centers
in p-Si). The charge en, screens the electric field produced by the gate voltage
(E = ¢,/L,). Therefore, one can easily obtain:
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where ¢ and ¢, are the dielectric constants of silicon and vacuum respectively.
Since at the given gate voltage V, the charge density on the metal gate (en,)) is
fixed, it follows from the electroneutrality condition that
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Figure 2. (a) The dependence of the threshold voltage V., when V, varies represented in
(E,/e — V@)"? — V, coordinates. From the slope of straight line the density of acceptor centres
is determined: N, = (7.05 & 0.05) x 10'* cm~>. The flat band voltage is V,, = —(0.275 4 0.022) V.
(b), (¢), (d) Shubnikov-de Haas oscillations of magnetoconductivity o, (V,) measuredat H="7T,
T = 1.6 K and different values ot V, = —10 V(b), 0 V(c, d) and under injection of e-h pairs using
external irradiation (d). The arrows correspond to complete filling of the Landau levels.
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Therefore, from measurements of n_or the threshold voltage V.. (V. is directly
connected with n_ = ¢ ¢ (V, —V,)/ed), using the Shubnikov-de Haas oscillations
of the diagonal magnetoconductivity one can determine how the charge density
of the depletion layer n, changes when the substrate bias voltage V, varies.
When V, = const the applied negative V, increases n, and therefore decreases
the charge density n_in the 2D-layer. This is illustrated in Fig. 2b, c where the
dependence of the magnetoconductivity o, on the gate voltage V_is shown at
H=7TforVy =0Vand Vg = —10 V. The spectrum of the Shubnikov-de Haas
oscillations o, (V) is shifted as a whole to the high gate voltage side when the
negative Vg, is applied. It means an increase in the threshold voltage V. and a
corresponding decrease in n, for fixed V. Fig. 2 a illustrates the dependence of
V; on the band bending (E,/e — V,)"/? measured by means of the shifts of the
Shubnikov-de Haas oscillation spectrum at H=7 T and T = 1.6 K (one should
bear in mind that (E /e — V)2 ~ n, and this is why these magnitudes are plot-
ted on the same axis. The measured dependence shown in Fig. 2 can be used to
represent the state of the depletion region and to determine the space charge
in this region (en,). Besides, the dependence V, (V) enables one to determine
the following important parameters: 1) the concentration of acceptor centers
in the bulk p-Si (N,); 2) the flat band voltage V,_, which corresponds to the gate
voltage when the band bending completely disappears and n, = 0 (see Fig. 2).
The above-mentioned results were obtained under thermalization conditions
with respect to a shallow impurity system. The thermalization at the low tem-
peratures was achieved for FIR irradiation of the Si-Si0, interface (with a photon
energy hw ~ 200 meV).

2.3.2. The effect of radiation which ionizes shallow impurities

The radiation source in the FIR spectrum region was the intrinsic ther-
mal radiation of the optical cryostat windows, closed by metal diaphragms,
impenetrable for the external light. The windows were at room temperature,
and they therefore radiated with maximum power density with hw ~ 70 meV.
This radiation was sufficient for equilibrium to be established in the impurity
system for a time period of about 10 s. Fig. 3 shows for two different cases how
the density of 2D-electrons, measured for V, = 8.4V, changes after a voltage
V= —10V has been applied between the channel and the substrate: a) in the
presence of the thermal radiation of the cryostat windows, b) in the absence
of the illumination — the sample is completely protected with a metal screen
placed in the liquid helium. It is seen that in the first case the establishment
of equilibrium in the impurity system (the increase in n, and the decrease
in n ) is accomplished for a time period of about 10*second, whereas in the
second case no noticeable changes in n, are observed for about 1 hour. This
circumstance will be useful when investigating the kinetics of 2D-electrons
with non-equilibrium holes.
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Figure 3. The kinetics of the variation of the 2D-electron density n, measured after the sub-
strate bias voltage is switched on (Vg = =10V, At = 0) and at V, =840V, T=1.6K The mea-
surements of n, were made using FIR irradiation (the open circles) and without FIR irradiation
(the dark dots) (hw ~ 200 meV).

2.3.3. The influence of radiation which generates non-equilibrium pairs

The radiation sources with a photon energy exceeding the energy gap width
of Si were, firstly, an argon laser with A = 4880 A (if the excitation was performed
via the cryostat windows, then thermal radiation from the external windows was
present) and secondly, a GaAs light diode placed close to the sample in liquid
helium (if the action of the thermal radiation with Aiw ~ 200 meV from the warm
windows of the cryostat was to be eliminated).

Figure 2d shows the pattern of Shubnikov-de Haas oscillations of mag-
netic conductivity oV under Ar-laser illumination with a power density
W=10"?W/cm?withH="7T,V,, =0V,and T = 1.6 K. It is seen that when the
visible light is on, the magnetotransport properties of the 2D-channel do not
change appreciably (e.g. the 2D-electron system does not heat up significantly),
however, the oscillation pattern shifts towards lower V, which indicates a de-
crease in the threshold voltage. As has been shown before, n, can be determined
from the value of V_. Using the graduation curve of Fig. 2, one can easily find that
for Ar-laser illumination (W = 10 -2 W/cm?) the threshold voltage is practically
coincident with the voltage of the flat bands. Hence it follows that n, ~ 0, and the
whole electric field is concentrated in the 2D-channel, and outside of it there is
practically no field (see the lower part of Fig. 1). We arrived at the conclusion [15]
that under the illumination n, < 0, which confirms the existence of the second
hole layer. The possibility of the existence of such a layer under the conditions
of non-equilibrium e-h-excitation was first shown in [17]. A more accurate con-
sideration based on a comparison of the voltages V_, and V. under excitation
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conditions shows that n, is positive and does not exceed n, < 10° cm? (this value
complies with an electric field E < 10? V-cm™!) in a semiconductor right behind
the 2D-channel. So, the main conclusion of this section is that under conditions
of e-h-pair generation the depletion layer is completely nonexistent in the bulk
of the semiconductor, and right behind the 2D-channel the electric field is small
(E <10°V/cm).

2.4. Radiative Recombination Spectrum of 2D-electrons (the 2De-line)

As was shown in the previous section when nonequilibrium e-h pairs are ex-
cited in the vicinity of the Si-Si0, interface the electron density n_in the 2D-
accumulation layer increases and this space charge screens the electric field
produced by the gate voltage inside the bulk semiconductor. Now the depletion
layer practically disappears and the electron and valence bands just behind the
2D-accumulation channel inside the bulk p-Si crystal become flat. Such a condi-
tion, which is nonequilibrium and exists when e-h-pairs are generated, can be
found directly close to the 2D-electron accumulation channel. As far as the wave
function of 2D-electron is extended inside the semiconductor volume in the Z-
direction (W(Z) ~ Z-exp(—1/2bZ),b-'~ 7 — 10 A, Z || [001]) there is a finite prob-
ability of the radiative recombination of 2D-electrons with injected holes. In the
case under consideration, the recombination is indirect, and its probability does
not depend on the energy of the recombining particles. This recombination is
indirect both in momentum and coordinate spaces, and therefore, the intensity
of the corresponding luminescence should be very weak. Such weak radiative re-
combination has been experimentally observed. Figure 4 illustrates the radiative
spectra observed under external Ar-laser irradiation with power W= 10-3W-cm~2
and different applied gate voltages. We wish to stress that all the spectroscopic
and magnetotransport measurements were carried out simultaneously. For each
spectrum in Fig. 4 the density of 2D-electrons n, was measured independently
under the same conditions by means of magnetoconductivity Shubnikov-de Haas
oscillations. At a gate voltage V, <V, (this means n_= 0) the only intense bound
exciton line (the BE-line) in the recombination spectrum from the crystal bulk is
observed. The BE-line corresponds to excitons bound to neutral acceptor centres
(boron atoms). When the power of the Ar-laser radiation increases, the bound
multi-exciton complex lines (for W > 10-2 W-cm~2) as well as the electron-hole
liquid line (for W > 10 W-cm~?) start to appear in the luminescence spectrum.
The spectral positions of the above-mentioned lines occur in the spectral region
where the radiative recombination of 2D-electrons with injected holes (the 2De-
line) appears. That is why the power of the laser excitation should be optimized
and thus should not exceed W < 107 W-cm™. At a gate voltage V_ > V. the
2D-electron accumulation channel occurs and in the radiative recombination
spectrum a new 2De-line starts to appear. This 2De-line exhibits the following
properties:
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(i) the intensity of the 2De-line is very low — about three orders of magnitude
lower than the intensity of the BE-line from the crystal volume;

(ii) the shape of the 2De-line is a step-like function when the electron density
n_corresponds to metal conductivity in the 2D-channel, reflecting the con-
stancy of the density of states of 2D-electrons in zero magnetic field,

(iii) the width of the 2De-line increases linearly with the electron density n, in
accordance with the linear increase in the Fermi energy of 2D-electrons;

(iv) the spectral position of the violet boundary of the 2De-line corresponding to
the chemical potential of 2D-electrons is independent of the gate voltage V,
(with an accuracy of about 0.5 meV).

1
709 108 107 Ao, eV

Figure 4. TO-phonon component of the radiative spectra (2De-line) of p-Si(001) MOSFET mea-
sured under Ar-laser excitation (the power of the laser light used is W = 103 W-cm~?) and dif-
ferent gate voltages V, at T = 1.6 K. 2D-electron densities n_are measured using Shubnikov-de
Haas oscillations of the conductivity and are mentioned for every spectrum in units of 10" cm~2.
The BE line corresponds to bound excitons on boron atoms.

2.4.1. TO-, TA-phonon and nonphonon (NP-) components of the spectrum

In order to establish the recombination mechanism, one has first of all to de-
termine with what holes, free or bound to the boron atoms, the 2D-electrons re-
combine. Intuitively, the recombination with the bound holes seems more prob-
able since, firstly, their concentration is much greater compared with that of the
free ones and, secondly, they are less affected by the residual electric field that
repels the free holes from the 2D-channel towards the substrate. This assump-
tion is supported by the fact that the analogous recombination of photoexcited
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electrons with 2D-holes, generated in the same structures at negative voltages
V,, exhibits an intensity weaker by at least one order.
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Figure 5. TO-, TA- and nophonon (NP-) component of 2De-line observed at W = 103 W-cm~2
T=1.6Kandn = 9-10" cm~2 The BE(B) and BE(P) lines correspond to excitons bound with
boron and phosphorus atoms.

If the holes, bound to the boron atoms, participate in the recombination, one
can observe a nonphonon radiation line shifted towards higher energies since the
momentum close to the Brillouin one, that entrains the phonon, can in this case
be transmitted to the impurity centre [18]. Fig. 5 shows the TO-, TA-phonon and
NP-components of the spectrum. One can see that besides the radiation of the
excitons, bound to the boron, all three components involve the 2De line, that ap-
pearsatV, >V, In the nonphonon component the radiation intensity is so small
that the 2De line spectrum was measured at fixed points. It should also be pointed
out that the NP-component, besides the radiation from the bulk of the excitons,
bound to boron atoms (the BE(B)-line), exhibits radiation of the excitons bound
to the phosphorus atoms (the BE(P)-line) of comparable intensity whose concen-
tration in the silicon substrate is less by two orders of magnitude than that of the
boron. This is related to the fact that the probability of nonphonon recombina-
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tion of the excitons bound to the boron atoms is lower by almost three orders of
magnitude than for phosphorus [18].

2.4.2. The violet boundary of the 2De-line

As is seen from Fig. 4, the 2De line is characterized by the fact that its violet
boundary is independent of the gate voltage V, (or the density n ). This experi-
mental fact can easily be explained in terms of the radiative transition from the
energy-fixed levels of the chemical potentials of electrons and holes which are
predetermined by the bulk Si, and under conditions of non-equilibrium excita-
tion at low temperatures, are practically coincident with the bottom of the corre-
sponding bands. However, as has been found before, the 2D-electrons recombine
with the holes, bound to boron, i.e. their recombination complies with the transi-
tion conduction band — the impurity level spaced from the bottom of the valence
band by the acceptor ionization energy A, = 46 meV.

It should therefore be expected that the violet boundary of the 2De-line will
be spaced from the band gap edge by a Ahw value close to A,. However, experi-
mentally Ahiw = 25 meV. This implies that as a result of the recombination, only
a part of the binding energy of the hole on the acceptor is taken rather than the
whole of it. This suggests that in the final state only the complex with a binding
energy of about 20 meV remains bound. In fact as a result of recombination, a
negatively charged boron atom and, besides, positively charged excitation — a
hole in the Fermi-sea of 2D electrons — remain in the impurity system. These
charges can form a bound complex with a binding energy of about 20 meV. It is
important that this complex, i.e. a negatively charged impurity — a quasi-two-
dimensional hole, must have the eigenvalues of the Bohr radius a* and the energy
Ry = e?/2ea*, since the broadening due to holes is small (~ 0.5 meV) [16]. From
estimates, Ry ~ 20 meV, whence it follows that a* = 60 A. This value reasonably
agrees with the thickness of the 2D channel of the electrons.

So, the act of recombination of 2D-electrons with injected holes should be
pictured in the following way. Practically, all the electric field in the semicon-
ductor and the 2D electrons are concentrated in a very narrow region near the
interface. In this region the boron atoms are completely ionized and the hole
density is zero. The electric field is drastically reduced deep from the interface
and attains a value of about 102 V/cm at a distance of about 70 A where neutral
acceptors appear. The density of 2D-electrons is a maximum at Z = 3x b~! ~ 20
A, however, their wave function extends deep into the semiconductor and the
integral of overlapping of the wave functions of electrons and holes, that de-
termines the recombination probability, has a maximum at Z = Z  and it drops
appreciably on both sides in the AZ interval. Therefore, only the holes from the
thin layer with the two-dimensional density, n, ~ 10° cm?, are effective in the
recombination (the measurements of the AZ and n, values are treated in Section
2.8). As a result of the recombination a hole, bound to a boron atom, is actually
transformed to a positively charged excitation — a hole in the 2D-channel. It
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follows from the law of conservation of energy that the energy deficiency AE
will be equal to the difference in the binding energies of the two said complexes.
Experimentally, AE_= 20 meV.

2.4.3. The shape of the 2De-line

The shape of the radiation line of 2D-electrons with non-equilibrium holes
with the participation of a TO-phonon (the matrix element M, , = const) is de-
scribed by the convolution of the distribution functions of the electrons and holes
[19]:

oo

I(hv)ox [E,(E)F, (hv—E)dE, (10)
0
Fe(h) = fe(h) 'De(h) ’ (11)

where f , -and D are the distribution functions and the DOS of the electrons
(holes). From (10) it follows that the functions F_ and F, can be determined sepa-
rately, if one of them, the electron, for example, is made very narrow compared
with the other one. In this case it can be treated as a §-function, and the radiation
line shape will therefore directly reflect F,. The 2D-electron distribution function
in a strong magnetic field, normal to the 2D-layer, is close to a é-function, when
the Landau level is half-filled [10, 20], In this case, as suggested by our experi-
ments, in most perfect structures the width of F, does not exceed ~ 3 K[16]. The
radiation spectrum, obtained under such experimental conditions, represents the
function close to a triangular one with a halfwidth ~ 10 K, that is independent
of u, H and the spectral gap. This function can naturally be considered as the
distribution function of the holes F, (E). Luckily, F, (E) is also narrow compared
with the characteristic Fermi energy of 2D-electrons (for example, E_ ~ 70 K for
n, = 10" cm~?). This implies that the recombination spectrum of 2D electrons
with non-equilibrium holes represents the function F (E). Inasmuch as in the
absence of the magnetic field and at low temperatures the two functions f (F)
and D (E) are actually #-functions, the radiation spectrum must be a step-like
function of the energy of width E_. The experimentally measured shape of the
2De-line is actually close to the expected one, but in the region of small ener-
gies near the bottom of the dimensional quantization band E instead of a sharp
edge one observes a noticeable broadening I'" (see Fig. 4), whose absolute value
increases as the density n_increases. The latter circumstance indicates that this
deviation of the shape from the expected one is due to the effects of attenuation
of single-electron excitations in the Fermi-sea of 2D-electrons.

The 2D-electron system is an example of a Fermi-liquid whose properties
can be described in terms of non-interacting single-particle excitations char-
acterized by their own law of dispersion and attenuation of I". As shown by
theoretical calculations [10, 21], the interaction of 2D-electrons leads to some
renormalizing of the excitation mass compared with the mass of non-interact-
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ing electrons. As for the value of the excitation attenuation, theoretically, this
value can be determined only at the Fermi-surface. However, one can assert [22]
that I" equals zero on the Fermi-surface, increases as one moves away from E,
and is a maximum at the band bottom (E = E ). Therefore, it is at the “red” edge
of the 2De-line, conforming with the transitions from the band bottom, that
the effects of the Fermi attenuation will be most prominent, which is exactly
what is observed in the experiment. As the density n_increases, the electron-
electron interaction grows and, as a consequence, I" increases. The presence of
an intensive bulk radiation (the line BE) at the “violet” edge and the manifesta-
tion of the attenuation effects at the “red” edge of the 2De line impede a direct
determination of the position of the E level and the Fermi-energy E.. Instead of
approximating the shape of the 2De line with fitting parameters of E_ and I" one
can obtain the Fermi energy of 2D-electrons and the attenuation value at the
band bottom by investigating the pattern of Landau levels in a magnetic field.
Without going into details of the specific features of the DOS of 2D-electrons in
a normal magnetic field, described in the next sections, we point out that under
conditions when N Landau levels are completely filled, i.e. with n, = NeH /h, the
radiation spectrum exhibits N lines [16]. As the magnetic field is reduced the
Landau levels close up to form a fan (see Section 3). It can easily be seen that the
extreme points, where the Landau levels converge as H — 0, directly determine
the position of E; and E, in the radiation spectrum. Smearing at the red edge of
the 2De-line corresponds to maximum attenuation, i.e. to the value at the band
bottom. This treatment of the spectra shows that, firstly, the Fermi energy of
2D-electrons increases linearly as n_increases (see Section 2.6), corresponding
to constant DOS in a zero magnetic field, secondly, the DOS mass, obtained from
the dependence E (n), equals m; = (0.202 + 0.002) m , m, being the mass of a
free electron, that only slightly exceeds the mass of noninteracting electrons
0.19 m, and thirdly, the cyclotron mass determined from the Landau levels fan
equals m_= (0.200 £ 0.003) m,.

2.5. The Polarization of the 2De-Line

In a cubic Si crystal, due to symmetry, all the directions are of equal value, and
in the absence of external actions the recombination radiation is non-polarized.
Under the action of uniaxial deformation or when a magnetic field is superim-
posed the symmetry is decreased, and the radiation becomes polarized. In the
case of recombination of 2D-electrons with non-equilibrium holes the system has
a preferential direction, i.e. normal to the 2D-layer. This, in particular, manifests
itself in the fact that as a result of quantization of the motion in the Z direction
only two electron valleys are occupied, residing on the [001] axis, whose mass in
the Z directions is a maximum. All these facts suggest that in such a system one
can expect linearly polarized recombination radiation. Fig. 6 shows the radiation
spectra obtained in two polarizations: I — with the E-vector normal to the [001]
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axis and lying in the 2D-plane and I — with the E-vector parallel to the normal
to the 2D-layer.
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Figure 6. Radiative spectra of 2D-electrons (the TO-phonon component) measured at T = 1.6
K for two polarizations: parallel a and perpendicular (I, ) with the respect to the normal to the
2D-laver. P is the degree of polarization.

It is seen that the whole radiation spectrum is uniformly linearly polarized in
the 2D-plane, and the degree of polarization P = (I, — IH)/(IL + 1) ~ 0.28. Note,
that the absolute value of P is obtained taking into account the depolarization
coefficient of the optical system 5 ~ 0.75, that was specially determined from a
measurement of the degree of polarization of the well-known bulk radiation lines
in the magnetic field. The degree of linear polarization should be compared with
the theoretically expected one and, in addition, with the analogous experimental
data obtained for uniformly deformed silicon crystals. In fact, for compressive
and tensile deformation of silicon along the [001] axis one can observe polarized
radiation of excitons made up from electrons, belonging only to two valleys (001)
and holes with ] = 1/2 (compression) and ] = 3/2 (tension). Theoretical and
experimental results for these cases were published in [18, 23, 24]. The selection
rules for the optical transitions in which electrons belonging to the valleys (001),
and holes with different projections of ], participate are tabulated. Table 1 pre-
sents the absolute values obtained for a = 1/3 3[18] when the theoretical values
are in best agreement with the experimental ones obtained for deformed silicon
[23]. It is seen from the table that if the state of the holes recombining with 2D-
electrons turns out to be a doublet with ] = 1/2 or ] = 3/2, the 2De-line will
have the other polarization sign (for ], = 1/2) or a very large degree of polariza-
tion (for J, = 3/2). If we consider that all the projections of the total momentum
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of the holes J, = 3/2 participate in the recombination, then the theoretical value
for the degree of polarization is very close to the experimentally obtained value
(see Table 1).

Table 1
Polarization of the 2De-line
Electron
valley I, I, I P=(, - 1)/, +1)
(001) 1/2 o? 232 0.78 (theory)
(001) 3/2 3a? 0 —1.0 (theory)
(001) 3/2,1/2 40> 232 0.33 (theory)
0.28 (experiment)

We obtained the same degree and sign of polarization for the 2De-line in the
TA-phonon component of the spectrum. This is natural, since the selection rules
for the transitions in which TO- and TA-phonons participate are indentical.

2.6. Screening of the Random Potential Fluctuations

In order to determine the Fermi-energy from the 2De-line shape with high
accuracy, one can use the value of the line width measured at the half-height
of AE. Figure 7 shows AE as a function of n, measured for two structures with
maximum mobility of the 2D-electrons 1.7 x 10* cm?/V-s and 3.1 x 10* cm?/V -s.
As is seen from this figure, withn_ > 3 x 10" cm? and up to n_, = 4 x 10" cm 2
one can observe a strictly linear dependence AE(n,), reflecting the fact that the
DOS of 2D-electrons is constant (D, = 2m,/7h* = const) and E, = n /D . With
n < 3x 10" cm~* one observes a non-monotonic dependence AE(n ). The lower
part of Fig. 7 shows the dependence of the degree of linear polarization P of the
2De line on the density n_. P is seen to be constant and independent of n, for
n >3 x 10" cm?, and for n, < 3 x 10" cm 2 it drops down to zero as n_decreases.

In order to elucidate the causative factors of these singularities, it is inter-
esting to compare the results obtained for two samples of different quality with
different maximum mobility of 2D-electrons and different density of localized
states. The latter circumstance manifests itself, for example, in that the metallic
conductivity in the 2D-channel arises at different critical densities n?. The value
of n? was determined from extrapolation of the dependence of the conductivity
activation energy Wonn_to W — 0; it is shown by arrows for both structures [25].
So, with n_ < n? the conductivity of the 2D-system is activated, and with n_ > n? it
is metallic. It is seen from Fig. 7 that in the structure with smaller n? the narrow-
ing of the 2D-line and the appearance of polarization is observed at smaller n..
This indicates that these phenomena are due to the effect of screening of random
potential fluctuations in the vicinity of the interface.
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Figure 7. The dependences of the 2De-line width (the upper part) and the degree of polarization
(the lower part) on the density n_at T = 1.6 K. The dark and open circles correspond to electron
mobilities of 3 x 10*cm?-V-!-s~tand 1.7 x 10* cm?-V~!-s~! respectively. The arrows correspond
to the critical density n? when the transition from strong localization to metal conductivity
occurs.

For small n, (n, < n?) and low temperatures (T < W) the 2D-electrons are
strongly localized on the random potential fluctuations, and in this case the
conductivity is thermally activated. Under conditions of strong localization the
2D-electrons relax from a high-energy state to low-energy ones very slowly, as
compared with the recombination time, and it can therefore be considered that
in quasi-equilibrium all the states are occupied almost uniformly irrespective of
their energy. As a result a broad 2De-line is observed at n, < n? for which AE is
likely to conform with the value of the fluctuation amplitude of the random po-
tential of the defects at the interface (for details see Section 4). Localized states
are occupied as n_ is increased, and with n? 2D-electrons get delocalized. Owing
to this the random potential screening becomes effective (see the inset in Fig. 7),
and the recombination line narrows noticeably. The further broadening reflects
the growth of the 2D-electron Fermi-energy as n_increases.

Let us consider the behaviour of the degree of linear polarization of the 2De
line as a function of n. For n_ > n? (the metallic region) the degree of polarization
is constant across the whole width of the 2De line (see Fig. 7) and it is indepen-
dent of the 2D-electron density. With n_ < n? (the region of strong localization)
the degree of linear polarization decreases as n_decreases. This result can eas-

21



LV. Kukushkin, V.B. Timofeev

ily be understood allowing for the fact that the random potential of the defects
intermixes the electron localized states in all six valleys. The stronger the elec-
trons are bound the greater is this intermixing and, consequently, the smaller is
the degree of radiation polarization. The metallic region does not exhibit such
intermixing, and the 2D-electrons belong only to two valleys lying on the (001)
axis; therefore, the degree of polarization of the 2De line is a maximum. Hence,
this is a spectroscopic method for separating the regions of strong localization
and metallic conduction from the n_-dependence of the degree of polarization.

2.7. Density of States and Occupation Numbers of 2D-Electrons
under Strong Localization Conditions

It was shown in (2.4) that the radiation spectrum of 2D-electrons I(E) is the
product of the functions f (E) and D (E) where E is measured from the bottom
of the band E . As much as the density is related to f, and D, by the relationship

n, :jfe (E)D, (E)dE, (12)

for fixed n_ the integral intensity of the radiation is constant. This fact enables
one to determine the absolute value of the DOS of 2D-electrons under any experi-
mental conditions by comparison with the radiation spectrum in a zero magnetic
field. In fact since it is known that with H = 0 the DOS of 2D-electrons is constant
and equal to D, = 2m,/7h?= 1.7 x 10" cm~2 meV (see Section 2.4). Knowing the
position of E and E_, from the equality of the areas of the rectangle in Fig. 8a and
the 2De radiation line one can show the value of D, on the intensity scale. After
this procedure one can determine, for example, how the DOS absolute value var-
ies in a perpendicular magnetic field (with n_ = const) by equalizing the integral
intensities of the 2De radiation lines with H = 0 and H = 0 [16]. It should be
emphasized that this procedure is only valid for the case when the occupation
numbers are equal to unity, that is, firstly, for H = 0 and E, > T, and, secondly, for
complete filling of the Landau levels with H = 0.

Under conditions of 2D-electron strong localization (when n, < n?) or in the
quantum Hall effect regime with H = 0 [1, 26], the equilibrium in the electron
system may have no time to become established for the radiative time of the re-
combination and here the occupation numbers will be other than unity. Optical
spectroscopy methods in this case may be employed to determine the occupation
numbers under conditions of strong localization if the D _(E) function is known.
Measurements of the thermally activated conductivity are used to measure the
energy distribution of 2D-electron DOS under conditions of strong localization
[25]. The idea of the method is based on the fact that as localized states are filled
the 2D-electron Fermi-quasi-level will approach the mobility threshold and the
activation energy W will be reduced. Therefore, from the dependence W(n ) by
differentiating one can find the function D (E). It should be emphasized that in
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terms of this procedure one assumes that the function D (E) is independent of
n_. However, as was shown earlier, here and, also in the investigation of the DOS
in a perpendicular magnetic field [16], the function D (E) depends strongly on n,,
that is associated with screening of the random potential of defects at the Si-Si0,
interface. Nevertheless, there is a region of n_ (see Fig. 7) where the screening
effects are not yet significant and the procedure for determining D (E) from ther-
mally activated conductivity is justified. Thus the D (E) dependence obtained is
shown in Fig. 8b. It should be noted that this dependence was measured under
conditions when there was no non-equilibrium excitation and n, = 0. This was
connected with the fact that, firstly, under these conditions, the occupation num-
bers f, were equal to unity and, secondly, under the illumination the bulk photo-
conductivity was comparable in magnitude with the conductivity of the system
of strongly localized 2D-electrons. The latter circumstance impedes the deter-
mination of the activation energy of 2D-electrons in the case of photoexcitation.
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Figure 8. Determination of the density of states (D) of 2D-electrons at n, = 1.6-10'? cm~? and
the occupation numbers (F) under conditions of strong localization at n_ = 1.2 x 10" cm~? using
radiative recombination spectra.

As is seen from Fig. 8b, the occupation numbers f (E) determined by compar-
ing I(E) and D (E) turn out to be much less than unity for continuous excitation
in the region of strong localization of 2D-electrons. Here f (E) decreases as the
energy E increases. It was also found that the smaller n_, and therefore the great-
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er the activation energy W, smaller f (E) values result from this treatment and
the more uniform was the filling of localized states related to random potential
fluctuations (i.e. the function f,(E) ceased to depend on the energy: f (E) ~ {0 =
const). Knowing the value of f? for a given n, one can determine the density of
the localized states at the Si-Si0, interface: n, = n_/f?, which in the sample with
p* =1.7x10*cm/V-s was equal ton, = 2x 10" cm %

So, simultaneous application of the methods of optical spectroscopy and elec-
tronic transport enables one to determine the absolute value and the energy dis-
tribution of the DOS and occupation numbers of 2D-electrons.

2.8. Kinetics of the Radiative Recombination of 2D-Electrons

The intensity of the 2De line radiation is very low. This prevented us from
directly measuring the recombination time constant 7, with respect to the 2De-
line radiation kinetics. Nevertheless, it was possible to estimate the characteristic
time 7 from the magnetic conductivity kinetics that reflects the change in n_with
time. We shall consider the case when non-equilibrium electron-hole pairs are
created using a GaAs light diode and the sample, placed in a cold (T ~ 2 K) metal
vessel, is acted upon by radiation only in the near IR range (hv > Ejg ). Under these
conditions, after the light is switched off (that can be performed for about 10-¢ s)
some part of the 2D-electrons (An ) must recombine with the nearest holes from
a rather narrow region (AZ) for a characteristic time 7, after which no changes
occur in the 2D-channel and in the impurity system (see Section 2.3). Therefore,
one can estimate the characteristic time and, also, determine the density of the
holes participating in the recombination An, = An,, studying the kinetics of the
variation of the 2D-electron density from the magnetic conductivity. Besides,
one can estimate the characteristic size of the region AZ = n, /N, wherein the
recombination occurs from the magnetic conductivity kinetics.

The upper part of Fig. 9 shows how the pattern of Shubnikov-de Haas oscilla-
tions shifts (for a minimum in o, corresponding to v = 4) as the excitation power is
reduced from 10~ W/cm? down to zero. It is seen that starting from W= 10-3W/cm?
the 2D-electron density does not alter as the excitation power increases. An in-
crease in the absolute value of o at the minimum with W > 10-2 W /cm? is related
to an insignificant heating of the 2D-electron system (by about 0.1 K for W = 10!
W/cm?). As the excitation power is reduced the pattern of Shubnikov-de Haas
oscillations shifts towards larger A\ which corresponds to an increase in V. and,
therefore, a decrease in n_ for a fixed V. A change in the 2D-electron density re-
sulting from their recombination with non-equilibrium holes, as suggested by Fig.
9, makes up An_= 9 x 10® cm~2 To record the kinetics of the n_variation one has
to work at a maximum rather than at a minimum of o _, for example at v = 5.5, in
order to eliminate the effect of the parasitic time At = RC (where R ~ ¢!, C being
the capacity of the MOS-structure) that at a minimum of o, may reach ~1s,and at
a maximum of o, may amount to ~10-¢s. The lower part of Fig. 9 shows the time
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dependence of an increase of the magnetic conductivity with v = 5.5 caused by the
decrease in the 2D-electron density after the light was switched off. It is seen that
the experimental dependence is not exponential (the dashed line). This is related
to the fact that the 2D-electrons recombine with the holes which are at different
distances Z, from the interface, and the probability of recombination with these
(as well as the recombination time) is different for different Z. Nevertheless, the
characteristic time 7, can be estimated from the slope of the dependence o_(t) (as
t — 0) and it amounts to ~10-3 s. Knowing that for the recombination time the
density of 2D-electrons (and of the holes) decreased by An_ = An, =4 x 10®cm?,
one can estimate the characteristic size of the region AZ wherein recombination
occurs: AZ = An, /N, ~ 40 A.
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Figure 9. (a) Variation of the magnetoconductivity o, in the vicinity of the minimum cor-
responding to a filling factor » = 4 measured at different powers of the external irradiation
W =10-'(1), 10-%(2), 10-4(3), 10-5(4),0 W-cm%(5). T = 1.6 K,H= 7T, An_= 9 x 10* cm "2 (b) The
kinetics of magnetoconductivity o,_(t) measured in the vicinity of the ¢, maximum (v = 5.5,
V,=53V,H=7T,T=16K,and r, =10 5s).
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2.9. The Influence of Attenuation and the Effect of Impurities
on the 2De-Line Shape

As pointed out in (2.4) the properties of the system of interacting 2D-elec-
trons, which is an example of a Fermi-liquid, must be described in terms of non-
interacting single-particle excitations. Investigations of the 2De-line shape, the
dependence of its width and the pattern of the Landau-level splittings in a per-
pendicular magnetic field suggest that the value of the DOS mass for the excita-
tions is slightly different from that of non-interacting 2D-electrons (see Section
2.4). As far as the magnitude of attenuation of single-particle excitations, T, is
concerned, in our case, we cannot say anything about it a priori. By analogy with
known Fermi-liquid systems, for example, for an electron-hole liquid in Ge and Si
one can say that the attenuation increases with distance from the Fermi surface
and reaches a maximum value I' ___at the very bottom of the band. The value of
I' .. can make up from ten to forty percent of the Fermi energy [27] for different
values of the liquid density.

In the system of 2D-electrons of the Si(001) surface the attenuation effects
of single-particle excitations lead to a noticeable smearing of the red edge of
the 2De line, and I _at the bottom of the band amounts toI'_ = 0.15 E _for
n, = 2.7x 10" cm? (see Fig. 4). The attenuation and its change with distance
from the Fermi surface can also be determined from the broadening of the Landau
levels in the radiation spectrum in a perpendicular magnetic field. The Landau
levels broaden as one moves deep from the Fermi surface, and at the bottom of
the band this broadening amounts to ~ 2 meV (see Section 3), which agrees with
the value obtained for H = 0. Figure 4 suggests that when n_increases, the ab-
solute value of I'___increases leading to a greater smearing of the 2De line zero
edge. The increase in I'__as a function of n_is attributed to an increase in the
effects of interaction of 2D-electrons. The dependence I' __ (n)) is close to linear:
I .=1lmeVforn =12x10?cm? T = 2.0meV forn = 2.7 x 10" cm,
andT' =4.0meV forn = 3.8 x 10" cm™.

Besides the attenuation effects, the 2De-line shape may be affected by the
presence of impurities and defects near the Si-Si0, interface. In fact, the wave
function of 2D-electrons in the Z-direction in the ideal case is identical for all
the electrons and is independent of the energy of the 2D-electron motion in the
plane. However the occurrence of defects in the 2D-channel region may lead to
2D-electron scattering, as a result of which the momentum and the energy of mo-
tion in the plane may be transformed to the components of the motion, directed
along Z. Due to this process the probability of 2D-electron tunneling into the
depth of the semiconductor increases for electrons with greater energy and, con-
sequently, the violet edge of the line must exhibit an increased radiation inten-
sity. To reveal effects associated with scattering by impurities, we investigated the
2De-line shape on samples of different quality at a constant 2D-electron density,
n_= 2.7 x 10" cm2 (see Fig. 10). As pointed out in Section 2.2, the structures in-
vestigated differed significantly both in the boron concentration in the substrate
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(which varied from 5 x 10" cm—3 to 2 x 10*> cm~3) and in the value of the maxi-
mum mobility of 2D-electrons (x varied from 4 x 10°cm?/V-sto 3 x 10*cm?/V-s).

Figure 10. Comparison of the 2De-line shapes measured in three MOSFET’s with different
electron mobilities: p = 3 x 10%, 1.8 x 104, 4 x 10°> cm?/V-s (from the top to the bottom of the
figure). W =10"W-cm%, T = 1.6 K, H=0,and n, = 2.7 x 10" cm 2.

Of seven MOS-structures the 2De-line shape with n_ = 2.7 x 10" cm~* was prac-
tically identical in the six structures for which x* > 10* cm?/V-s and only one
structure of the lowest quality with ;* =4 x 103 cm?/V-s exhibited deviation from
the 2De-line shape in the region of small energies (see Fig. 10). It should be noted
that the observed variation of the 2De-line shape does not agree very well with
the model of the increase of the tunneling probability due to impurity scattering,
since it can be seen from the spectra that it is the red edge that is changed rather
than the violet. Therefore, the observed deviation of the line shape is due, most
probably, to 2D-electron DOS reconstruction arising from the random potential
of the defects with large fluctuation amplitude.

3. Radiative recombination spectra of 2D-electrons
with injected holes in a transverse magnetic field

The radiative recombination spectrum of 2D-electrons with nonequilibrium
injected holes is the convolution of the distribution functions of the 2D-electrons
and holes bound to the acceptor center cores. It is significant that the width of the
energy distribution of holes participating in the recombination is not large in the
case in question (< 0.8 meV). Therefore, the radiative spectrum directly reflects,
with high accuracy, the energy distribution of the single-particle density of states
of 2D-electrons [15, 28]. Here we wish to discuss how the optical spectroscopy
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method can be used to determine the gap values in the single-particle energy
spectrum of 2D-electrons in a transverse magnetic field [16, 29].

We studied a high-quality MOS-transistor fabricated on the (001) surface of
p-type silicon with a boron concentration of about 10> cm—3. The structures have
a ring-like geometry (they are Corbino disks); the thickness of the insulator is
1300 A; and the maximum mobility of the 2D electrons is p* = 3 m2-V-!-s ! at
n =4x10" cm 2 and T = 1.6 K. The transistors have a semitransparent metal
gate. The emission is observed in the Voight geometry and analysed by a high-
resolution double monochromator. The emission intensity is detected under
photon-counting conditions.

3.1. The Structure of Optical Spectra due to Landau Quantization

The conductivity of the 2D-electrons versus the gate voltage V, (the threshold
voltage is V. = 0.24 V) without a magnetic field and in a strictly transverse mag-
netic field H = 7 T is shown in Fig. 11. From these results we can easily determine
the concentration of 2D-electrons n_. We see that withn_= 2.7 x 10"?cm~?and H =
7 T there are four completely filled Landau levels (each four-fold degenerate in the
spin and the valleys; the filling factor is v = 16). Figure 12 shows the recombina-
tion-radiation spectra (the TO-phonon component) found for n, = 2.7 x 10" cm 2
when there is no magnetic field (curve 2) and when there is a magnetic field (curve
3) H = 7 T. These spectral measurements were carried out at the same time as the
transport measurements. At H = 0 the emission spectrum reflects the constancy
of the density of states and has a width equal to the Fermi energy of the 2D-
electrons withn = 2.7 x 10" cm~2. In a transverse magnetic field H= 7 T and with
n = 2.7 x 10 cm~* (v = 16), we clearly see four equidistant lines in the spectrum,
corresponding to four Landau levels split by the cyclotron energy hw, = 4 meV,
which corresponds to a cyclotron mass m_= 0.2 m . We see that the spin and valley
splittings of the level are not resolved under these conditions.

goh’ 3205

{15
16

Sr H=0 N=4 170
H=7T

g-00 9

V10 30nsJ06m?

0 5 10 15 (gh)V

Figure 11. Conductivity (at H = 0) and magnetoconductivity in a transverse magnetic field
H = 7 T versus the density of 2D-electrons, which is proportional to the gate voltage V , mea-
sured from the threshold voltage V.. T = 1.6 K.
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Figure 12. The radiative recombination spectra of 2D-electrons measured without an applied
magnetic field (H = 0, spectrum 2) and with an applied magnetic field (H = 7 T, spectrum 3) at
T=16K Atn =2.7x10"” cm ?and H = 7 T four Landau levels are completely occupied (the
filling factor » = 16). Landau level fans are shown in the upper part of the figure. E, and E  are
the Fermi energy and the bottom of the band energy respectively. I', is a broadening due to
damping of single-particle excitations in a 2D-electron Fermi sea. For the lower spectrum (4)
the deviation of H from the normal to the 2D-plane is equal to 60°.

In order to demonstrate the two-dimensional nature of the electron system
under study, we used the method of rotation of the magnetic field. The angle (6)
of deviation of the magnetic field from the normal to the 2D layer was established
and determined from the change in the pattern of Shubnikov-de Haas oscilla-
tions. With § = 60°, n, = 2.7 x 10"> cm 2 and H = 7 T, the filling factor exactly
doubles, and eight Landau levels turn out to lie under the Fermi surface. Figure 12
(the lower part) shows the spectrum of the recombination radiation found under
these conditions. In this spectrum we can clearly see eight Landau levels, whose
splitting is half of that in the upper spectrum of the Fig. 12. This is unambiguous
proof that the density of states of 2D-electrons is being seen in the recombina-
tion spectra. Finally, for H parallel to the 2D-layer (H || (001)) no Landau level
pattern is observed.
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A fan of Landau levels contracted according to the positions of the emission
lines, measured at H = const in different magnetic fields and under the conditions
of integer filling of Landau quantum states enables one to fix the location of the
dimensional quantization level, E , and to determine the Fermi energy (see the
upper part of Fig. 12). One can see that the full width at half-maximum (FWHM)
of the emission line at a given density of 2D-electrons and H = 0 is equal to the
Fermi energy.

At T = 1.5 K radiative recombination of 2D-electrons in a transverse mag-
netic field is observed only for electrons with spin projection S, = 41/2 (i.e. for
2 +4m < rv<4(l + m),where m is an integer).

The TO-phonon component of the 2De-line in a transverse magnetic field is
almost completely polarized in the direction of H.

From the selection rules presented in Table 2 and also from the spectrum
properties indicated above, it follows that at T = 1.6 K the 2D-electron recom-
bines with a nonequilibrium hole having a momentum projection J, = —3/2.In

this case the optical transitions for electrons with spin projection S, = — 1/2 are
forbidden.
Fw, eV H=TT
72 .
109 { 2 /25,10 cm 2
2 4 6 8 o2 % 6
s8N \
E_._ [ \‘ °\ Ep(/?-f)
F \
\\N=5
108} B
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107 /wayyﬂ)

Figure 13. Spectral positions of the 2De-line versus the density of 2D-electrons n, measured
atH=7T,T=1.6Kand W = 10-3 W-cm~2 The dark squares correspond to the energies of the
Fermi level and of the bottom of the band. The region of the filling factors 2 < v < 4 shown in
the insert is enhanced.
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Figure 13 shows the change in the spectral position of the recombination
2De-lines as the density n_or the filling factor v varies. In addition, it shows the
measured dependences (the dark squares) for the energy position of the bottom
of the band, E , and the Fermi energy E_ as n_varies. It can be seen in the figure
that in a transverse field H = 7 T a series of Landau levels is observed, and the
splitting between them is hiw, . The spectral position of lines corresponding to
Landau levels deep under the Fermi surface depends linearly on n_and corre-
sponds to a variation of the position of the bottom of the band E; on n_. In the
vicinity of the Fermi surface in the region of odd integers v two radiation lines
are observed corresponding to recombination of 2D-electrons from different
valleys (for details see the inset to Fig. 13 and also the next section). It is of
interest to see how the dependence of the spectral position of the recombina-
tion lines exhibits the effect of Hall resistance quantization [1], arising due to
the fact that at integer v the Fermi level proves to be in the region of localized
states, just in the gap between Landau levels. As has been mentioned in [30], in
GaAs-AlGaAs quantum wells for integer v a pinning of the spectral position of
the recombination lines is observed in the spectrum of 2D-electron radiation.
Figure 13 shows that in our experiment the pinning of the spectral position
of the 2De-line is observed at half-integer v, but is not observed for complete
(integer) occupation of the quantum states. These facts can be easily explained,
since at integer v the density of states at the Fermi level is small and the value
of E, varies sharply with n, whereas at half-integer v the value of D(E,) is large
and E_ varies only slightly.

It is clear from the above properties of radiative recombination of 2D-elec-
trons with photoexcited holes that the method of optical spectroscopy offers new
ways of studying the energy spectrum of the 2De-system and its dependence
on the magnetic field, the Landau level filling factor, the temperature and the
structure quality. The next section is devoted to the application of this method
to determining the values of the spin and intervalley splittings.

3.2. The Structure of the Landau Levels. Spin and Intervalley Splittings

As is well-known, four-fold degeneration of the electron energy spectrum is
observed in the system of 2D-electrons on a (001) silicon surface due to the pres-
ence of two equivalent electron valleys and spin. In early experiments it has,
however, been found [31] that in a perpendicular magnetic field this degeneracy
is reduced and the 2D-electron energy spectrum becomes totally discrete. For
instance, in the Shubnikov-de Haas experiments, when filling each of the four
Landau sublevels (that is, for v = 1, 2, 3, 4), one can observe magnetoconductivity
minima, caused by the fact that the Fermi level falls within the region of local-
ized states in the gaps between the quantum sublevels. The values of the spin
and valley splittings were determined by various experimental methods based
on an investigation of the specific features of the magnetoconductivity in a tilted
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magnetic field [32, 33], the thermoactivated magnetoconductivity [34], and the
gate voltage [35]. In all these papers, however, the splitting values were measured
indirectly using fitting parameters and assumptions, which require special sub-
stantiation.

In the case of radiative recombination of 2D-electrons on the (100) Si surface
with photoexcited holes the energy distribution of the emission spectrum di-
rectly reproduces the 2D-electron energy spectrum. The applications of optical-
spectroscopy methods enable one to measure directly the values of the spin and
valley splittings as the energy separation between the corresponding lines in the
radiative recombination spectra.

3.2.1. Valley splitting AE,,

In [36—-39] the valley splitting was calculated without taking into account the
electron-electron (e-e) interaction and the value obtained (AE?) was determined
by the gate field:

ov
AE! =L/K|—|xn 13
v =LK = o (13)

s

where L /K = const, and dV/0z is the potential gradient produced by the gate volt-
age. According to these theories the valley splitting arises due to nonequivalency
of two electronic valleys with respect to the direction of the electric-field vector
and has an electrostatic nature. Alternatively, it has been pointed out [40,41] that
the valley splitting in a perpendicular H must be significantly increased due to the
contribution of AE? resulting from the interaction of 2D-electrons. So, the total
value of the valley splitting AE'" is the sum of AE? and AEY, the above contribu-
tions being differently dependent on H, n_and v [42].

Figure 14 demonstrates the dependence o _(v) (in the insert) and the 2D-
electron radiative recombination spectra, measured for H=7 T and T = 1.6 K.
There is one line in the emission spectra at v = 3.0, which corresponds to the
2D-electron recombination from the lower electronic valley. These 2D-electrons
have spin projections S, = +1/2 and belong to the principal Landau level (N = 0).
At low temperatures only holes from the ground state with ], = —3/2 participate
in the recombination, and the optical transitions involving the participation of
electrons with S, = —1/2 are forbidden, and the corresponding emission lines
are not observed [28]. At v > 3 the next electron valley begins to be filled and a
new line appears in the recombination spectrum. The relative intensity of this
line corresponds to a deviation of v from 3. The energy interval between the lines
corresponds to the valley splitting AE (Fig. 14). Note that even in the cases when
AE_becomes smaller than the width of the lines and they are not fully resolved
the AE value is determined with good accuracy since the shape of the lines (mea-
sured for 2 < v < 3) as well as their intensity ratio for a given v are known. Hence,
optical-spectroscopy methods enable one both to determine AE_ directly and to
measure the dependence AE (v) [42].
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Figure 14. Spectra of radiative recombination of 2D-electrons with injected holes, measured
atH=7T,T=1.6 K, W= 10"3W-cm 2 and various values of v: 3.1; 3.25; 3.5. The insert de-

monstrates the dependence o_(v).
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Figure 15. The valley splitting AE as a function of the filling factor » measured for H=7T

and T=1.6 K.
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Figure 15 shows the dependences AE (v) measured forH=7Tand T = 1.6 K.
The AE value is seen to oscillate strongly as v varies and to reach a maximum
for integer odd values of v = v* = 3, 5, ... The absolute AE_values, measured by
the optical-spectroscopy method, significantly exceed the corresponding values
obtained by other methods [32-35]. It is also seen that AE_decreases as v deviates
from v*as the next valley is being filled. Such a dependence of AE  on v corre-
sponds to the mechanism of valley splitting based on the e-e Coulomb interac-
tion [40] and it contradicts the concept of unrenormalized AE?. For equal filling
of the valley Landau sublevels (for integer even values of v = v° = 2,4, 6, ...) the
AE?¥ contribution becomes zero [40] and AE reaches a minimum, therefore the
dashed line in Fig. 15 corresponds to the dependence of the AE? on n_. The mea-
sured function AE%(n ) appears to be universal and independent of the magnetic
field [42]. Alternatively, as is seen from Fig. 15, the contribution of AE¥*is strongly
dependent on H and the quantum level number N [42].

3.2.2. Spin splitting AE,

It has been pointed out that at low temperatures and strong magnetic fields
the recombination spectra exhibit only one spin component of 2D-electrons with
spin projection S, = +1/2 and there is no emission of the electron with S, = —1/2.
This is related to the fact that due to the Zeeman effect the hole level splits into
a quartet, and during the lifetime at low temperatures all the nonequilibrium
holes occupy the ground state with J, = —3/2. The optical transitions in which
electrons with S, = —1/2 and holes with ], = —3/2 participate are forbidden by
the selection rules, and the corresponding emission is not observed. In order to
observe the recombination of 2D-electrons with S, = —1/2 (and, to determine
AE, = 1,8 H) one has to increase the temperature so that a noticeable number of
holes with ], = —1/2 appears.

As is seen from Fig. 16,at H=6 T, v = 2.5 and T = 1.6 K the emission spec-
trum exhibits only one line corresponding to the recombination of 2D-electrons
(S, = +1/2) with holes (J, = —3/2). As the temperature is increased up to 3.3
K, in the low-energy part of the spectrum an additional emission line appears,
which is caused by the recombination of electrons having S, = —1/2 with holes
(J, = —1/2) (spectrum 2 in Fig. 16). The schematic representation in Fig. 16
shows that the energy interval between the lines (Afiw) is determined by the
spin splitting:

Ahw=p,g H—1/2AE* — g, H. (14)

Thus the measured g-factor of 2D-electronsat H=6 T, v = 2.5 and T = 3.3 K turns
out to be g, = 8.6, which is much greater than the value g° = 2 in the bulk silicon
crystal. Another way of determining AE_, based on a comparison of the spectral po-
sitions of the lines at low temperatures [42], also gives strong enhancement of g ..
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Figure 16. 2D-electron radiative recombination spectra, measured for H = 6 T, v = 2.5;
W=103W-cm2and T = 1.6 K (spectrum 1) and T = 3.3 K (spectrum 2). The insert shows split-
tings of the electron and hole levels and optical transitions allowed due to the selection rules.
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Figure 17. g-factor of 2D-electrons as a function of the filling factor » and the density n_at
H=6T,T=1.6-33K.
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This enhancement of g, for 2D-electrons, as in the case of the valley splitting, is
due to the effects of e-e Coulomb interaction [43]. This conclusion is confirmed
by the dependence g (v) obtained for H = 6 T which is shown on Fig. 17. The g-
factor of 2D-electrons is seen to oscillate strongly with v, reaching a maximum
value for v = 2, 6, 10, ..., and a minimum value g, = 2 for equal filling of the spin
components (for v =4, 8, 12, ...).

Therefore, one can see that by using the optical spectroscopy method the
values of the spin and valley splittings can be measured directly, and strong oscil-
lating dependences of these splittings on the filling factor » have been observed.

4. Density of states (DOS) in a transverse magnetic field
and screening of random potential fluctuations

In this section we discuss how the optical-spectroscopy method can be used
to investigate both the density of states of a 2D-electron in a transverse magnetic
field and the phenomenon of the screening of random potential fluctuations due
to imperfections within the interface region [29]. For this purpose five (001) Si-
MOSFETs with semitransparent gates were used. A list of the main parameters of
the transistors used is presented in Table 3, namely: the maximum of the mobility
of 2D-electrons at T = 1.5 K — 4%, and the density of 2D-electrons — n}, corre-
sponding to the maximum mobility, the thickness of the Si0, layer — dg;, , the den-
sity of the positive charge in the oxide n , measured using the magnitude of the
flat band, the density of acceptor centres in the bulk of the silicon crystal, deter-
mined by means of the dependence of the threshold voltage on the substrate bias
voltage and the geometries of the structures investigated, rectangular — (R) and
circular — (C). In the table we give the parameters characterizing the amplitude
(AE, Q) and linear scale (d) of long-range potential fluctuations due to defects.
A method of measuring the magnitudes of AE, Q and d is discussed in the text.

Table 3
Parameters of Si MOS-structures
No m27§/-s 10lln E’nﬁ IIAI(-?\,/ m%V d*,A dA 101£\Ié;n*3 101?3}rr2 ds, A | Geometry
1 3.2 3.0 3.0 | 3.5 | 350 | 400 7.0 2.0 1300 C
2 2.6 4.0 3.2 | 3.5 | 320 | 350 9.2 2.5 1350 C
3 1.8 7.2 3.2 | 3.7 | 270 | 290 7.0 3.1 1300 C
4 1.3 9.0 3.6 | 4.0 | 230 | 250 8.3 4.1 1900 R
5 0.6 9.2 53| — | — | — 7.3 4.3 1950 R
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The effects of screening the random potential associated with defects is most
clearly shown up in the oscillating behaviour of the linewidths of the recombi-
nation radiation on the Landau levels, when their filling conditions change, and
also in the temperature regime of the recombination spectra. It is reasonable to
consider these effects separately.

4.1. Oscillations of the Landau Level Width as the Filling Factor Varies

Recombination radiation spectra were studied when one (N = 0; 2 < v < 4) or
several Landau levels (N = 3; 8 < v < 12) are filled. Note that the radiation spectra
in a strong transverse magnetic field at T = 1.5 K exhibit only one projection of
the 2D-electron spin, S, = +1/2. Therefore, under such conditions radiation is re-
corded for the filling satlsfymg the condition2 +4m < v <4(m+ 1) where m =0,
1,2,...Figure 18a shows a record of the spectra corresponding to filling of the low-
est Landau level (N = 0): v = 2.5; 3; 3.5; 4.0. The doublet character of the spectrum
at v = 3.5 isrelated to the valley-orbital splitting AE . At v = 3.5 the lowest energy
state corresponding to the projection S, = +1/2 is completely filled, whereas the
upper one, split by an amount AE_ and having the same spin projection, is only
half-filled with electrons. The intensity of the short-wave doublet component,
corresponding to the upper split state, is half as strong as the long-wave one (in
Fig. 18a a broken line separates the contours of the doublet components).
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Figure 18a.
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Figure 18. Radiative recombination spectra of 2D-electrons, measured at H=7T, T = 1.6 K,
W = 103 W-cm 2 for different fillings of the Landau levels. (a) =N =0.(b) —N =0, 1, 2.

A comparison of the recombination spectra in Fig. 18a shows that the line
widths depend nonmonotonically on the filling of the electron states: for complete
filling (of integer v) the lines turn out to be much wider than for half filling (half-
integer v). A qualitatively similar behaviour as v varies is shown by the recombi-
nation spectra when several Landau levels are filled completely and the popula-
tion of the highest energy level changes. Figure 18b shows a record of the spectra
measured, when the two lowest Landau levels are completely filled (N = 0, 1) and
the upper one (N = 3) is partially filled. In this case the widths of all the spectral
lines depend nonmonotonically on v: for integer v the lines are much wider than
for half-integer filling. One can also see that when several Landau levels are filled,
the linewidths increase monotonically as the quantum number N decreases.

The oscillating behaviour of the recombination linewidths as a function of v,
when one or several Landau levels are in operation, is shown in Fig. 19a, b. In the
case of one (the lowest) Landau level these oscillations have the most extended
amplitudes. When several Landau levels are filled the oscillations are of the same
character, but the deeper the quantum state (the smaller the value of N) under
the Fermi level, the less is the depth of the former.
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Figure 19. Landau level width as a function of v measured at H=7 T and T 1.6 K for Landau
levels withN=0—(a)and N =0, 1,2 — (b).

The oscillations of linewidths found in the recombination spectra are a direct
consequence of the oscillating behaviour of the widths of the density of state
peaks at the Landau levels versus electron densities. The origin of this phenom-
enon is certainly associated with screening of the random potential fluctuations.
We will now discuss this problem in detail. For integer v the Fermi level is strictly
in the middle of the energy spectrum gap. The electrons completely fill the Lan-
dau levels and thus do not take part in screening. The screening in this case is very
weak and has a dielectric origin. When there is no screening the Landau levels
“trace” the potential relief caused by long-periodic fluctuations (see Fig. 20a). If
these fluctuations are assumed to be associated with charged defects in the di-
electric Si0, layer, the nonequilibrium holes, recombining with 2D-electrons, are
affected by these fluctuations to a lesser degree, since they are far removed from
the Si-Si0, interface (Z ~ 10? A). One may thus conclude that the linewidth of the
radiation for integer filling is defined by the amplitude of such fluctuations of the
charge in the Si0, dielectric, since all the electrons, distributed in energy within
the given quantum level in conformity with the potential relief, are involved in
the recombination (see Fig. 20a).

For complete filling of the lowest Landau level, the linewidths obtained for
several MOS-structures are practically identical with the linewidths of AE, mea-
sured under conditions of strong localization at H = 0, which also display the am-
plitude of large-scale fluctuations [28]. These results are summarized in Table 3.

Unlike the method of luminesence under consideration, in the case of cyclo-
tron resonance (CR) the large-scale fluctuations of the random potential ford > ¢
do not contribute to the CR linewidth.
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Figure 20. Variations of the Landau level energy versus the coordinate parallel to the 2D-layer
under conditions of complete filling of the quantum state (Q < hw,— (a) and Q > hw, — (c)) and
half filling of the quantum state — (b).

For half-integer filling the Fermi level coincides with the DOS peak (the maxi-
mum of the line in the recombination spectrum). In this range of the energy spec-
trum the electron states are extended. Now the electrons most efficiently screen
the large-scale fluctuations of the random potential, and as a consequence, the
associated potential relief is smoothed (see Fig. 20b), and the width of the lu-
minescence peak should thus contract in accordance with the experiment. The
final width of the DOS peak under the above conditions must be determined by
short-range random scatterers, which remain unscreened [44, 45]. In our experi-
ment the value of T for half-integer v and large i can be determined by the energy
distribution of non-equilibrium holes, the latter recombining with the electrons
(for details see the next section). When the broadening induced by the holes is
taken into account, the real width of the luminescence peaks for half-integer v,
reflecting the width of the DOS peaks at Landau levels, should be much narrower
(the corresponding values of T', found by approximation, are shown in Fig. 19 by
the square signs). This means that the true amplitude of the oscillations of the
widths of the DOS peaks when v varies, is larger by approximately a factor of
three, than that obtained experimentally (Fig. 19).

The oscillations of T" when the filling of the quantum states varies were pre-
dicted in [20, 46-48], The origin of the oscillation was associated with the peri-
odic variation of the screening radius and consists of the fact that the effects of
screening, and, for instance, the Thomas-Fermi constant are determined by the
magnitude of the DOS on the Fermi surface [10], which oscillates when the filling
of the Landau levels with electrons varies. However, no analytical expression for
the dependence I'(v) is presented in these papers.

Recently, a theory has been constructed of the nonlinear screening of the
charged centre potential by 2D-electrons which are distributed randomly in a
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volume with density N [49]. The potential of the centers is assumed to be Cou-
lombian, and the fluctuations of the magnitude of the charge are considered in
a volume with characteristic linear dimension L in order to describe the screen-
ing. For integer filling of the Landau levels (n? = n_ = v eH/h, v is an integer) no
screening is observed. Screening appears when the density of 2D-electrons én,,
deviates from n? (én, = n, — n?). Provided the number of extra electrons in the
plane é6n_-L? in the scale L_ is equal to the fluctuation of the number of charged
centers in the volume (Nq-Lg)l/Z, then over the whole length L > L = N (6n))~?
the random potential is totally screened by electrons. The length of the screen-
ing changes with the number of electrons én_and in this sense the scale L_is the
radius of nonlinear screening. In [49] the dependence of the Fermi level posi-
tion and of the DOS peak width at the Landau level on the electron density in a
magnetic field was found. An essential consequence of the theory of nonlinear
screening is that the density of states in the gaps between Landau levels is not
exponentially small, as would be expected in the case of a short-range potential
[10, 44], and also for the situation when the charged centers are in the 2D-plane
[50]. This can be explained as follows. The charged centers in the volume are more
important than the surface ones, since as én_decreases the formation of a random
potential involves new centres in the layer of thickness L, which grows rapidly.
The theory developed in [49] provides a qualitative explanation of the funda-
mental experimental results associated with the DOS oscillations when the elec-
tron density varies, observed by the luminescence spectra. In particular, it follows
from [49] that when the amplitude of large-scale fluctuations is of the order of the
corresponding gap in the energy spectrum (hw, AE_ or AE ), two neighbouring
Landau sublevels (see Fig. 20c) will participate in the screening, and, as a result,
the width of the DOS peak stops increasing and appears to be limited at the top by
the magnitude of the gap. Experiment shows (Fig. 19a) that for complete filling of
the Landau level (v = 4) the luminescence linewidth is much greater than for v = 3,
since the energy gap for v = 4 (hw, = 4 meV) is considerably larger, than for v = 3
(AE, = 1.5 meV [42]). Using the formulas of the theory [49] and the parameters of
the MOS-structures studied, one can estimate the amplitude and the linear scale
of the random potential fluctuations. These estimates will be given in Section (4.4).

4.2. The Temperature Dependence of the Width of the Landau Levels

As has already been mentioned, if in a system of 2D-electrons in a perpen-
dicular magnetic field N Landau levels are completely filled, the electrons in this
case are uniformly distributed over the area of the system and no screening is
observed. The screening arises, if a number of supplementary electrons (or holes),
on,, is introduced into the system. Electrons and holes can be generated not only
by varying n_or H, but also by increasing the temperature at constant values of
n_and H. In experiments one should thus expect to observe a narrowing of the
lines of radiation corresponding to the integer filling of Landau levels (i.e., for

42



Magneto-optics under conditions of the integer and fractional quantum Hall effect

n_=veH/h, where vis an integer) as the temperature increases. Since the density
of thermoactivated electrons and holes is

n, =n, «exp

hw,

o)
then to observe the effect the values of w, and kT in the experiment must be
comparable.

Fig. 21 shows emission spectra obtained withn = 4.9 x 10" cm 2, p = 2.6 x 10*
cm?-V-1-s7!in a magnetic field H = 0 (spectrum 1) and H = 2.5 T (spectrum 2)
at T = 1.5 K. First, one can see that though the parameter ;H noticeably exceeds
unity, (in the experiment yH = 6.5), the picture of Landau levels in the radiation
spectrum is not exhibited. This results from the fact that the width of the levels
(which can be determined by the high-energy edge of the 2De-line) practically
equals the cyclotron splitting. This property turns out to be common for all the
structures analyzed: at low magnitudes of the magnetic field the width of the
luminescence peaks was close to the value of hiw_, but as H increases, when hw,
approaches the magnitude of the amplitude of the random potential fluctuations,
Q, the value of T" approaches saturation and the Landau levels are well resolved.
Such a dependence of I'(H) is in agreement with the theory of nonlinear screening
of large-scale fluctuations of the random potential [49].
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Figure 21. Radiative recombination spectra of 2D-electrons measured at n, = 4.9 x 10" cm~?,
uw=2.6x10*cm?-V-1-s71, W = 103 W-cm~? and different values of H and T, namely: (spec-
trum1)—H=0,T = 1.5K; (spectrum 2) —H=2.5T (v =8),T = 1.5K; (spectrum3) —H=2.5T
v=28),T=35K
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Spectrum 3 in Fig. 21 corresponds to the case of high temperatures (T = 3.5 K)
and suggests that the Landau levels are constricted as the temperature increases,
when electrons and holes appear on sublevels. The temperature filling of an upper
level is accompanied by the appearance of a supplementary radiation line shifted
to the region of greater energies by an amount 7w, (see Fig. 21, spectrum 3). The
constriction of the levels as the temperature increases means a decrease in the
density of states in the gaps. Such a behaviour of the DOS as the temperature
increases has been observed in [51].

The variations of the width of the Landau levels as functions of v and T can
thus be explained by screening of the large-scale fluctuations of the random po-
tential of defects and agree qualitatively with the conclusions of the theory de-
veloped in [49, 46-438].

4.3. Width of the Luminescence Peak for Half-Integer Filling
of the Landau Level

For half-integer fillings of the quantum states the large-scale fluctuations of
the potential are screened and the width of the DOS peak narrows and becomes a
minimum, I' . . When the interaction with short-range scatterers predominates,
the quantity I' . , according to the theory [44, 45], should depend solely on the
parameter H/p. Therefore, it is of interest to see how the width of the DOS peak
changes, which can be found by analyzing the luminescence line by varying the
parameter H/p.

We will first discuss the shape of the luminescence line. For half-integer filling
the Fermi level coincides with the DOS peak and, unlike the integer filling of the
quantum level, the luminescence line in this case should be strongly asymmetric.
This is due to the fact that at fairly low temperatures (kT < I . ) only the electron
states under the Fermi level are occupied, and consequently the intensity of the
radiation line should have an abrupt drop to the region of high energies. The DOS
peak should remain symmetric in this case and its width should be twice as large
as the width of the asymmetric luminescence line. In the experiment, however,
the asymmetric line of radiative recombination for half-integer v is observed only
for values of the dimensionless parameter ;H not much greater than unity (see
Fig. 22). It is also shown in the figure how the symmetric shape of the DOS peak
(the dotted line) can be restored and its width estimated from the asymmetric
contour of the luminescence line. The shape of the DOS peak shown in the figure
is achieved at » = 2.5 by summing two contours: the experimental contour of the
luminescence line and its specular reflection, and at v = 2.75 — from the low-en-
ergy part of the spectrum. In what follows, such a procedure for determining the
widths of the DOS peaks from the contour of the radiation line will be the main
one (the Landau level widths at v = 2.5 and v = 2.75 were almost always equal).

As the parameter pH increases, the asymmetry vanishes and already for
uH > 15 the luminescence line becomes practically symmetric (Fig. 22a). This
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fact can be easily accounted for if we take into consideration that the radiation
spectrum observed is a convolution of the distributions of electrons and nonequi-
librium holes. The symmetric contour arises under conditions when the width of
the hole distribution exceeds I _ .

The dependence of the width of the DOS peak on the parameter H/ . for half-
integer filling is presented in I, — H/u coordinates in ihe inset of Fig. 22. The
experimental points on the graph were obtained for different structures, and also
for different quantum numbers N (shown by different symbols). Nevertheless,
they are all well-described by a universal dependence on the parameter H/p,
which can be approximated by a straight line. Such behaviour indicates that for
half-integer v the width of the DOS peak is associated with scattering by short-
scale fluctuations. Besides, observation shows that the widths of the peaks are in-
dependent of the number of quantum state. The absolute values of I' . , found in
the experiment for given H and p, are very similar to those calculated in [44, 45],
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Figure 22. The emission spectra of 2D-electrons measured in MOSFETs N1 and N4 under con-
dition of partial fillingat H =7 T,and T = 1.6 K: (a) — MOSFET N1; v = 2.5, uH = 22.0. (b) —
MOSFET N4; v = 2.5, uH = 2.3. (¢c) — MOSFET N4; v = 2.75, uH = 2.4. The energy distribution
of Landau level DOS found from the shape of the emission line is shown by the dashed line.
The dependence of I, versus the parameter H/; measured for a few MOSFETs and at different
quantum numbers N is shown in the insert.
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In the region of small values of the parameter H/ . (Fig. 22) the experimental
dependence I' . (H/g) deviates noticeably from linear, and as H/; — 0 the sym-
metric luminescence line has finite width. As has been mentioned above, this
quantity is directly associated with the width of the energy distribution of non-
equilibrium holes which happens to be equal to 0.8 meV.

4.4. The Density of States for Integer Filling. Determination
of the Amplitude and Scale of Long-Range Fluctuations

As has been mentioned in Section 4.2, for integer filling of the Landau lev-
els and provided that the level widths are much less than the energy of the gap
(hw,> T), the density of states within one level reflects the energy distribution
of the random potential large-scale fluctuations, and the amplitude of the fluc-
tuations, Q, can thus be determined from the width of the recombination lines in
the luminescence spectrum. But one should bear in mind that electrons are local-
ized on the fluctuations of the random potential, provided that the scale of the
fluctuations exceeds the cyclotron radius of the electron ¢ (2N + 1)"/2[10], where
¢, is the magnetic length. Therefore, only when the conditions d > ¢,(2N + 1)V/?
and hw_ > Q are satisfied, does the Landau level width equal the amplitude of the
fluctuations. In the more general case when d 2 ¢,(2N + 1)"/%, the width T" is less
than Q and depends on the ratio /(2N + 1)V/?/d as given by [52, 53]:

r=Q[l+2-(2N+1)¢ /@] (15)

Equation (15) was obtained for the fundamental Landau level in [52], and in
[53] for higher values of N. Using formula (15) and analysing the luminescence
spectra one can determine the parameters Q and d for different structures. Note
that Eq. (15) has been obtained without taking account of the effects of screen-
ing and is thus valid both for integer filling and for ' < hw,, that is, when in
the radiation spectrum the structure of the Landau levels is adequately resolved.
Fig. 23a shows the dependence I'(N, H) in I'-2 coordinates of (2N + 1)H~! for two
structures. The points on these curves, obtained for different values of N, are
well-described by a single straight line. The slope of this straight line in the given
coordinates enables one to determine the quantity d, and the point of intersec-
tion of the straight line and the ordinate axis gives the value of Q. It should be
noted that for two different structures the parameters d and Q obtained are dif-
ferent, and the amplitude of the fluctuations for the structure of worse quality
(judging by the parameters %, n¥, n ) is larger and the scale d less than those
for the other structure. The scale of long-range fluctuations of the random po-
tential of defects can be estimated without regard to other measurements. If for
H = const we analyse the correlation between the widths of the Landau levels for
integer (I' ) and half-integer (I" . ) fillings, as the quantum number N increases,

max: min

we may hope to observe convergence of the quantities I' . and I'__ . Indeed, the
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cyclotron radius increases with N. Therefore, for cyclotron orbits /(2N + 1)'/2 > d
the fluctuations of the random potential with linear dimension d will already be
short-scale ones. As a result, any difference betweenI' . and I should vanish.
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Figure 23. (a) The dependence of the width I'"** of the N-th Landau level versus the parameter
(2N + 1)-H ! measured under complete filling of N levels in MOSFETs N1 and N4. (b) The de-
pendence of I'm* (circles) and I'Mn (squares) versus the quantum number NatH=7Tand T =
1.6 K in MOSFETs N1 (open symbols) and N2 (dark symbols), d, ~ 400 A, d, ~ 250 A.

It is shown in Fig. 23b, using the example of two structures (the same as in
Fig. 23a), how the quantitiesI'_, and I'__vary in a field H = 7 T as N increases.
The growth of I" . can be accounted for by the decrease in the mobility of 2D-
electrons as n_increases. It can be seen that as N increases the values of I, and
' .. converge and become equal at N = N_. One may assume that at this value of
the quantum number N | the scale of fluctuations d and the cyclotron radius of
the electron become alike, and hence, it is easy to estimate the quantity d. The
values of d obtained by this method for four MOS-structures are shown in Table
3, where the values of d determined from the dependence I'(H, N) by means of
formula (15) are also tabulated. From a comparison of these values of d we see
that different methods provide close values for the scale of long-period fluctua-
tions of the random potential for all the structures under investigation. As for
the values of the fluctuation amplitudes, the values of AE, obtained at H = 0,
and the values of Q, measured by the dependence of H, are in a good agreement.
Besides, Table 3 shows that the greater the value of the charge in an oxide, the
less the scale of the fluctuations and the greater is their amplitude Q. This is

likely to suggest that large-scale fluctuations of the potential arise from the bulk
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charge in the oxide, which is located in a layer of the order of d from the Si-Si0,
boundary. In this case, as follows from the theory [49], the magnitudes of the
scale and amplitudes of the fluctuations of the potential are bounded from above
by the condition L, = N_/én? = d and, therefore, as én, — 0 the magnitudes L,
and Q = ez(eLC)fl(Nqu)l/2 [49] do not increase without limit, but tend to limiting
values. The estimates obtained by the formulas of the theory [49] agree well with
the experimental results of the present paper (Q,, . ~ 2 meV).

One of the most important questions concerning the method of determining
the parameters Q and d is related to the fact that the long-period fraction of the
conduction band relief in the vicinity of the interface may partially arise in the
depth of a semiconductor, that is, in the region where non-equilibrium holes ex-
ist. Indeed, the system of 2D-electrons effectively screens the external electric
field, which arises due to the total charge of the system, whereas the alternat-
ing-sign part of the long-range fluctuations of the charge is poorly screened. To
investigate the question of how far the long-period fraction of the fluctuating
potential, associated with charged centers in the dielectric Si0, extends from the
interface inside the semiconductor volume, where nonequilibrium holes exist,
the following problem was solved. The large-scale fluctuations of the potential
were modelled by means of a system of alternating, unequal single charges lo-
cated at the centres of cubes, whose bases are on the interface. The distance
between equal charges (d) in the framework of such a model defines the scale of
the fluctuations. The question to be answered is how the ratio of the amplitudes
of the electrostatic potential varies at the interface (Q,) and at a distance Z =
100 A from it (Q,), where nonequilibrium holes are located. This ratio, Q,/Q,,
for the scales d = 200 A, 400 A, 800 A and 1600 A turned out to be: 0.01, 0.1, 0.3,
and 0.58, respectively. Hence, it follows that the broadening of the hole levels
due to fluctuations of the potential with linear scales, d < 500 A, is small and
cannot affect or significantly change the interpretation of the values obtained by
the spectroscopic method employed. Such a conclusion can be derived in some
other ways. Suppose the fluctuations of the potential in the valence band, where
nonequilibrium holes are located, are important. This means that the optically-
measured luminescence line width would be much less than the actual width of
the Landau levels T". At the same time, as follows from the representations on
nonlinear screening, the value of I' cannot exceed hw,, and, consequently, all the
optically-observed linewidths for integer filling would have always been consid-
erably less than hw,, and this contradicts the experiment (Fig. 21). So, it would
be more reasonable to conclude that the real values of d in the MOS-structures
investigated will turn out to be not very large, so that such fluctuations of the
random potential only slightly affect the valence band with the holes. On the
other hand it is clear that the fluctuations of the potential with scales > 10° A are
almost totally transformed in the relief of the valence band at distances Z = 10* A
from the interface. Therefore, such scales of fluctuations will hardly show up in
the luminescence method under study.
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The use of optical-spectroscopy methods not only enabled the effect of long-
range fluctuations of the random potential of defects in the oscillations of the
Landau level widths to be established, but made it possible to determine for the
first time the amplitude and scale of these fluctuations from the dependence of
the widths of the Landau peaks on the magnetic field and quantum number.

4.5. Energy Distribution of the Density of States for Integer Filling

As has already been mentioned, to determine the DOS of 2D-electrons for in-
teger filling of the Landau levels (when the quantum Hall effect is being observed
[1]), different techniques have been used based on studying the magnetization
[11], the electron heat capacity [12], the magnetocapacitance [54, 55], the ther-
moactivated conductivity [13, 14] and the floating-gate current [55], The same
conclusion followed from all the experiments: in the energy spectrum gap the
value of the DOS is not small, but accounts for a considerable part of the DOS at
H = 0. It was established in [11-13] that the DOS of 2D-electrons represents the
superposition of a system of narrow Gaussian peaks at the Landau levels and of
the background energy-independent DOS. We have proposed another qualitative
interpretation [14, 15, 28] based on the fact that the widths of the Landau levels
oscillate versus v. According to this statement the Landau levels for integer filling
are strongly broadened due to large-scale fluctuations of the random potential
and, thus, the DOS between these levels turns out to be large. For half-integer
filling, when the Fermi level is just within the region of extended states and the
large-scale fluctuations are screened, the Landau levels are drastically constricted
and the DOS at the Fermi level turns out to be very large, and in the gaps between
the Landau levels it is exponentially small.

It is of interest to compare quantitatively the values of the DOS of 2D-elec-
trons, measured in quite different experiments: by means of magneto-optics and
thermoactivated magnetoconductance. First it should be noted that both these
methods enable one to study different quantities. Once the optical spectroscopy
of 2D-electrons provides the possibility of examining the total energy depen-
dence D(E) and of determining the quantity D(E,), in all the other experiments
only the thermodynamic DOS is found, that is, the value of dn_/dE_, which in
general is not equal to the value of D(E,). But one may also expect that, when E_
is at the minimum of D(E), the values of D(E;) and dn_/dE, should be very close
[56], and therefore, they must be compared namely for integer v.

We will now consider the quantitative determination of D(E) from the radia-
tive recombination spectra [28]. This method is based on a comparison of the
radiation spectrum, measured in a magnetic field for complete filling of N Lan-
dau levels with that measured at the same density of n_and H = 0. The energy
distribution of the emission intensity I(E) is defined by the convolution of the
distribution function of the electrons F (E) = D(E)-f(E), (f(E) = 6(E — E,)) and
holes F, (E), and the width F, (E) ~ 0.1 meV, that is essentially less than the char-
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acteristic electron energies E.. Thus we have: I(E) = AD(E). In order to determine
the constant A, connecting the intensity and DOS, one must keep in mind that the
shape of the 2De-line is a stepwise energy function characterizing the constancy
of the 2D -density of states at H = 0: D(E) = 4 m/27h? = D,,. This enables one to
fix the absolute value of DOS equal to D on the intensity scale, and then to de-
termine quantitatively the functions D(E) and the quantities D(E;) by comparing
the radiation spectrum obtained in a magnetic field with that measured at the
same concentration of 2D-electrons and H = 0. While comparing the spectra, it
is required that their integral intensities should be identical, since the values of
n_are equal for both cases.
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Figure 24. (a) Radiative spectra of 2D-electrons for MOSFET N2 measured at H = 0 (spectrum 1)
and H= 7T (spectrum 2). W = 10°*W-cm % T = 1.6 K, n_, = 1.35 x 10" cm~?, p = 1.6 x 10*
cm?-V-1-s71 (b) The energy distribution of the Landau level DOS (the dashed line) found from
the spectral shapes shown in Fig. 24(a). The thermodynamic DOS dn_ /dE, measured by means
of thermoactivated conductivity is shown by the open dots.

Figure 24a, b shows how the density of states, its energy dependence and also
D(E,) can be determined quantitatively from the radiation spectra, obtained for
n = 1.36 x 10" cm 2 and T = 1.6 K (spectrum 1 in Fig. 24a). Under these condi-
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tions no difficulties arise associated with intervalley and spin splittings, since at
low temperatures only one spin component of the electrons participates in the
emission, and the intervalley splitting is practically zero: AE = 0.3 meV [42]. In
Fig. 24b the dashed line shows contours of the Landau levels which under convo-
lution with the function F, (E) (separately measured at xH = 50,asI"_. — 0) give
an exact description of the radiation spectrum 2 (Fig. 24a). The dash-dot curve in
Fig. 24b indicates the next vacant Landau level, and the solid line shows the total
density of states in the gaps between the levels. The quantity D(E,) under these
conditions (H="7T, v =8, uH = 11) is D(E,) = 0.32D,.

Simultaneously on these structures we measured the magnitude of the ther-
modynamic density of states by the method of activated magnetoconductance
[13, 14].

Now we consider the quantitative determination of the thermodynamic DOS
dn_/dE, by means of thermoactivated magnetoconductivity. The basic idea of the
thermoactivated magnetoconductivity method is described in [13, 14], but as will
be shown below it is necessary to take into account simultaneously the electron
and a hole inputs to the conductivity in order to obtain the correct value D,. For
complete filling of a Landau sublevel (n, = n? = v(eH/h), where n_is the density
of the electrons, and v is the filling factor, an integer) the magnetoconductivity
o . (and magnetoresistivity p ) reaches a minimum o™, which depends on the
temperature (T):

o oc pm o exp(—W/KT) (16)

where the activation energy W equals half the energy gap. When the density n_
differs from n? by a small value An, the Fermi level moves from the middle of the
gap to the Landau level by an amount AE, (see the insert in Fig. 25). In this case
one can get [14]:

W+ AE W—AE
0 (An)ocp, (An)=A-exp —% +B-exp _(k—TF)l 17)
and from (16) and (17):
py (An)=pi -ch(AE, /KT +C), (18)

where A, B, C are constants depending on An (or Av). In Fig. 25 curves of
Arch(p_(An)/pmir) against T~ are shown for positive and negative An for v = 8,
H=6.7T,and x = 1.4 m?/V-s. It is seen that in the coordinates mentioned the
experimental points lie on straight lines and the slope of the line defines E, for
the indicated value of n. It also follows from the experiment that C(Av) = 7Av for
Av < 0,and C = —4Av for Av > 0 under the conditions mentioned. The depen-
dence of AE_ on An obtained by this method is shown in Fig. 26a for positive and
negative An. Fig. 26b represents the energy dependence of the density of states
between Landau levels obtained by differentiation of the function AE (An). One
can see that the quantity D, makes up a considerable part of the density of states
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of 2D-electrons at H = 0: D, = 2m/7h* = 1.6 x 10" cm 2 meV~'. Similar depen-
dences of D on E were obtained in different MOSFETs for various values of H and
. According to [13, 24] D, depends on 1 but does not depend on H. In our experi-
ments for H = const,D_~ v i, and for ;. = const, D ~ vH, so that D,_depends on
the product pH. This dependence is shown in dimensionless coordinates in the
insert of Fig. 26b for Si(001) MOSFETS (the dark circles and squares) and for GaAs-
AlGaAs heterostructures (the dark triangles). The results obtained in [13, 14] are
also shown by open triangles. It is seen that the results obtained in Si MOSFETs
and in heterostructures are in a good agreement and the slope of the dependence
of Ig(D,/D,) on Ig(uH) is equal to ~ 0.5: D_ ~ D/uH.

Under the conditions shown in Fig. 24b, when the value of D(E) = 0.32 D,
results from magneto-optical measurements the magnitude of the thermody-
namic DOS determined by analyzing the thermoactivated magnetoconductance
turned out to be somewhat less than the former, dn_/dE, = 0.25 D (the variation
of dn /dE, from E_ is also shown in Fig. 24b).

The values of D(E;) and dn_/dE, determined under conditions of complete
filling of the Landau levels by quite different experimental methods agree well
with each other. The minor disagreement in the values can be explained by sev-
eral reasons, but what more important is that when the parameters p, H or the
structure are varied, the values of D(E;) and dn_/dE, (for integer ) change equally.
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Figure 25. The dependence of Arch(p_(An)/pm™) onT'atv=8,H=6.7 T and p(n?) = 1.4 x 10*
cm?-V-!-s71. The values An are represented in units of 10'° cm~2. The qualitalive picture of DOS
is shown in insert.
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Figure 26. The dependences of AE; on An — (a) and D on E — (b) oblained for v =8, H=6.7T,
and = 1.4 x 10*cm?-V~!-s7!. The values D and D_are indicated by the arrows. The dependence
of Ig(D,/D,) on Ig(;:H) is represented in the insert. The dark circles (v = 4) and squares (v = 8)
correspond to the Si-MOSFET, the dark triangles to heterojunctions, and the open triangles to
the results obtained in [13], The results obtained from optical measurements are represented
by half-open circles.

The dependence of the density of states between the Landau levels on the
magnetic field should be presented as follows: in the region of magnetic fields
when pH > 1, but the magnitude of the cyclotron splitting is below the amplitude
of large-scale fluctuations of the random potential Q, the width of the levels I"
turns out to be of the order of 71w, due to the effect of nonlinear screening, and
the DOS in the gap makes up a noticeable fraction of D,. So long as the condi-
tion hw, < Q is satisfied, the magnitude of the DOS in the gap decreases as the
magnetic field increases, not exponentially but much more slowly, for instance,
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in low powers [14, 49]. When the magnetic field reaches such a magnitude that
hw,becomes greater than Q, the width I' is saturated and tends to Q, and the DOS
in the gaps falls off exponentially as the magnetic field increases. This technique
can be used to estimate the magnitude of the amplitude of the random potential
fluctuations by both the optical method and, say, by thermoactivated magneto-
conductance as well.

5. The fractional quantum Hall effect in Si MOSFET.
Energy gaps and the role of disorder

One of the important merits of silicon MOS structures, in particular, com-
pared with heterojunctions is the possibility of controlling the two-dimensional
electron (hole) gas density over a fairly wide range by means of the gate voltage,
and also the large size of the effective Rydberg constant, which characterizes the
Coulomb interaction.

Starting from the fact that the fractional QHE in heterojunctions has only been
observed in structures with high carrier mobility, we chose specimens having just
this parameter. In characterizing a large number of MOS structures prepared on
the (100) surfaces of p-type Si, it should be noted that the majority of them had a
maximum mobility x in the range (13-20) x 103 cm?-V—!-s~! with a maximum for
n? = (6-8)-10" cm2, with the position of the maximum and the magnitude of
depending very weakly on the temperature for T < 4.2 K. A fractional QHE was
not observed in such structures under any realizable experimental conditions.

We were able to select a few specimens with unusually high (for MOS struc-
tures) electron mobility, in which we observed anomalies in the magnetotrans-
port properties for fractional values of the filling factor. The chief parameters
for some of these structures are given in Table 4 and the x(n,) plots for T = 1.5 K
are shown in Fig. 27. The following symbols are used in Table 4: dg;, is the Si0,
thickness, V.. is the threshold voltage, L is the distance between the drain and the
source, / is the gate width (in the Corbino geometry (¢ = m (R, + R,), where R,
and R, are the external and internal radii of the ring gate), and / is the maximum
value of the mobility, obtained for n, = n?. It is a characteristic feature that the
values of the Hall mobility and of the mobility determined from the magnitude
of the conductivity, were identical. The distinguishing features of MOS structures
with high electron mobility are: first, a shift in the mobility maximum in the
direction of lower concentrations, down to n? = 2.6 x 10" cm?* (Fig. 27); second,
an appreciably stronger dependence of the mobility on the lattice temperature
for T < 4.2 K (see Table 4); third, an unusually high sensitivity to heating by the
drain-source bias electric field E. The last feature is illustrated in Fig. 28 in which
the dependence of the maximum mobility on the bias field E at T = 1.5 K is shown.
It can be seen that unlike the usual situation [1], in which noticeable heating
occurs for E > 10-! V-cm™!, heating already has an effect for E ~ 102 V-cm!in

54



Magneto-optics under conditions of the integer and fractional quantum Hall effect

specimens with high electron mobility. For example, in a magnetic field H =6 T,
noticeable heating of the electron system in specimen No. 8, estimated from
the amplitude of the Shubnikov-de Haas oscillations (AT =~ 0.2 K), occurred for
E =102V-cm~L. We estimated the electron energy relaxation time in our struc-
tures and found that at T= 1.5 Kand n_ = (3-5)- 10" cm?, the energy relaxation
time 7_~ 3-1077 s. This value is almost an order of magnitude greater than the
values given in the literature [10, 57].
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Figure 27. The dependence of the mobility of the 2D-electrons on the density n, determined

from the magnitude of the conductivity for H = 0(0) and of the Hall mobility (+) for MOSFETSs
N7 (the curve 1) and N8 (the curve 2) at T = 1.5 K.

Table 4
Parameters of Si MOS-structures
No Geometry dyy®) VoV bl ety s 10% s 100 e
6 Rectangular 1600 -0.2 1.2 04 40 52 2
7 Rectangular 1800 -0.05 2.5 0.28 30 36 3
8 Corbino 1300  0.05 0.22 1.41 23 28 4.5
9 Rectangular 1800 -0.1 2.5 0.28 13 13 6
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Because in our MOS structures heating of the electron system occurred at the
relatively low power introduced by the bias field, the measuring current for mea-
surements in a magnetic field on structures with rectangular geometry (Nos. 6
and 7) was I, < 107® A, and the bias field for the Corbino geometry (No. 8) was
E < 103 V-cm~L. It was only under these conditions that the current-voltage
(I-V) characteristics became linear and consequently there was no heating of
the electron system.
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Figure 28. The dependence of the maximum electron mobility z on the drain-source field E in
MOSFETs N6,7 and 8 at T = 1.5 K.

The measurements were made in the standard way [58] both for a steady and
an alternating current at frequencies from 10 to 150 Hz and always gave identical
results. It was more convenient to work under alternating current conditions for
small values of E (< 103 V-cm™") and I (< 1078 A).

In order to check on the equilibrium state of the two-dimensional electron
system, we studied the p,, and p, dependences on different sections of the MOS
structure, using five potential contacts positioned on both sides of the transistor.
It should be noted that we did not observe any appreciable difference in the de-
pendences taken from different sections of the structure. The experiments were
carried out at a fixed magnetic field. The gate voltage sweep was carried out suf-
ficiently slowly for possible hysteresis in the p_(n), P (0, o, (1) relations, as-
sociated with charging up processes, to be totally eliminated.

5.1. Anomalies in the Magnetotransport Properties
of a 2D-Electron Gas in High Magnetic Fields

MOS structures with rectangular geometry, Nos. 6, 7 and 9 were studied to
determine the values of the components p and p, of the magnetoresistance
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tensor. The dependences of the voltage between the Hall contacts (u, ) and the
potential contacts (u,,) on the gate voltage V,, measured from the threshold volt-
age V_, were studied at a given measuring current I, < 10-% A, and from this the
Py, p (1) dependences can be obtained:

p,=Ry=u_/L, (19)
R, =u,/I, (20)
pXX = Rxf/a (21)
n,=(V, - V)ee,/ed, 22)

where €_and ¢, are the permittivities of the Si0, and vacuum, d is the thickness
of the Si0, layer, ¢ is the gate width, and a is the distance between the potential
contacts.

R A2
2
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Figure 29. The dependence of Hall resistivity p,, (curve 1) and p_ (curve 2) on the density of 2D-
electrons, obtained on MOSFET N9 at T = 1.7 K, H = 9 T, and I, = 100 nA. The absolute values
of the resistivity p_, shown in the figure, are multiplied by 10.

The clearest illustration of the integral QHE is provided by the p_(n ) and
P, (0 relations obtained on specimens with /i = (0.7-1.5)-10* cm*-V~'-s7'. The
broadest plateaus in the Py dependences are observed in just this region of val-
ues of i, with p = h/e’v, and also the widest and deepest minima in the p,(n,)
dependence for integral values of the filling factor. Typical p, (n ) and p, (n,) plots
for T=1.7K,H =9 T on MOS structure No. 9 in which iz = 13 x 10> cm?-V-1-s!
are shown in Fig. 29. It is characteristic that the most pronounced features are
observed for filling factors which are multiples of 4 (v =4, 8, 12, etc.) for complete
filling of a Landau level, which contains four sublevels as a result of there being
a degenerate electron spectrum in Si(100) — doubly for the valleys and doubly in
electron spin. Since the cyclotron energy is appreciably more than the paramag-
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netic and intervalley splitting energies, the energy gap in the electron density of
states is greatest for v = 4. The smallest gap in the density of states corresponds
to intervalley splitting and is realized for odd v. As a result, all the features at
v=1,3,5,... are least pronounced. Features for v = 2, 6, 10, ... correspond to
paramagnetic splitting.

As one can see from Fig. 27, the electron mobility in MOS structure No. 7
did not exceed 36 x 10° cm2-V-!-s~! so that it is not surprising that no features
were observed for H = 10 T for fractional values of v. Plots of p, (n,) and p, (n,)
in magnetic fields of 12, 15 and 20 T are shown in Fig. 30. It can be seen that sin-
gularities at fractional values of the filling factor (v = 2/3, 4/3) only appear for
H > 12 T, and in the region of n, for which the electron mobility is a maximum
and exceeds p = 30 x 103 cm?-V-!-s~1. The characteristics of the features observed
in the p_(n ) plot for fractional and integer values of the filling factor then differ
appreciably. While the p (n,) dependence is very weak and is a monotonic func-
tion of n_ in the region of integer v, a nonmonotonic form of p, (n,) behaviour is
clearly observed for fractional v. It is impossible that this last fact could be as-
sociated with additions from p_ and p [59].
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Figure 30. Plots of p_(n,) (curve 2) and p, (n) (curve 1) obtained on the 2D-electron channel of
MOSFET N7 at T = 1.5 K, and I, = 10 nA in different magnetic fields: (a) H= 20T, (b)) H=15T,
(c) H= 12 T. The absolute values of p_ are multiplied by 15.
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As can be seen from Fig. 30 as the magnetic field in the region of maximum
electron mobility increases, the singularities for » = 2/3 and 4/3 become more
significant and, in addition, new anomalies appear for » = 4/5,6/5 (H=15T)
and forvr=1/3(H=20T).

There are three independent means of determining the filling factor at points
where the anomalies in magnetotransport properties are observed. The values of
v can be found, first, from the absolute value of R ;, using Eq. 19, and also from the
positions, on the density scale, of the singularities on the p, (n,) and p, (n,) plots,
since v = n_h/eH. All three methods have practically the same value of v for each
singularity, which is shown by the dotted lines in Figs. 29, 30, and 31.
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Figure 31. o _(n ) plots obtained on a Corbino MOSFET at T = 1.5 K, E = 10 V-cm'and (a)
H = 17T, (b) H= 20 T. The change in the o_(n ) relation when the drain-source bias field is
increased up to the value E =4 x 10-2 V-cm™! is shown dashed.

The influence of contact phenomena can be eliminated in studies of mag-
netotransport properties in structures of rectangular geometry, since in them
measurements are made using a four-contact system. However, there are other
reasons which can affect the p_(n) and P (1) dependences studied. One of them
consists of the fact that the low-resistance regions of the drain and source in
structures of rectangular geometry short-circuit the edges of the electron layer
and shunt the Hall voltage which arises in a magnetic field. As a result of this the
current lines in such structures are greatly disturbed by the presence of the drain
and source [60]. Another reason is that reflection ot electrons occurs over the pe-
rimeter at the boundaries of the two-dimensional electron layer, and in a strong
magnetic field perpendicular to the layer, discontinuous electron trajectories can
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arise (the static skin effect) [61]. The trajectories can, under certain conditions,
end at the potential and Hall contacts, and it is not impossible that additional
anomalies in the magnetotransport properties can then arise. These and other
causes are due to the absence of the proper symmetry in the rectangular geom-
etry of the structure and are nonexistent in structures with Corbino geometry,
in which the drain, source and gate are in the shape of concentric rings [59]. The
observation of anomalies in magnetotransport properties in such structures is
especially basic.

The maximum mobility of the two-dimensional electrons in the best struc-
ture with Corbino geometry (specimen No. 8) was i = 28 x 10° cm?-V—!-s~! at
T = 1.5 K, so that it is not surprising that the first anomaly in p_(n ) at v = 4/3
only appears for H > 15 T. Fig. 31 shows how the fractional anomalies in the mag-
netotransport properties in MOS structure No. 3 at T = 1.5 K develop as the mag-
netic field increases. It can be seen that they appear in the region of the maximum
electron mobility for n_ = (3.5-7.5) x 10" cm~?, where p, > 20 x 10° cm?-V-'-s71,

Figure 31 shows the effect of the drain-source bias field on the form of the
p, () relation for T = 1.5Kand H= 20 T.

It can be seen that it is essential that E << 102 V-cm™! for observing anoma-
lies in the magnetotransport properties, since the electron subsystem already
warms up appreciably for E = 4 x 10-2 V-cm~! (according to estimates based on
an analysis of Shubnikov-de Haas oscillations, the electron temperature increases
by more than 2 K) and the singularities for fractional v disappear from the p_(n)
relation.

Anomalies in the magnetotransport properties of a two-dimensional electron
gas in silicon MOS structures for fractional values of the filling factor have thus
been observed both in specimens with rectangular geometry and in specimens
with Corbino geometry. The essential conditions for observing these singulari-
ties are high electron mobility and a sufficiently small value of the drain-source
bias voltage. It must be borne in mind that interparticle interaction in space-
charge layers in heterojunctions and MOS structures can differ not only in char-
acter but also in scale. The characteristic magnitude of the Coulomb interaction
of two-dimensional electrons in MOS structures, calculated from the formula
V=en)?/e=e%'?/e-{, ({, is the magnetic length, e = (¢ + ¢5,)/2 = 7.7 is the
mean permittivity of Si and Si0,), is double the corresponding value for GaAs-
GaAlAs heterojunctions. For just this reason the anomalies in magnetotransport
properties for fractional values of the filling factor in silicon MOS-structures are
observed at noticeably higher temperatures compared with heterojunctions. We
also point out that in the experiments carried out (H ~ 20 T) on MOS structures,
the Coulomb interaction energy exceeds the cyclotron energy, while in hetero-
junctions for the same magnetic fields the situation is the opposite: the Coulomb
energy is much less than the cyclotron energy.
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5.2. Activated Magnetoresistance and Energy Gaps in the Spectrum
of 2D-Electrons for v = 1/3, 2/3, 4/3 and 4/5

One of the chief aims of the present section is to trace how disorder affects
the magnitude of the activation gaps in the region of fractional filling factors,
associated with the new strongly correlated quantum state predicted by theory.
As is well known, the transverse relaxation time and the resulting mobility of
the charge carriers associated with it can serve as a measure of the disorder in
real two-dimensional structures. In fact, the transverse relaxation is determined
by the finite width of the quantum states in a magnetic field [10]. Therefore, in
real structures for T = 0, the threshold mobility separating localized and mobile
electron states differs from the position of a single-particle quantum level. As the
disorder increases the mobility thresholds of neighbouring single-particle states
can start to overlap because the levels begin to get wider. This causes overlap of
the mobility thresholds and causes the activation energy W to vanish, and the
magnetoconductivity is no longer thermally activated. In this connection it is
interesting to know how the widths of the activation gaps depend on the mobil-
ity for fractional quantum Hall resistivity, and also whether a minimum mobility
exists, starting from which the activation character of the magnetoconductivity
disappears as do other anomalies in the magnetotransport properties caused by
the fractional QHE (FQHE). For this purpose, the temperature dependences of the
transverse magnetoconductivity in the region of fractional values of the filling
factor v =1/3,2/3,4/3, 4/5 were studied on different MOS structures, and also
the dependence of the corresponding activation energies on the magnitude of
the mobility of the 2D electrons. The experimental results on the dependence
of the activation gaps on the magnitude of the magnetic field and mobility for
silicon MOS structures are compared with published results on GaAs-AlGaAs
heterojunctions. For this aim two MOS structures were studied, prepared on the
(100) surface of p-type silicon with a boron concentration N, = 7.3 x 10" cm 3.
The geometrical and other characteristics of the structures have been described
previously (Table 4).

The temperature dependence of the magnetoconductivity o (or p,_) near
a minimum for integer v can be studied to determine the gaps in the energy
spectrum of noninteracting 2D electrons, corresponding to cyclotron (fiw ), spin
(1,8 H) and intervalley (AE ) splitting, i.e., when the Fermi level of the electrons
is in the region of localized states half way between the corresponding levels of
the energy spectrum (Fig. 32). The magnetoconductivity in this case differs from
zero thanks to the thermal activation of electrons and holes from the Fermi level
into an empty and completely full Landau sublevel: o o< p_ o< exp(— W/KT),
W = AE/2, where W is the activation energy, E is the energy gap between the
corresponding Landau sublevels (Fig. 32). Fluctuations of the potential at the
semiconductor-oxide interface (or the interface between two semiconductors
with different forbidden gap widths) lead to a broadening of the energy levels and
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to a change in the relation between AE and W. This is related to the fact that in
real structures the mobility threshold, separating mobile from localized electron
states, does not coincide with the position of a Landau level, but is distant from
it by an amount I'. As a result, the activation gap decreases: W = AE/2 —T'. The
worse the quality of the structure (and therefore the lower the mobility of the 2D
electrons), the greater is I, and the measured value of W differs appreciably from
AE/2. A hopping conductivity mechanism can be observed for structures with
very low mobility of the 2D electrons and also for very low temperatures (i.e. for
kT « T'), which is not described by the exponential dependence given above [62].
However, it was found for high-quality specimens with high 2D electron mobil-
ity, for I' < kT < AE, both for MOS structures and for heterojunctions, that the
energy gaps determined from the temperature dependence of the magnetocon-
ductivity agree well with iw,, 1,g Hand AE .
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Figure 32. The qualitative picture of the change in the density of states with energy. The shaded
regions correspond to localized states; E ; E,; E; and E_ refer to the positions of the levels for,

e’ ~'h’

respectively, electrons, holes, the Fermi energy and the mobility threshold.

The energy of the ground state of a system of interacting 2D electrons has
minima for v=p/q (wherep=1,2,3,...;q=3,5,7,...), corresponding to the for-
mation of an incompressible Fermi liquid, as proposed by Laughlin. The change
in density in the region of a fractional value of v can be described in the language
of the creation of excitations — quasielectrons and quasiholes with fractional
charge. According to Laughlin, the quasielectron and quasihole bands are sepa-
rated from the ground state by energy gaps and for » = p/q the magnetocon-
ductivity differs from zero thanks to thermal activation of the excitations (see
Fig. 32). Consequently, for » = p/q one should expect that o o< p_ oc exp (—W/KT).
The activation gaps for » = 1/3 and 2/3 were determined in this way in GaAs-
AlGaAs heterojunctions by different authors [63-66], but the results obtained
do not agree either among themselves or with theory. The latter discrepancy is
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obviously connected with the results being obtained on different structures for
different values of ;. and H.
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Figure 33. (a) The P (D) for N2 MOSFET at H = 20 T and two temperatures: T = 3.0 K (curve 1)

and T = 1.5 K (curve 2). (b) The dependence of p5 on the density of 2D-electrons, obtained for
MOSFET N2 for H= 20 T at two temperatures: T=3.0Kand T = 1.5 K.

The 2D electron system in silicon MOS structures differs usefully from the
electron systems in heterojunctions in allowing the density n_to vary over a wide
range. This enables activation energies for different v to be determined for any
fixed H. The p, (n) and p, (n,) variations for H = 20 T and various temperatures
are shown in Fig. 33. Apart from the integral features, additional minima and
plateaus are clearly visible on these curves, corresponding to fractional values
of v =1/3; 2/3; 4/3; 4/5. As the temperature is raised, the anomalies in the
magnetotransport properties for fractional » disappear, both for p_ and for Pyy-
The dependences of log (p™") on inverse temperatures are shown in Fig. 34 for
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v=1/3;2/3;4/3; 4/5 for H = 20 T. It can be seen that, starting from a cer-
tain temperature, the magnetoconductivity has a thermally activated charac-
ter for all the fractional v found in the experiment, and is well described by the
expected relationship. The values of the activation energies at H = 20 T are:
W, ,=(2.4£0.05)K, p, =2.5x 10*cm*- V"', W, .= (2.6 £0.05)K, 1, = 3.5 x 10*
cm?-V-1l.g7 1 W,,=(.6+ 0.05)K, p1, = 2.6 x 10*cm?-V-!-s71; W,,=(.1+ 0.05)K,
t, = 3.5x10* cm?-V-!-s~1. It can be seen that for the same 4, and H, the values
of the activation energies corresponding to fractions with a denominator of 3 are
more than double the values obtained for fractions with a denominator of 5. This
fact also agrees with theoretical calculations [67].
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Figure 34. The temperature variation of the diagonal component of the magnetoresistance
tensor at the minima of the Shubnikov-de Haas oscillations, represented in log (p™") versus
T-! coordinates for different values of vat H=20T: 1) v = 1/3, W = 2.4 K; 2) 2/3, 2.6 K; 3) 4/5,
1.1K;4)4/3,1.6 K.

The maximum value of the activation energy, for example, in the region of
v = 2/3 corresponds to v = 0.666 + 0.003 and is halved when v departs from 2/3
by Av = 0.02. The temperature dependences of p_ for v = 0.667,0.710 and 0.625
are shown in Fig. 35 in log(p,,), T ! coordinates, from which it can be seen that
the p_(T) variation for Av = + 0.04 now is not activated. This is obviously asso-
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ciated with the fact that for |Av| > 0.04, the quasielectron and quasihole bands
are appreciably filled and the Fermi level reaches the corresponding mobility
thresholds and lies in the band of mobile states. It can be concluded from this
that only 12% of states in the quasielectron and quasihole bands are localized at
H=20Tand p, = 3.5 x 10* cm?-V~'-s~!. About this fraction of localized states is
obtained for H= 15T, p, = 3.5 x 10* cm*-V-!-s"! for v = 2/3 and v = 4/3. When
the mobility is reduced, both the value of the activation energy (at H = const)
and the value of Av become smaller: for p, = 2.8 x10* cm?*-V-'-s, H=15T
and v = 4/3, Av = 0.03. These facts are evidence of the influence of disorder on
the position of the mobility threshold in the energy spectrum of 2D electrons at
non-zero temperatures.

<]
Fex, k2

1 1 1 ] L 1 1
a7/ g2 8309 45 46 07
Figure 35. The temperature dependence of p2, for different values of the filling factor » = 0.667;
0.710; 0.625, represented in log (p_) versus T~! coordinates.

5.3. The Dependence of the Activation Energies
on the Magnetic Field and Mobility of 2D-Electrons

As was mentioned above, the magnitude of the energy gap determined from
an analysis of the temperature dependence p_(T) corresponds to the activation
energy from the Fermi level to the band of mobile states, separated from lo-
calized electron states by the mobility threshold. As is known from the integer
QHE, the position of the mobility threshold relative to the corresponding Lan-
dau level depends on ., and H [10, 68]. It is just for this reason that the values
of W obtained on different structures with different 1., for the same » and H dif-
fer: for example, for H = 20 T, v = 4/3 for structure No. 8 W = (2.08 + 0.03) K,
(, = 31.5x10° cm?-V-'-s7'), while for structure No. 7 W = (1.62 + 0.03)K,
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(1, = 27 x 10° cm?-V-'-s7"). A comparison of the W’s obtained on different MOS
structures for the same » and H showed that when ., is reduced, the value of the
activation energy decreases regularly.

The range of n, within which 1, appears to be constant to high accuracy can
be deduced from the broad maximum which is present in the s (n) relation (see
Fig. 27): for structure No. 7: p, = (35 £ 1) x 10° cm?-V-!-s~! for 2.1 < n_-10""
cm? < 4, while for structure No. 8 p, = (27 £ 1) x 10° cm?-V-!-s7! for 3.8 <
n_-10-" cm~? < 5. This indicates that for structure No. 7 for v = 2/3, u, ~ 35 x 10°
cm?-V-!-s~! for 12 < H < 25 T, while for structure No. 8 for v = 4/3, ;i ~ 27 x 10°
cm?-V-1-s7! for 11 < H < 17 T. The W(H) relations for ., ~ const, obtained on
two MOS structures for » = 2/3 and v = 4/3, are shown in Fig. 36. It can be seen
that W ~ H'/2, so that the magnetic field dependence of the activation energy W,
corresponding to a filling factor v, can be represented conveniently in the form

W, =G,(1,)€/ely, (23)

where G (1) is a dimensionless quantity which depends on the mobility of the
2D-electrons but not on H, while e?/¢/,, is the characteristic Coulomb energy to
which the value of the gap is usually normalized in the theory [5]. For structure
No.7 G, ; (1, = 35x 10° cm?-V-1-s71) = 0.067 + 0.003, while for structure No. 8,
G, 5 (1, = 27 x 10° cm?*-V-'-s71) = 0.050 = 0.003.
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Figure 36. The variation of the square of the activation energy W? as a function of the magnetic
field, obtained for two MOSFETSs under constant mobility conditions: (O) u = (3.5 + 0.1) x 10*
cm?-V-1-s71(d, B) p = (2.7 £ 0.1) x 10* cm?-V-!-s~!, MOSFETSs N7, N8, respectively.

It is characteristic that the values of G, (1, = 27 % 103 cm?-V-1-s71) deter-
mined for MOS structures No. 7 and No. 8 agree, as can be seen in Fig. 36. This
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means that the function G (1) is universal, independent of the structure or H.
To determine it we used the values of W obtained on two MOS structures for dif-
ferent values of ., and H. The dependence of G, son gt obtained in this way is
shown in Fig. 37. It is seen that the values obtained on different MOS structures
(the light and dark symbols) for different 1., and H agree well among themselves
and lie on a single straight line which intersects the axes at the values G’ and
12: G corresponds to the activation energy in a perfect structure (as p, — 00),
12 is the minimum mobility of 2D-electrons, below which the activation energy
vanishes and the anomalies in the magnetotransport properties for fractional
values of v are not observed. It is the value of G*” which should be compared with
theoretical calculations [67, 69, 70, 6] since they do not take account of the effect
of disorder. The values of G* =W _ for v = 1/3,2/3, 4/3 are shown in Table 5,
where the values of G” obtained theoretically by different authors are shown for
comparison. Taking into account the difference between the theories, the agree-
ment between the experimental and theoretical values of G* can be said to be
satisfactory.

Wiz,

70

57

0 a7 47 03 GF 45 HVige

Figure 37. The magnitude of the activation gap, normalized to the characteristic Coulomb
energy as a function of the inverse of the mobility, obtained for v = 4/3 for different values of H
on different MOSFETS: (O) and (@) correspond to MOSFETs N7 and N8.
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5 Table 5
Calculated Coulomb gaps A
and experimentally measured activation energy W under FQHE

v | Channel | 2D system eV leg ! HT | WK |W-(e?/el,)" Wm References
n GaAs/AlGaAs 110 14.6 | 2.7 0.013 — [69]
13 n GaAs/AlGaAs 45 18.5 3.2 0.014 — [63]
p GaAs/AlGaAs — 24 1 0.004 — [69]
n Si-MOS 2.5 20 2.6 0.0068 0.018 [81]
n GaAs/AlGaAs 110 7.4 0.9 0.0062 — [69]
n GaAs/AlGaAs 105 14.0 1.4 0.0075 — [66]
23 n GaAs/AlGaAs 100 12.0 1.2 0.0065 — [64]
n GaAs/AlGaAs 60 9.6 0.5 0.003 — [63]
p GaAs/AlGaAs _ 23 | 1 0.004 _ [69]
n Si-MOS 35 20 2.7 0.0071 0.014 [81]
n GaAs/AlGaAs 105 6.9 | 0.25 0.0017 — [66]
4/3 Kn Si-MOS 3.5 15 2.2 0.0065 0.013 [81]
n GaAs/AlGaAs 105 5.5 0.09 0.0007 — [66]

A/2 (theory) — 0.028 [67]; 0.034 [70].

The function G (1), as can be seen from Fig. 37, is well-described by the ex-
pression

0
1-H

GV(”LE):GITO ,LL

. (24)

It must, however, be remarked that because of the narrowness of the range of
values of y, studied, the dependence of G on p, is also represented satisfactorily
by the expression

@

He
e

)

G, (1)=G>|1-

if 0.4 < o < 1.3. When « is varied within this range, the values of 1 remain practi-
cally unchanged while the values of G’ can change by 30%. Nevertheless, the best
representation is for the experimental points to lie on a straight line for o ~ 1.
It is interesting that the values of the minimum mobility obtained for different
filling factors with denominator 3, agree within the limits of experimental error,
while the value of 4 ; is appreciably larger.
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5.4. Comparison of Experimental Results Obtained with Silicon MOS
Structures and with GaAs-AlGaAs Heterojunctions

It is interesting to compare the values of the activation energies (as x, — o)
found experimentally for different filling factors in silicon MOS structures with
the existing theoretical calculations carried out for ideal two-dimensional sys-
tems (without taking account of disorder). Such a comparison is shown in Table 5,
which also shows the experimental results of different authors for a two-dimen-
sional electron gas in variably doped GaAs-AlGaAs heterojunctions. It can be
seen that the values of G° for silicon MOS-structures are closest to the theoreti-
cal values. The departure of the experimental values from the theoretical cal-
culations is noticeably greater in the case of heterojunctions. In both cases the
experimental values of the gaps are less than are calculated. It is significant that
the dependence of the activation energy in the form

2

o

i, | by
describes the results for GaAs-AlGaAs heterojunctions obtained by various au-
thors [63-66] on different structures. It then appears that the value of G in
heterojunctions is 30% less than in silicon MOS-structures. In our view this could
arise because the potential of the interelectron interaction depends appreciably
on the channel thickness [10, 71]:

WI/ = Gio

25)

2me’* _(q
U(q)= -F|=|, 26
(a) €q [b] o
where q is the wave vector, F(q/b) is the form factor which for the wave function
describing the electron distribution in a direction perpendicular to the layer

zonf-1
2 b

3 1/2

\I/(z):

is equal to
-3
q_1 q
Fl2|= . N §
[b] 16 [*bJ

The channel thickness is (z,) = 3/b. The effect of channel thickness on the in-
terelectron interaction potential is especially marked for the heterojunctions. In
this case the thickness (z ) is 60 A and is comparable with the magnetic length
for H > 20 T. At the same time, the characteristic channel width on an MOS
structure prepared on a silicon (100) surface is almost three times less and is,
consequently, appreciably less than the magnetic length for H < 20 T, thanks to
the large electron mass in a direction perpendicular to the 2D layer. It should be
noted that the value of F(1/b/,)) is noticeably different from unity: for heterojunc-

Esio 1 Esio
=2 +—{1—-—=
2

&

2 -6
84 q q
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tions at H= 15T, F(1/bl,) ~ 0.6, while for silicon MOS-structures F(1/b(,)) ~ 0.8,
so that the existence of this form factor has to be included in theoretical calcula-
tions. Unfortunately, MacDonald and Aers [71] who determined the energy of the
ground state of the Laughlin Fermi liquid taking the form factor into account, did
not calculate the expected change in the gaps in the energy spectrum of interact-
ing 2D electrons with channel thickness.

As was mentioned at the beginning of this section, there is some minimum
value £ of the mobility of 2D electrons in silicon MOS structures and in GaAs-
AlGaAs heterojunctions, starting from which W > 0 holds and the fractional
quantum Hall effect is observed. It is surprising that while in silicon MOS-struc-
tures p1 . ~ 17 x 10° cm?-V~'-s7!, in the electron channel of heterojunctions
195~ 4 X 10° cm?-V-1-s7! (see also [64]). It is essential to take strict account of
the effect of disorder theoretically in order to find what determines 1. However,
a simple estimate for 1. can be obtained from purely qualitative considerations.
Laughlin [5] noted that features corresponding to a fractional value of v should
disappear as the disorder increases when the characteristic width of a level I" ~
h/r = he/u mis comparable with the magnitude of the Coulomb gap correspond-
ing to given ». However, one finds from the relation he/u m = const-e?/e/, that
p° ~ el h/ m ~ HY2 This answer contradicts the experimental result according to
which ° does not depend on H.

Another expression for the width of a Landau level, I" ~ hw_/(1,H)"? has been
obtained by different means [44, 72]. Equating the level width described in this
way with the characteristic Coulomb energy, we obtain

1° = const-(h/e)*- (e/m)>. (28)

Here ;0 is independent of the magnetic field in agreement with experiment and
is only determined by the parameters of the semiconductor.

To obtain agreement between Eq. (28) and the experimental values obtained
in silicon MOS-structures for fractions with denominator 3, the constant has to
be taken equal to ~ (27)3, in which case

10~ (h/e)* (¢/m) (29)

The values of ;° estimated using Eq. (29) for GaAs-AlGaAs heterojunctions are
equal: in the case of the electron channel x° = 3.8 x 10° cm?-V~-!-s~! while for the
hole channel x° = 1.2 x 10* cm?-V~!-s~1, These estimates agree surprisingly well
with experiment [63, 64].

Therefore, the main result of the present section is that the dependence of
the widths of the activation gaps in the region of the QHE, measured in different
magnetic fields and on various structures, can be fairly well understood using
Eq. (25), in which the dependences of W on the magnetic field and mobility are
separated. It has been shown, for different MOS-structures and for various filling
factors, that at a fixed value of the 2D electron mobility the widths of the activa-
tion gaps increase as the magnetic field increases in proportion to the inverse of
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the magnetic length, which illustrates directly the role of inter-particle interac-
tions in the FOHE. Another important consequence of such a factorization is the
mobility dependence of the width of the gaps, for a fixed magnetic field. From this
an experimental procedure for estimating the magnitude of the activation gap in
the absence of disorder (x, — o) can be formulated, and an understanding and
a way can be found of estimating the minimum mobility 4?, starting from which
the fractional Hall effect disappears (W — 0) due to the overlapping of the bands
of mobile states of quasielectrons and quasiholes.

6. Magneto-optics under fractional quantum
Hall effect conditions

The spectroscopic method described above is effective for solving other prob-
lems associated with investigations of the 2D-electron energy spectrum in Si
MOS-structures. We will now discuss how, using this method, one can measure
the values of the Coulomb gaps in the energy spectrum of an incompressible
quantum fluid whose ground state is observable in the fractional QHE regime
[73-76].

The microscopic theory suggested by Laughlin [5] explains the fractional QHE
in terms of 2D-electron condensation under a transverse magnetic field and fairly
low temperatures into an incompressible fluid. The ground state is well-described
by Laughlin’s many-particle wave-function which, due to the requirement of anti-
symmetry under particle exchange, applies exclusively to odd-denominator frac-
tional Landau-level filling. This odd-denominator restriction also extends to the
hierarchical model [77] of daughter-states which embraces all odd-denominator
rational fractions and is well-supported by numerical few-particle calculations
[6, 78, 79]. The dependence of the total ground-state energy of the 2D-electron
system E (N) calculated as a function of the total particle number Nat T =0and a
fixed field H demonstrates the cusps at N = N, corresponding to fractional values
of v =1, = p/q. A cusp on the E (N) curve means that the chemical potential of the
system ¢ = dE/dN changes discontinuously at N = N.:

d¢ = dE/dn|_— dE/dN] . (30)

The variation of N near the point N, results in the creation of elementary excita-
tions in the form of quasiparticles for N > N, and holes for N < N,. The energy
of the creation of a quasiparticle-hole pair is A = d¢/q (q is an odd integer). The
existence of a jump in ¢ fixes the equilibrium value of v = v, = 1/q.

According to the theory elementary excitations in an incompressible Fermi-
fluid are quasiparticles with a fractional charge e* = e/q. In this model introduc-
ing an extra electron into the system is equivalent to the creation of q excitations,
viz., quasiparticles, and reducing the number of electrons by unity is equivalent
to the generation of q quasiholes. Quasiparticle excitations are separated from
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the ground state by an energy gap A = A_+ A, the value of which is determined
in the theory by the single energy parameter e?/¢/,- The gap values for quasipar-
ticles, A , and quasiholes, A, are, in principle, different [67].

6.1. Measurements of the Coulomb Gaps in the Energy Spectrum
of an Incompressible Fermi-Fluid

To date, the gaps in the incompressible Fermi-liquid spectrum have been
measured by means of the temperature dependence of the magnetotransport
coefficients — o or p_ at the corresponding minima with » = p/q [4]. Fig. 38
shows, as an example, the spectra of magnetoconductivity o_(~) measured in a
magnetic field H = 8 T and at T = 0.35 and 1.5 K for a (001) Si — Corbino MOS-
FET. The ¢, minima at fractional values of v = p/3 due to the electron gap con-
densation are clearly seen. When the excitations are thermally activated to the
mobility edges o oc exp (—W/KT), that enables one to find from the correspond-
ing temperature dependences the activation energy W and to estimate the total
gap in the spectrum: A = A+ A, ~ 2W. The temperature dependence o _(T)
measured for » = 4/3 and H = 8 T is plotted as Ino,_ (T"?) in the inset of Fig. 38.

40 10797

o

2 3 ]

Figure 38. Conductivity o for the transverse magnetic field H = 8 T as a function of v at
T=1.5K,1.2K,and T = 0.36 K. Temperature dependence of the conductivity measured at v =
4/3 and H = 8 T and plotted as Ino,_ against T-! (shown in the insert).

It is seen that in the low-temperature region the dependence o_(T) does not fit
the simple Arrhenius law since here the activation processes are strongly masked
by a variable-range hopping conductivity. It is quite evident that the limitations
to the accuracy of the Coulomb gap scale determination that occur in this method
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have a fundamental character. In view of this other independent methods for
measuring A are needed. Our spectroscopic method for determining the value
of the Coulomb gaps of quasiparticle excitations of an incompressible quantum
liquid is based on the fact that the spectral position of the luminescence line,
measured in the fractional QHE regime, is closely related to the chemical poten-
tial of the interacting electrons, £. As was mentioned above the chemical potential
measurable as a function of the filling factor — £(v) must exhibit a discontinu-
ity 8¢ = q-A at a fractional value of the filling factor v = 1/q, that is when a
fractional v QHE is observed. The discontinuity corresponds to the generation
(absorption) of an appropriate number of quasiparticle excitations. In complete
agreement with the discontinuous behaviour of £(v) at fractional v, one has to ex-
pect a nonmonotonic behaviour of the spectral position of the luminescence line.

I 7 De H=8T
T=16K

N, AE=-QImeV

/l.
1087

lbaﬁ hw, eV

Figure 39. 2D-electron recombination spectra measured at T = 1.6 K and T = 4 K (the dot-
dashed line) for different values of v: 2.27; 2.32; 2.35; 2.40 (H = 8 T). AE is the difference in the
spectral position of the lines, measured at T= 1.6 Kand T =4 K, E, = 1.0885 eV.

0188

Fig. 39 demonstrates that when v is varied from 2.27 to 2.4 (the filling factor re-
gion v = 7/3) the luminescence line shape (2De) is actually unaltered, but a non-
monotonic dependence of its spectral position is observed [73]. In the immediate
vicinity of the filling factor v = 7/3 (from v = 2.32 to v = 2.35) the luminescence
line has a doublet character [75, 76] (see Fig. 40). As the filling factor increases in
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this region, the intensities of the doublet components become redistributed so
that, initially, a low-energy component of the doublet arises and, subsequently, as
its intensity begins to decrease, the component on the greater-energy side grows.

J/ N

1 1 1
0 1088 1087 1086 hw,eV

Figure 40. 2D-electron recombination spectra measured in the vicinity of v =7/3 at T = 1.5 K
and T = 2.1 K (dot-dashed line) for different values of v: 2.320; 2.330; 7/3; 2.337; 2.350.

The observed doublet character of the luminescence spectrum indicates directly
the presence of a gap in the energy spectrum of an incompressible Fermi-liquid
arising at fractional v. The spacing in the energy scale between the doublet com-
ponents determines the total magnitude of this gap. In order to establish how the
effect of 2D-electron condensation manifests itself in the energy position of the
2De-line, the observed alterations in the spectral position of the lines in Figs. 39
and 40 have to be compared with the spectra measured under conditions when
the Fermi-liquid does not arise, namely at T > A (the corresponding spectra are
shown by dot-dashed lines in Figs. 39 and 40). The results of the comparison of
the 2De-line spectral positions in the vicinityof v =7/3 for T < Aand T > A)
are illustrated in Fig. 41. The difference in AE in the energy position of the 2De-
lines, determined at T = 1.5 Kand T = 2.1 K > A, characterizes the effects of
the interaction of 2D-electrons when they condense to a quantum liquid. Fig.
42 illustrates the dependences AE(») measured for two Si MOS-structures (the
mobilities being p, (T = 0.35 K) = 4 x 10* cm?/V-s and p, (T = 0.35 K) = 3 x 10*
cm?/V-swith H= 8 T in the vicinity of v = 7/3 and 8/3. It is seen that AE is other
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than zero only near » = 7/3 and 8/3; therefore, the anomalous behaviour of the
2De-line spectral position is related precisely to the 2D-electron gas condensa-
tion. It is important that the AE(v) value behaves in a nonmonotonic manner: it
is negative and minimum for v < 7/3 (8/3), then it reverses its sign and reaches
a maximum at v > 7/3 (8/3). This dependence can be attributed to the fact that
during recombination the number of electrons is reduced by unity. In terms of
the incompressible Fermi-liquid model this is equivalent, for example for v < 7/3,
to the generation of three quasihole single-particle excitations. Similar consid-
erations, taking account of the electron-hole symmetry, hold for the region v <
8/3and v > 8/3 as well. When three quasielectrons are absorbed the energy of the
emitted photon is increased by 3A , and when three quasiholes are generated it is
reduced by 3A, . The corresponding conservation laws, for radiative recombina-
tion, can be written as follows:

(atv>7/3)E +E, + 3NA, — hv+3(N - DA, (31)
(atv<7/3)E,+E, +3NA, — hv+ 3(N+ DA, (32)

where hv is the energy of the emitted photon, and N is the total number of elec-
tron in the system. Fig. 42 suggests that for H=8 Tand v = 7/3: 3A_ = (4 £ 0.3)
K, 3A, = (3 £+ 0.3) K. The measured magnitudes of A = A + A, atv=17/3,8/3
by the optical-spectroscopy method are close to the activation gaps found at the
same fractions using thermoactivated conductivity, namely A(v) ~ 2W(v).

hw, eV

27 23 24 26 v

Figure 41. Dependence of the spectral positions of the 2De-line maximum, measured at
T=1.5Kand T = 2.1 K as a function of v in the vicinity of » = 7/3 for H = 8 T. The symbols (A)
correspond to the spectral positions of the doublet line close to v = 7/3.

1066

75



LV. Kukushkin, V.B. Timofeev

AE, meV
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Figure 42. The difference AE of the spectral positions of the lines 2De measured at T = 1.5 K
and T = 2.1 K as a function of v in the vicinity of v = 7/3 and v = 8/3 for two MOSFETS, having
mobilities at T = 0.35 K of n = 4 x 10* cm?/V-s — (a) and p = 3 x 10* cm?*/V-s — (b).

6.2. Critical Temperature of Condensation and the Influence of Disorder

It would be interesting to know how the magnitude of the Coulomb gap alters
with the temperature. In the framework of the thermally activated conductivity
method this problem cannot be solved for some fundamental reasons. Using the
spectroscopy method, however, this problem can be solved experimentally. To
this end, one should detect how the 2De-line spectrum, corresponding to a frac-
tional filling factor, v = 7/3 for example, alters as the temperature varies. The
measurements were made for two spectral regions of the 2De-line, indicated by
the arrows in Fig. 43. It is obvious that as the temperature varies the spectrum
alters in a discontinuous manner, and the critical temperature corresponding
to this discontinuity is T, = 1.96 K. This experiment directly demonstrates that
the phenomenon of condensation to an incompressible Fermi-liquid is a phase
transition and it is characterized by a critical temperature which is probably de-
pendent on the magnitude of the gap.

We shall now consider the question of how the value of the gap, measured spec-
troscopically, changes due to disorder, related to the random potential fluctuations
[80, 81]. To this end, we measured the values of the Coulomb gaps in the region
of v =7/3, varying the mobility that is a measure of the disorder. It is seen quali-
tatively from Fig. 42 that a decrease in the electron mobility results in a decrease
in the measurable value of the gap. The mobility dependence of the gap value for
v ="17/3 (in Coulomb units), measured by means of thermoactivated conductivity,
W, and spectroscopically, A, is presented in Fig. 44 in W, A — x~! coordinates.
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Figure 43. Temperature dependence of 2De-line intensities measured at the spectral positions
(1) and (2) indicated by the arrows.
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Figure 44. Activation mobility gap-W, Coulomb gap-& and critical temperature — TC made

dimensionless in Coulomb energy units and measured as a function of the reciprocal mobility
for v =p/3.
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As might have been expected for fractions with q = 3, 6 = 3(A, + A) =6 W
throughout the region of the measurement. Fig. 44 also shows the analogous
dependence for the critical temperature TC — 1. These dependences can be ap-
proximated quite well by a linear law, namely A = A (1 — 4/y), where A is the
Coulomb gap as ;1 — oo (the gap when there is no disorder) and y° is the minimum
mobility (when the Coulomb gap collapses due to disorder). The dependences W
(1), TC(H) and A(p) are seen to yield approximately the same value for the mini-
mum mobility identical with a graphical estimate using the formula 1.° ~ (h/e)?
(e/m)?2. Thus, the spectroscopy method offers new possibilities for investigating
condensation phenomenon in an incompressible Fermi-liquid.

7. Conclusion

In the present review article we have made an effort to show how the ener-
gy spectrum of a 2D-electron system under conditions of the integer and frac-
tional quantum Hall effect can be investigated by the spectroscopic method
based on radiative recombination of 2D-electrons with photoexcited holes in
Si MOS-structures. Summarizing the review, it is pertinent to formulate the
scope of the most fundamental and promising problems for further research.
In our opinion these are the behaviour of the density of states in the region of
fractional filling factors, the advance into the region of strong magnetic fields
to better reveal the properties of the random potential, a study of Fermi-liquid
effects, and a detailed analysis of the shape of peaks of the single-particle
density of states. Remarkable phenomena can be expected in the range of low
densities, for which the theory predicts the formation of charge density waves
and, in the limit, of a classical Wigner crystal. Crystallization of an incom-
pressible Fermi-liquid into such phases should be accompanied by fascinating
singularities.

The authors are grateful to A.L. Efros, S.V. Meshkov, S.V. Iordansky, D.E.
Khmelnitsky and B.I. Shklovsky for stimulating discussions of many of the prob-
lems considered in this review.
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MAGNETO-OPTICS OF STRONGLY CORRELATED
TWO-DIMENSIONAL ELECTRONS IN SINGLE
HETEROJUNCTIONS®

I.V. Kukushkin and V.B. Timofeev

Abstract

Investigations of two-dimensional (2D) electron systems in semiconductors
subjected to a strong perpendicular magnetic field with the use of photolumi-
nescence are reviewed. The foundation of the optical spectroscopy method using
the radiative recombination of 2D electrons with photoexcited holes bound to
acceptors in a -doped monolayer in GaAs/Al Ga,_As single heterojunctions is
presented. Optical spectroscopy studies of the energy spectra of 2D electrons
imposed on transverse magnetic fields in the regimes of the integer and frac-
tional quantum Hall effects are discussed. The relationship between the mean
energy of the 2D electron gas and the first moment of their radiative recombi-
nation is analysed. It is shown that the magnetic field dependence of the first
moment provides a method to measure the cyclotron, enhanced spin and quasi-
particle energy gaps at the same time. Therefore it is shown how magneto-optics
‘see’ the ground state of interacting 2D electrons in the extreme quantum limit
and how an optical ‘tool’ is efficient for the determination of Coulomb gaps of
incompressible Fermi fluids in the fractional quantum Hall effect. Finally opti-
cal observations and studies of the Wigner crystallization of 2D electrons are
presented. The corresponding liquid-solid phase diagram is discussed.

1. Introduction

Over the past decade the physics of the two-dimensional (2D) electron system has
been an attractive area for solid-state physicists (Ando et al. 1982, Chakraborty and
Pietilainen 1988a, Prange and Girvin 1990). The progress in semiconductor growth
technology is constantly opening up new areas for studies of essentially new physical
phenomena and many unexpected intriguing results have been obtained. The discov-
ery of the integer quantum Hall effect (IQHE) was one of the first in the series of these
events (von Klitzing et al. 1980). This fundamental quantum transport phenomenon is
based on the peculiar features of the energy spectrum of 2D electrons which, in high
perpendicular magnetic fields, is discrete and consists of infinitely degenerate Landau
levels. It has been generally understood within an independent electron picture that
the IQHE is a single-particle effect and is associated with the special structure of the
2D electron energy spectrum in a random potential field; almost all the states are

* Advances in Physics. - 1996. - Vol. 45, Iss. 3. - P. 147-242.
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localized and only a few extended states carry the non-dissipative Hall current. The
precision of the quantization of the Hall conductivity can be regarded as a topologi-
cal invariant which is independent of a random potential by imperfections (Prange
and Girvin 1990).

The physics of 2D electron systems are, however, made more complex and inter-
esting because of the effects of electron—electron interactions which are basically in-
trinsic properties of such a system. These interactions give rise to a variety of phases
(collective states) which can be realized as a ground state of the system under dif-
ferent experimental conditions. The phase transitions in 2D systems are expected
to be quite different from those in three dimensions, and this is a puzzle which has
attracted considerable interest over the last few decades. The considerable progress
of high technology and molecular beam epitaxial (MBE) growth of semiconductors
made the 2D electron systems in heterostructures one of the most convenient objects
for these studies.

The physics of interacting 2D electron systems in semiconductors subjected to
very high magnetic fields became an especially attractive and rich subject after the
discovery of the fractional quantum Hall effect (FQHE) (Tsui et al. 1982, Laughlin
1983). The starting motivation to study and further progress in this area was the ex-
pectation that in a pure 2D electron system a long-range ordering (so-called Wigner
(1934) crystallization) should appear in the extreme quantum limit, namely when the
surface density of interacting electrons is low and the transverse magnetic field is suf-
ficiently high. These conditions are important not only because, as at low magnetic
field, the Coulomb energy of repulsion dominates the kinetic energy of the zero-point
electron oscillation, but also because, if the magnetic field is high enough that mixing
of excitations to higher Landau levels can be neglected, then the kinetic energy itself
becomes almost constant (Lozovik and Yudson 1975). (In the quantum limit H — o,
all contributions to the energy have the scale of the Coulomb energy, E_ = e/l ,
where [, = (i/eH)'” is the magnetic length.) Before the discovery of the FQHE the
Wigner crystal was expected to be the unique stationary lowest-energy state at a
given density. However, the main surprise was that the quantum fluctuations destroy
the long-range ordering and cause this crystal to melt into a new quantum state:
the incompressible quantum liquid (Tsui et al. 1982) whose existence depends on
the commensuration between the density and the magnetic field in a quantum me-
chanical way. These new quantum liquids are exhibited in the FQHE at rational filling
factors v = p/q, rational numbers where q is odd (v = n & /B, where & = hc/e is the
flux quantum, p and q are integer numbers and n_ is the electron concentration). In-
compressible liquids responsible for the FQHE occur at intermediate magnetic fields.
By comparing calculated ground-state energies, the cross-over from liquid to crystal
at higher magnetic fields has been estimated to occur at a filling factor v close to 0.15
(Lam and Girvin 1984, Levesque et al. 1984). More recent calculations, taking into ac-
count Landau level mixing, put the transition liquid-Wigner crystal at v close to 1/5
and 1/3 in GaAs 2D electron and hole systems respectively for typical densities (Price
et al. 1993, Zhu and Louie 1993). In the ultra-quantum magnetic field limit there were
found to be some signs of a frozen dielectric state (Andrei et al. 1988), which could
be associated with the crystallization of 2D electrons or the formation of a Wigner
solid. These discoveries have stimulated great activity in this field and high competi-
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tion between the most advanced groups all over the world. There is now a substantial
body of experimental evidence for a transition to a Wigner solid occurring at a filling
factor 1/5 for 2D electrons (Goldman et al. 1990, Jiang et al. 1990, Buhmann et al. 1991,
Williams et al. 1991, Goldys et al. 1992, Paalanen et al. 1992a, b, Turberfield et al. 1992)
and 1/3 for 2D holes (Santos et al. 1992) confined at GaAs heterojunctions, but the
degree of spatial electron ordering still remains uncertain.

Primarily, magnetotransport properties were the only tool for the experimental
investigation of these phenomena, and the discovery of the FQHE, in which incom-
pressible quantum liquids manifest themselves, predetermined the activity in this
new field. Magnetoresistance data (Jiang et al. 1990) also gave strong evidence for the
existence of a re-entrant quantum liquid-Wigner crystal phase transition. More re-
cently, considerable progress has been attained in the optical spectroscopy of strongly
interacting 2D electrons as an independent efficient tool. For decades, luminescence
has been an important indicator of the energy spectrum of electrons. If one injects a
hole, its ability to recombine with an electron with the emission of a recombination
radiation quantum can be used to measure the energy of the electrons in the two-
dimensional electron gas (2DEG). This assumes, of course, that the hole’s energy is
known, and that the energy of electron-hole attraction is well characterized. Usually,
the electric field at the interface boundary sweeps the holes away from the 2DEG
into the buffer region, but the wavefunction of the electrons forming the 2DEG does
not fall abruptly to zero normal to interface and, as a result of this, the probability
that those electrons will recombine with the holes is also non-zero. The lumines-
cence method as a direct measure of the single-particle density of states (DOS) of 2D
electrons has been realized in Si metal-oxide-semiconduction field-effect transistors
(MOSFETSs) (Kukushkin and Timofeev 1984, 1987) and GaAs/Al Ga,  As single het-
erojunctions (Kukushkin et al. 1988b). This luminescence method has been success-
fully used for measurements of the gap values in the single-particle energy spectra
of 2D electrons in a transverse magnetic field, the DOS under changes in the filling
of Landau levels, a nonlinear screening of random potential fluctuations (see, for
example, review articles by Kukushkin et al. 1988a, b, Kukushkin and Timofeev 1989).
Therefore, the single-electron energy spectrum under the condition of the IQHE was
studied in detail by this magneto-optical technique.

The situation is not so transparent and clear if one simply transfers this technique
to study the FQHE. The argument that magneto-optics is too blunt a tool to study
ground-state energy in the FQHE regime sounds reasonable. First of all, a hole, being
charged, will upset the delicate construction of the electron incompressible liquid,
especially in its own neighbourhood, from which it will choose an electron to annihi-
late. This means that the electron-hole interaction should play a significant role in
recombination processes and, owing to these interactions, should modify the ground
state of interacting 2D electrons in the expected luminescence spectra. Secondly, the
recombination spectrum will be distorted by ‘shake-up’ processes upon the disap-
pearance of an electron. Thirdly, the question appears concerning quasi-equilibrium
in 2D electron systems at low temperatures under the injection of non-equilibrium
electron-hole pairs and about the heating of the electrons. Nevertheless, with the
use of the magnetoluminescence technique for 2D electron systems in Si MOSFETSs
in the FQHE regime, a nonanalytic behaviour of the spectral position of luminescence
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line on variation in the magnetic field was found, which was suggested as a method
for determination of the quasiparticle gaps at fractional filling factors independently
of magnetotransport measurements (Kukushkin and Timofeev 1986, 1989). However,
the main unanswered question about these experiments remains: where are the holes
located.

As applied to the magnetospectroscopy method, the central and most important
point is the trivialization of the emission and absorption spectra for coplanar elec-
trons and holes (for instance the coplanar location of electrons and holes is realized
in symmetrical narrow quantum wells). This means that, in a system with hidden
electron—hole symmetry, all many-electron correlations are cancelled and the result-
ing optical spectrum coincides with the spectrum of the magnetoexciton in an empty
crystal (Lerner and Lozovik 1981, Apal’kov and Rashba 1991a, b, 1992, MacDonald et
al. 1992). This cancellation is caused by a hidden symmetry with respect to electron-
hole interactions inherent in a system such as a symmetrical quantum well. Therefore
optical spectra strongly depend on the specific way in which such hidden symmetry
is violated. A suitable system with broken hidden symmetry connected to the elec-
tron-hole interaction is a specially MBE-grown GaAs/Al Ga, As heterostructure with
a dilute monolayer of acceptors located in the GaAs buffer far away from interface
(Kukushkin et al. 1989b). These acceptors are able to capture photoinjected holes into
a hydrogenic bound state. Of special importance is that this entity (the acceptor plus
a bound hole) is electrically neutral and therefore only minimally disturbs the 2D
electron system, at least in its initial ground state. GaAs/Al Ga, As heterostructures
with such architecture were further successfully used for magneto-optical studies of
the fractional quantum Hall states, and of the behaviour of strongly correlated 2D
electrons in the Wigner solid regime.

The contents of our review article are as follows. In section 2 we present the
foundation of the optical spectroscopy method using the radiative recombination
of 2D electrons with holes located in a GaAs/Al Ga,  As-doped monolayer of accep-
tors in GaAs/Al Ga, As single heterojunctions. The optical spectroscopy studies of
energy spectra of 2D electron systems subjected to transverse magnetic fields in the
regime of the IQHE are discussed in section 3. Magneto-optical investigations of the
2D electron system in the FQHE regime are presented in section 4. Radiative recom-
bination in symmetrical (quantum wells (QWSs)) and asymmetrical (single heterojunc-
tions (SHs)) electron-hole systems due to recombination with free and bound holes
are discussed. Here we shall show how magneto-optics can ‘see’ the ground state of
interacting 2D electrons in the extreme quantum limit and how this optical ‘tool’ is
efficient for determination of Coulomb gaps of incompressible Fermi fluids in FQHE.
Finally, in section 5 the optical observations and studies concerning the Wigner crys-
tallization of 2D electrons are presented.

86



Magneto-optics of strongly correlated two-dimensional electrons

2. Radiative recombination of two-dimensional electrons
in GaAs/Al Ga, As single heterojunctions

Usually, the radiative recombination of 2D electrons is investigated in QWs with
different widths (Pinczuk et al. 1984, Worlock et al. 1984). These systems have a ma-
jor disadvantage, namely the existence of the reverse heterojunction close to the 2D
channel. Owing to the surface roughness of this reverse heterojunction, the mobility
of the electrons in QWs is usually lower than that in SHs. As a consequence, some
very interesting correlation effects in the interacting 2D electron systems (such as the
FQHE and Wigner solidification) are, at least, strongly suppressed by disorder. Also,
in the case of direct gap QWs, the radiative lifetime of non-equilibrium electron-hole
pairs or excitons is very short (it corresponds to nanosecond or even shorter time
scales) compared with the relaxation time via long-wave acoustic phonons. As the
result of this, the electron temperature in the case of QWs under injection of elec-
tron-hole pairs is usually higher than the lattice or the bath temperatures. To over-
come such problems a new type of heterostructure was proposed and then realized,
specifically for investigations of the 2D electrons by means of optical spectroscopy
technique (Kukushkin et al. 1988b). The structure is an n-type single GaAs/Al Ga, As
heterojunction with a é-dilute layer of acceptors created in a wide GaAs buffer layer
at a well-defined distance from the interface (presented in figure 1). Contrary to the
case of QWs, in these SHs with § doping it is possible to obtain a very high mobility of
2D electrons by increasing the distance between the monolayer of acceptors and the
interface, or by a reduction of the concentrations of acceptors in the § layer. Under
injection of non-equilibrium electron-hole pairs in these structures, one can inves-
tigate the radiative recombination of 2D electrons with holes bound to the acceptors
from the § monolayer.

AlGaAs GaAs

2/DEG ”_H
hw
Beo
-
4

Figure 1. Energy scheme of GaAs/Al Ga, As SH with a § layer of acceptors.
The limitation of the radiative recombination method, first realized in the case
of Si MOSFETSs, was defined by the broadening of the luminescence line due to the

random distribution of acceptors in bulk Si. The main advantage in the case of GaAs/
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Al Ga, As SHs, compared with Si MOSFETs, is the possibility of growing by means of
MBE, very-high-quality structures with well defined parameters and a defined loca-
tion z, of the acceptor monolayer relative to the interface. In this case, one can evalu-
ate the amplitude of the wavefunction of 2D electrons by variation in z, and optimize
the distance at which the acceptor atoms most effectively contribute to the relative
recombination intensity.

2.1. Luminescence spectra of two-dimensional electrons
from ground and excited subbands

The luminescence spectra, measured for an identical GaAs/Al Ga,  As SH but with
different distances between the interface and the ¢ layer of acceptors (Be atoms) are
shown in figures 2 (b) and (c). The inset shows a scheme of the structures. The spec-
trum measured for a reference SH without 6 doping (figure 2 (a)) is also presented for
comparison. The lines A , B, and B in the observed luminescence spectra are due to
the recombination of 2D electrons with free holes (A lines), and holes bound to the
acceptors (B lines) (the index corresponds to the number of the 2D subband) (Ku-
kushkin et al. 1989b). The intensities of lines B and B, in the spectra presented here
are normalized to the intensity of the line A , obtained under the same experimental
conditions. It is seen from figure 2 that the insertion of the ¢ layer of acceptors close
to the interface increases the intensity of the lines B, and this enhancement depends
on the distance between the interface and the ¢ layer of acceptor. Simultaneously
with the intensity of the line, the broadening of the line B and its energy position in
the luminescence spectrum also strongly depend on z,. The variation in the energy
position of lines B is related to the change in the binding energy of the acceptors in
the 6 layer as a function of its distance from the interface.

It follows from the golden rule that the shape of the luminescence spectrum I (iw)
corresponding to the radiative recombination of 2D electrons with holes bound at
acceptors in ¢ layer (line B,) is defined by a convolution integral of the single-particle
DOS D (E) of electrons and the single-particle DOS D,(E) of holes and their distribu-
tion functions f(E) and f, (E):

I(hw)= [ D,D,f.f;8(hw—E, — E, )5k, +k, )dE dE,dk,dk,, @2.1)
0

where k and k, are the momenta of the recombining electrons and holes (the momen-
tum wy/c of the photon is regarded as zero). In the case of radiative recombination of
the 2D electron with a hole bound to the acceptor the momentum conservation law
is broken by the presence of the impurity centre and the optical matrix element is
close to constant, M = 1/(1 + (ka,)*), where a, is the Bohr radius of the acceptor, so
that M ~ 1, up to k =~ 1/a,. Therefore, the shape of the luminescence spectrum under
consideration is given by the following expression:

o0

I{hw)~ [ D,(E)D, (hw—E)f,(E)f, (hw— E)E. 2.1a)

0
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If one approximates the energy distribution of the hole DOS by a ¢ function, the shape
of the luminescence spectrum is simply expressed as follows:

I(E)xD,(E)f,(E). (2.2)

Therefore, the shape of the radiative recombination spectrum directly reflects the
single-particle DOS of the 2D electrons. If the magnetic field is zero, then the lumi-
nescence spectrum should have a rectangular shape, reflecting the constancy of the
2D electron DOS (D, = m,/mh?), and its total width at half-maximum at T = 0 K is
equal to the Fermi energy of the electrons. Such a rectangular shape of luminescence
spectra of 2D electrons was observed for the first time in Si MOSFETSs (Kukushkin and
Timofeev 1984, 1987).
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Figure 2. Spectra of the radiative recombination of 2D electrons with photoexcited holes, measured
(), (¢) in acceptor 6-doped SH and (a) in reference SH without ¢ doping at T = 12 K. I, is a fixed value
of the luminescence intensity. In the inset the scheme of the structure is presented.

In figure 3 the dependences of the intensity, the broadening and the energy posi-
tion of lines B on the distance z, between the 6 layer of acceptors and the interface
are presented. A maximum in the intensity of line B occurs in the measured structure
at z, = 20 nm. The reduction in the intensity of line B for z, < 20 nm is due to the
ionization of the acceptor centres by the strong electric field which increases close
to the interface. This conclusion is confirmed by the corresponding variation in the
intensity of electron light scattering by neutral acceptors in the 6 layer. The reduc-
tion in the intensity of line B, for z, > 20 nm is due to a decrease in the overlap of the
wavefunctions of the 2D electrons and to the holes bound to acceptors in the ¢ layer.
A similar dependence of the intensity on z, was measured for the line B , but in this
case the maximum intensity is seen as z, = 25 nm, because of the wider wavefunction
of 2D electrons in the first excited subband.
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Figure 3. The dependence of (a) the intensities of lines B and B,, (b) the broadening of line B, and
(c) the effective binding energy of the acceptors on the distance between the interface and ¢ layer of
acceptors.

From the dependence of the intensities of lines B, and B, on z, it opens the way to
estimate the amplitude of the wavefunction of 2D electrons for the ground and excited
subbands at different z, values. It is possible to analyse the tail of the wavefunction

which has the form
—z(2mE, )%

o) o exp , (2.3)

where E, are the effective heights of the barriers (for the ground or the excited sub-
bands), and m is the effective mass of the 2D electrons in the z direction. One can recall
that the luminescence intensity in the considered case is proportional to the over-
lap of the wavefunctions of the 2D electron and the hole bound to acceptor centres,

namely I, oj<1/;f“ wﬁ) " Therefore, from the intensities of lines B and B,, measured for
at least two different distances z, one can estimate E, and E,:

I, 208z(2mE, )"

Ii = exp T , 2.4)

202

where Az = 7z, — z,. In particular, from equations (2.2)-(2.4) one can find that
E;= 15 meV and E, =3.6 meV, which is reasonably consistent with the magnitude
of the intersubband splitting E,, = 15 meV directly obtained from the luminescence
spectra (figure 2). It is also possible to estimate parameters of the wavefunction, writ-
ten in the form (Ando et al. 1982):

1), X Z€XP

—bz
T}’ (2.5)
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U o Z(z—a)exp[_TCz]. (2.6)

For found values b! = 2.5 nm and ¢! = 3.3 nm the average distances z% of 2D electrons
from the interface for different subbands are obtained: z;" ~7-5nmand z;” ~16-5nm,
which are in agreement with theoretical calculations (Stern and Das Sarma 1984).
From the data in figure 3 (b) we see that the broadening Iy, of line B, depends on z,
The width of line A, on the contrary, does not depend on z, and remains rather small
in all structures. The increase in the broadening of line B, with decreasing distance
z, is due to the influence of the electric field within the interface region. This field
strongly increases with decreasing z,.

Figure 3 (c) illustrates how the binding energy A’, of acceptors depends on the
distance between the interface and the acceptor layer. The magnitude of A’ is given
by the energy separation between lines A  and B, in luminescence spectra. The same
dependence can be obtained if the difference between the position of the bandgap of
GaAs and the Fermi energy of line B in the spectrum is plotted (it should be mentioned
that theline A islocated very close to the bandgap of GaAs in the luminescence spec-
trum (Kukushkin et al. 1988c). One can see from figure 3 (¢) that the binding energy of
the acceptors decreases, the closer they are to the interface. This result is confirmed
by experiments on electron light scattering on these acceptors in §-doped samples.
The observed reduction in the binding energy of the acceptors for small z; is in agree-
ment with theoretical calculations (Levine 1965, Bastard 1981). This phenomenon is
due to a deformation of the wavefunction of the ground state of the neutral impurity
(symmetrical in the bulk) close to interface by the strong electric field. In the limit of
a sufficiently high electric field, the wavefunction is not an s-like but more of a p-like
wavefunction. Because of this, the binding energy of the impurity at the interface
becomes a few times smaller than that in the bulk. Also, the dependence of A’, on 7, is
sensitive to the concentration of 2D electrons because when there is a variation in the
concentration of 2D electrons, the confining field within interface is changed as well.

2.2. Kinetics of the radiative recombination of two-dimensional electrons
in a single GaAs/Al Ga, As heterojunction

In experiments on radiative recombination of 2D electrons with photoexcited
holes the time scale of the luminescence decay is a crucial matter, since it largely
determines the effective electron temperature in such optical investigations. Here
we present a study of the kinetics of the radiative recombination of 2D electrons in a
GaAs/Al Ga, As SH with a monolayer (a ¢ layer) of acceptors at a given distance from
the heterojunction (Dite et al. 1991a, b). The method of time-correlated counting with
picosecond pulse laser excitation was used for these experiments.

In general, the kinetics of radiative recombination may be quite complex, and it
is not possible to describe it by a single-exponential function. The reason is that the
wavefunctions of 2D electrons from the different QW subbands are different, as are
the density n, of the photoexcited holes, the density of n_, electrons from the ground
subband and the density n_ of electrons from the excited subband. The situation is
simplest when the excited subband is not filled. The kinetics observed for the lumi-
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nescence decay can, in this case (figure 4 (a)), be described by a simple exponential
law with a time scale 7 = 270 ns for a given distance of the acceptor ¢ layer from the
interface, namely z, = 300 A. When the excited quantum-well subband is slightly
populated (but the condition n, < n, < n is still fulfilled), the kinetics of the lumi-
nescence decay cannot be described by a single-exponential function (figure 4 (b)). It
was approximated accordingly by a sum of two exponential functions. The first and
more rapid of these functions describes the escape of holes from the ¢ layer and the
escape of electrons from the first excited subband. This recombination is considerably
faster because the wavefunction of 2D electrons from the excited subband is more
extended in the z direction than is the wavefunction of the ground subband. For this
reason, the overlap of the wavefunction of these electrons with the wavefunction of
the holes bound at acceptors of the § layer is considerably greater. The second and
slower exponential function describes the escape of holes in the ¢ layer as a result of
recombination with ground-subband electrons. This process is predominant after the
excited subband is emptied (broken line in the figure 4 (b)).

zo = 300 A (@)

0 100 200 300 400 SO0 600 700

intensity, a.u.

0 100 200 300 400 500 600 700
time, ns
Figure 4. Kinetics of decay of the luminescence of 2D electrons (a.u., arbitrary units): (a) the excited

quantum confined subband is empty; (b) this subband is partially occupied. The plots of lines B and
B, correspond to the recombination of 2D electrons from the ground and excited subband respectively.

With increasing distance between the 4 layer of acceptors and the interface, the
integrated luminescence signal decreases. This decrease is accompanied by an in-
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crease in the recombination time. The probability w, of radiative recombination of
2D electrons with holes at the acceptor centre in the 5 layer is determined by the cor-
responding overlap of their wavefunctions: w, « K Pl (z )>‘ It is obvious that, when
the distance z, increases, the probability of radiative recombination exponentially
decreases and the corresponding radiative decay time increases. Figure 5 illustrates
the behaviour of the luminescence decay according to measurements for the 2D elec-
trons of the ground subband in various structures with z, = 250, 300 and 350 A. It
can be seen from the inset in figure 5 that, as z, is increased from 250 to 350 A, the
recombination time increases from 50 to 400 ns. Further separation of the 2D elec-
trons and the acceptor layer results in an increase in the radiative recombination
time up to 5 is (Kukushkin et al. 1994b) (see section 4.5). One can work from the 7(z,)
dependence, which is determined by the change in the overlap of the wavefunction
of the 2D electrons and the holes bound at acceptors of the § layer, to reconstruct the
spatial profile of the electron wave function.
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intensity, a.u.
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Figure 5. Luminescence decay of 2D electrons measured at filling factor » = 4 in various structures,
in which the § layer of acceptors lays at distances z, = 250 A (data 1), 300 A (data 2) and 350 A (data
3) from the interface (a.u., arbitrary units). The inset shows the recombination time as a function of
the distance z.

An important result of this study is that the time scale of the radiative recom-
bination of 2D electrons with holes bound to acceptors of the é layer, separated far
away from interface (z, = 300 A)in GaAs/Al Ga, As SH is of the order of 10-¢s. This
result distinguishes this case in a fundamental way from the recombination of 2D
electrons with free holes in QWs (Dahl et al. 1992), where 7 ~ 1 ns. Long lifetimes of
2D electrons and of photoexcited holes in the case of a GaAs/Al Ga, As SHwitha ¢
layer of acceptors are the reasons for insignificant overheating (50 mK for electrons
and 200 mK for holes (Kukushkin et al. 1992c) of carriers under the conditions of suf-
ficiently low excitation (power less than about 1 mW)).
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2.3. Reduction in the electron density and enhancement of the electron
mobility in GaAs/Al Ga, As single heterojunctions by continuous
photoexcitation

Itis well established that at low temperatures the properties of a GaAs/Al Ga, As
SH can be strongly changed by illumination of the interface with photon energy close
to the bandgap of GaAs. In particular, such illumination of the sample is the usual
method for increasing the concentration of 2D electrons. After this procedure, the
concentration n_ of 2D electrons measured in the dark increases compared with the
equilibrium value n{, which is realized at low temperatures before the first illumina-
tion. Further illumination of the sample may result in an increase in n_up to the
maximum value n,, which is stable at liquid-helium temperature and can be decreased
close to the starting equilibrium value by heating the sample in dark. This phenom-
enon is usually explained as being due to electron photoexcitation from the DX cen-
tres in the Al Ga, Aslayer (Lang 1986) or to the electron-hole generation in the bulk
GaAs with a charge separation at the interface (Kastalsky and Hwang 1984).
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Figure 6. Shubnikov—de Haas oscillations measured in a SH at T = 1.5 K under different conditions
of photoexcitations: (a) in the dark after the illumination by the white light; (b), (c) under continuous
illumination by the laser light with (b) power W = 10~ W cm~2 and wavelength \ = 6764 A and (c)
with W= 10"*W cm-2and \ = 4880 A.

Here we discuss the interesting phenomenon of the electron density reduction
and corresponding electron mobility enhancement in a SH by continuous photo-
excitation. Using magnetotransport and photoluminescence methods it was demon-
strated (Kukushkin et al. 1989a) that under continuous photoexcitation by laser light
the concentration of 2D electrons in a GaAs/Al Ga,  As SH can be strongly decreased
compared with the value which is realized in the dark after illumination. The mag-
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nitude of the effect depends on the wavelength and on the intensity of light as well
as on the donor concentration in the Al Ga, As. The reduction in the 2D electron
concentration is greatest if photon energy is higher than the bandgap of Al Ga, As.
Now we show how this phenomenon is exhibited with the use of magnetotransport
and photoluminescence measurements. Figure 6 illustrates the Shubnikov—-de Haas
oscillations of 2D electrons measured on the sample with a very small concentration
of 2D electrons before the first illumination (n? <3 x 10'° cm™2); figure 6 (a) shows
the data for conditions in the dark after strong illumination, and figures 6 (b) and (c)
under conditions of continuous photoexcitation by laser light with different intensi-
ties W and photon energies hv. It is important to note that the dependence of the
Shubnikov-de Haas oscillations on the intensity and wavelength of the light was
absolutely reproducible, and in the dark after any laser illumination the oscillations
shown in figure 6 (a) were always observed. It is seen from this figure that the concen-
tration of 2D electrons, under continuous photoexcitation, decreases and, the higher
the intensity and photon energy of the laser light, the stronger is this variation in n. It
is important to note that under these conditions the Shubnikov—-de Haas oscillations
are observed on a background of a strong positive magnetoresistance, which exists
because the bulk photoconductivity somehow shunts the 2D electron layer. Thus it
is rather difficult to use the magnetotransport method for the determination of n_at
high photoexcitation intensities (W> 103 W cm™2).
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Figure 7. Spectra of radiative recombination of 2D electrons with photoexcited holes (bound to ac-
ceptor atoms) measured in a SH at T = 1.5 K under different conditions of photoexcitations. The
position (E,) of Fermi energy and the bottom (E,) of the 2D subband are indicated by arrows. The
inset illustrates the Landau-level fan diagram from which the positions of E, and E, were obtained.
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Spectra of the radiative recombination of the 2D electrons with photoexcited
holes bound to acceptor atoms are shown in figure 7 under different conditions of
photoexcitation. It is seen from this figure that, the higher the intensity and photon
energy of the laser light, the smaller is the width of the luminescence line, which is
defined by the Fermi energy of the 2D electrons. In the inset of figure 7, a Landau level
fan diagram is shown, which illustrates how the position of the Fermi energy and the
bottom of the 2D subband can be determined from luminescence spectra (at v = 2,4
and 6, the separation between the highest filled Landau level and the Fermi energy is
one half of the cyclotron energy).

The dependences of the concentration of 2D electrons on the intensity and
wavelength of laser light, measured for one SH with a low starting concentration
of 2D electrons (n, < 3 x 10'° cm2 before the first illumination of the sample), by
means of magneto-optics and magnetotransport, are presented in figure 8. It is seen
that, under conditions of continuous illumination of the SH by light with a definite
wavelength and intensity, one can change the concentration of the 2D electrons over
a wide range of n_. Note that the power density, which is necessary for a consider-
able decrease of n, can be very small (10~ W cm™ for a wavelength \ = 4880 A) and
will therefore have no influence on the temperature of the 2D electrons at 2 K. In
the inset of figure 8 is shown how the variation in the concentration n, — n_ of 2D
electrons depends on the wavelength of the laser light, measured for two different
intensities. It is seen that both mentioned dependences have a threshold, that is the
strong influence of illumination on n_exists only for photons with energies higher
than the critical energy hv* It was found that the value hv* for all the structures with
different Al concentrations is very close to the bandgap E, of Al Ga, As (the position
of E is indicated in the figure). It follows from this that to vary n_ it is necessary to
create photoexcited carriers in the Al Ga,  As layer. Another very important param-
eter of Al Ga, As, in addition to the Al concentration, is the concentration N, of Si
donors. It was established that in the samples with higher concentrations of donors
in the Al Ga, As layer the variation in n_was considerably smaller than that in the
structures with a small N

One can try to explain the reduction in the density of 2D electrons from n; to n!
by continuous illumination, as being a result of a reverse transition in the DX centres
in Al Ga,_ As, that is the transition from the metastable state of electrons at the T’
minimum (shallow donor state) to the ground state at L minimum (deep donor state).
However, this conclusion contradicts the experimental fact that, after the illumina-
tion is switched off, the concentration of 2D electrons rapidly increases (in a time less
than 1 s) to n,. Moreover, in some SHs it was found that n, = 0 at W= 3—10 W cm >
and \ = 4880 A. In this case the corresponding luminescence line abruptly disappears
from the recombination spectrum. After all the decrease in n_under conditions of
continuous photoexcitation was explained (Kukushkin et al. 1989a) as due to com-
pensation of the charge of the ionized donors by the photocreated electron plasma
in the GaAs/Al Ga,_ As layer. It is obvious that this kinetic process should depend on
the amounts of donors and photocreated carriers.

It is very important that, simultaneously with the decrease in the 2D electron con-
centration under continuous injection of non-equilibrium carriers in the Al Ga, As
layer with the use of suitable laser light, the mobility of 2D electrons increases. Figu-
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res 6 (a) and (b), for instance, clearly show that at the same electron concentration
the minima corresponding to filling factors v = 5, 7 and 9 are more pronounced un-
der illumination than in the dark. Since minima at odd v are only observed owing
to enhancement of the spin splitting (Ando et al. 1974) and since this enhancement
is very sensitive to the Landau level width, these magneto-transport measurements
confirm, at least qualitatively, that the Landau level broadening is minimal in these
heterostructures and actually reduces upon photoexcitation, indicating an increased
mobility.
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Figure 8. The dependence of the concentration of 2D electrons on the intensity of photoexcitation
measured for a SH at T = 1.5 K for different wavelengths of laser light by means of magneto-optics
(O) and magnetotransport (x). The values of nf and ns correspond to concentrations of 2D electrons
which are realized in the dark before and after first illumination respectively. In the inset is shown the
dependence of n_ on the wavelength of laser light obtained for two different intensities.

The electron mobility, as determined from the square conductivity, of two differ-
ent samples without Be § doping, is plotted in figure 9 as a function of 2D electron
concentration n_. Upon increasing n_by the peristent photoconductivity effect but
measuring always in the dark, the mobility of both samples increases, as previously
observed for similar samples (Stormer 1983). On the other hand, under continuous
illumination, even though the concentration of electron decreases with increase in
incident light intensity, the mobility in both samples first increases and only at higher
intensities (and correspondingly lower n,) decrease again (Plaut et al. 1990). To de-
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rive the mobility of 2D electrons from the value of conductivity, measured under
continuous illumination, one needs to extract a contribution from the bulk parallel
conductivity. We evaluated this contribution as a maximal value under very strong
illumination, when the 2D channel is completely depopulated (Plaut et al. 1990). The
improvement in the system quality under illumination results from compensation
of the charge of the ionized donors in the Al Ga, As and, most important, in the
spacer layer by photoexcited electrons. The consequential suppression of the charge
fluctuations also contributes. Of course, when the carrier concentration becomes too
small, then the usual effect of a decreasing mobility with decreasing n, dominates. It
should be noted that a similar enhancement of the mobility has also been observed
in samples with Be 6 doping.
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Figure 9. The dependences of 2D electron mobility on electron concentration obtained for two con-
centrations of donors in the GaAs/Al Ga,_ As layer, namely (a) 8.1 x 10" cm~*and (b) 3.6 x 10'®cm~3,
where the lower branch corresponds to measurements in the dark, and the upper branch corresponds

to measurements under continuous illumination; (O) experimental data; (——), results of calcula-
tions.

The experimentally observed enhancement of the mobility of 2D electrons in
GaAs/Al Ga,  As SH under continuous illumination was analysed theoretically by Pi-
kus (1991). It was accepted under consideration that the mobility 1, of 2D electrons
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is determined by scattering on charged impurities (ionized donor centres). In this
case the electron mobility is given by the well known expression (Ando et al. 1982):

L 2mmé*’p b . exp(—2qz
ut = ::Zf [d&[odzﬁNi(z)FZ(z)(l—cose). (2.7)

Here m is the effective mass of 2D electrons, ¢ is the dielectric constant, N(z) is
the concentration of scattering charged centres located on distance z from the 2D
plane, q = 2k.sin(0/2), k, = (27n)"? is the Fermi wave-vector, and q, = 2me?/c*h” is
the inverse screening radius. The form factor F(z) depends on the wave function of
2D electron taken in the form suggested by Stern and Howard (1967). It was assumed
within this model that electron-hole pairs are created under continuous illumina-
tion in Al Ga, As region. In the vicinity of the interface, non-equilibrium electrons
and holes are separated, that is free holes move to the interface and recombine with
electrons in the 2D channel. Because of this the concentration of 2D electrons de-
creases. At the same time, non-equilibrium electrons are captured by ionized donors
in the Al Ga, Asregion (mostly in the Al Ga, As spacer layer) and neutralize them.
Owing to this reduction in the concentration of ionized scatterers the mobility of
2D electrons significantly increases. The results of experimental observations and
of the calculations of electron mobility with the use of equation (2.5) and adjustable
parameters taken close to experimental data are shown in figure 9 as solid curves.
One can see that accepted model quite satisfactorily describes the experimental ob-
servations.

3. Magneto-optics of the two-dimensional electrons
in the integer quantum Hall effect regime

For a microscopic description of the magnetotransport properties of 2D electrons
in a wide range of variations in the filling factor, including the regimes of IQHE and
FQHE it is necessary to know the electron DOS in the presence of disorder associated
with a random potential of defects. The DOS of an ideal 2D electron system subjected
to a transverse magnetic field is a set of equally spaced 6 functions separated by the
cyclotron energy hw, (if the valley and spin splittings are ignored). Each Landau level
is degenerated and has a high capacity N, = eB/h. The random potential lifts this
degeneracy and results in a finite width T" of the levels. For instance, if this width is
related to the short-range scatterers, the single-particle DOS could be described by
the followng formula (Ando et al. 1982):

2
D(E)x exp[z—ﬁ] : (3.1)
where
hiw
e ——
7
(nH)" (3.2)
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and p is the electron mobility. When puH > 1, T’ < hw,, the DOS in the gaps of single-
particle energy spectrum should vanish. However, experiments based on measure-
ment of magnetization (Eisentein et al. 1985), electron heat capacity (Gornik et al.
1985), magnetocapacity (Smith et al. 1985), activated magnetoconductivity (Stahl et
al. 1985, Gavrilov and Kukushkin 1986) have demonstrated that under the condition
of the IQHE the DOS in the gaps is not exponentially small but makes up a consider-
able portion of the DOS at H = 0. This conclusion contradicts the prediction of theory
on DOS based only on the short-range scatterer model.

This problem has been successfully solved with the use of the luminescence meth-
od based on the radiative recombination of 2D electrons with photoexcited holes (see
reviews by Kukushkin et al. (1988a, b) and Kukushkin and Timofeev (1989)). One can
recall that the luminescence spectrum is a convolution of the distribution function of
the 2D electrons and of the injected holes. In the case of a single H] with a monolayer
of acceptors the energy distribution of the holes participating in the recombination is
very narrow. Therefore, the luminescence spectrum reflects the energy distribution of
the single-particle DOS of 2D electrons. Previously employed methods (for example
Eisenstein et al. (1985), Gornik et al. (1985), Smith et al. (1985), Stahl et al. (1985))
were sensitive only to the properties of electrons at the Fermi surface and studied the
so-called thermodynamic DOS (dn,/dE,),. Owing to the electron-electron interac-
tion and the related phenomenon of screening of the random potential fluctuations,
the thermodynamic DOS and the single-particle DOS are different (dn_/dE;), = dn,
/dE. The advantage of the used luminescence method is that it allows one, firstly, to
determine the variation in the energy distribution of the single-particle DOS below
the Fermi surface with the filling factor, secondly, to determine in a direct way the gap
values in the energy spectrum of 2D electrons under variation of electron occupation,
and thirdly, to obtain information about the random potential itself, namely about
the amplitude and linear scale of random potential fluctuations due to imperfections.

3.1. Radiative recombination spectra of two-dimensional electrons
in GaAs/Al Ga, As single heterojunctions
in a transverse magnetic field

The spectra of radiative recombination of 2D electrons in a GaAs/Al Ga, As single
HJ in a transverse magnetic field are shown in figure 10 (Kukushkin et al. 1989b). One
can see splittings of lines A, and B, into sets of Landau levels. These splittings are
proportional to the magnetic field normal to the 2D layer, and the dependence of
the spectral position of the different lines on H is shown in the upper part of figure
10. From these Landau fan diagrams the positions of the bottom of the 2D subbands
(i = 0,1) and the Fermi energy for both line A and line B can be easily determined.
These positions are indicated by arrows. Note that the spectral position of the Fermi
energy for the recombination of 2D electrons with free holes is located at higher en-
ergy than the bandgap of GaAs.

The Landau splittings for lines A, and B, are different. The splittings of lines A, in
amagnetic field give an effective cyclotron mass (m, = 0.06m,), but for lines B, a value
of 0.067m,, which corresponds closely to the cyclotron mass of the 2D electrons in
GaAs/Al Ga, As SH,hasbeen obtained. This difference arises because for recombina-

100



Magneto-optics of strongly correlated two-dimensional electrons

tion with free holes the splittings into Landau levels occur not only for the electrons
but also for holes. The selection rules show (Smith et al. 1986) that dipole-allowed
recombination is possible only for electrons and holes with the same Landau level
number. The cyclotron splittings of the electrons and holes must therefore be added
and the effective cyclotron mass is determined by the expression (m))"' = (m®)! +
(m")~1. Comparison of the values of m_ obtained from the splittings of lines A and B
allows one to determine the value of mf, which is found to be 0.57m,, in quite good
agreement with the mass of the heavy hole, in GaAs.

}H.T A 8
hwg hwe  ng=1015-10"em?
. \ \\\\ YN\ ng=276-10"cmi
- \\\\\\\Lﬁ.\%fm@m%dz
_ O N Ve
SRR T=15K
1
hw,ev
H=0T
I
H=2T
1
H=4T
1
H=577T
Hy=4T
O ! 1 ) n i
152 150 148 hw,eV

Figure 10. Spectra of radiative recombination measured from SH sample with a mobility of 2D elec-
trons of 3 x 10°cm?V-'s~! (at 4.2 K) in different perpendicular magnetic fields and in a magnetic field
of 5.7 T tilted at 45° to the 2D layer (lower spectrum) (a.u., arbitrary units). The Landau fan diagrams
obtained for different lines A, and B, are shown at the top of the figure.

The important direct experimental method of the verification that lines A, and B,
arise indeed from the recombination of 2D electrons is the observation of spectrum
behaviour under the tilting of the magnetic field. In figure 10 the spectrum measured
in a total H = 5.7 T tilted at 45° to the 2D layer is shown, so that the normal compo-
nent of the magnetic field was equal to 4 T. The comparison of two lowest spectra of
figure 10 clearly demonstrates that the splitting of lines A and B is sensitive only to
the normal component of magnetic field.

Now we discuss the spectra of radiative recombination of 2D electrons with holes
bound to acceptors in the §-doped monolayer, measured in a perpendicular magnetic
field shown in figure 11. The broadening of the Landau levels in the luminescence
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spectrum depends on z,, similar to the case of H = 0. In the case of reference structure
without 6 doping the intensity of line B is much smaller and this recombination is due
to residual acceptors (carbon atoms) in the GaAs buffer layer (Kukushkin et al. 1988c).
From the spectral position of line B and the broadening of the Landau levels, one can
estimate the average distance of these randomly distributed acceptors from the inter-
face, at which they are most effectively recombining with 2D electrons, and receive a
value of 18 nm and concentration of about 3 x 10° cm~2 for residual acceptors.
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Figure 11. Spectra of the radiative recombination of 2D electrons with holes bound to acceptors,
measured (b), (c) in acceptor 5-doped SH and (a) in a reference SH without ¢ doping in a perpendicular

magnetic field H=4.16T.

3.2. Optical polarization of the radiative recombination spectra

For interpretation of the luminescence spectrum in terms of the DOS of the 2D
electrons, it is essential to know the hole states in a transverse magnetic field. For this
purpose the polarization of the luminescence lines in a magnetic field was measured.
Such a study was realized in a SH with a very pure GaAs buffer layer 50 nm wide, so
that intensities of line B and of the bulk recombination were strongly reduced. From
figure 12 one can see that line A shows a small degree v of the circular polarization
for H < 10 T. This result is due to a mixture of the heavy- and light-hole states. The
degrees of circular polarization are not the same for different Landau levels but are
enhanced for the level close to Fermi energy at odd integer v = ..., 5, 3, 1 owing to
the spin polarization of the 2D electrons in the highest Landau state at these values
of filling factors.
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Figure 12. Spectra of radiative recombination of 2D electrons with free holes (line A ) and with holes
bound to acceptors (line B ; z, = 20 nm; n, = 2 x 10'° cm~?) measured in different circular polariza-
tions in the perpendicular magnetic field H=4.5T and T = 1.5 K. In the inset the splittings of energy
levels of 2D electrons and holes bound to acceptors are shown.
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Figure 13. The dependence of the degree of circular polarization on the magnetic field, measured for
lines A and B, at T'= 1.5 and 3.0 K. Different symbols correspond to the different Landau levels N of
these lines, split in a perpendicular magnetic field. The polarization yis givenby y=(I_ —1,)/(I_+1)).
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Contrary to line A, line B is strongly circular polarized (o~ polarization). The
degree of circular polarization of line B in the described experiment reaches 0.7. The
splittings of the energy levels in a perpendicular H are shown in the inset of figure
12. It is seen that, at low temperatures, only one spin component of the 2D electrons
participates in the recombination with a hole from ground state due to the selection
rules. This result is similar to the case of Si MOSFETs (Kukushkin and Timofeev 1989)
but owing to the opposite sign of the g factor of 2D electrons, in a GaAs/Al Ga, As SH,
one can investigate the lowest-energy state of 2D electrons. The dependence of the
degree of circular polarization of line B, on the magnetic field shown in figure 13 has
been measured for different temperatures and is well described in terms of

_ 1—exp(—AE,/kT)
7 T4 exp(—AE, JKT) (3-3)

where AE; = 2, 8,H is the splitting between the hole states ], = ,g and J, = +% and
8, is the g factor of the hole bound to an acceptor. The value determined for g, by
fitting of experimental dependence is equal to 1.1. Note that in the structures with
z,> 20 nm the broadening of the discrete lines in the luminescence spectra due to the
distribution function of the holes does not exceed 0.5 meV and this permits the direct
measurement of the DOS of 2D electrons in a transverse magnetic field.

3.3. Enhancement of spin splitting and oscillation of the g factor
of two-dimensional electrons in a GaAs/Al Ga, As
single heterojunction

Radiative recombination of 2D electrons with photoexcited holes, reproducing the
2D electron single-particle energy spectrum, allows one to measure directly the val-
ues of spin and valley splittings as an energy separation between the corresponding
lines in the luminescence spectra. By means of this magneto-optical technique the
enhancement of electron g factor and the oscillating behaviour of the spin and valley-
orbit splittings on variation in the filling factors have been successfully investigated
in the case of 2D electrons in Si MOSFETs (Kukushkin and Timofeev 1987, Kukush-
kin 1988). These effects are due to strong electron—electron interactions, reflecting
the single-particle energy spectrum of 2D electrons in perpendicular magnetic field.
Now we turn to the GaAs/Al Ga, As SH where, similar to the case of Si MOSFETs,
the recombination of only one spin component of the 2D electrons is observed in
the luminescence spectra at sufficiently low temperatures and in a strong magnetic
field. In this system, one can investigate the recombination of 2D electrons with spin
projection S, = +1 at2m<v<2m+1(m=0,1,2,..).In order to measure the value
of the spin splitting, one should increase the temperature, so that a considerable
amount of population of the hole sublevels appears (this was just realized previously
in the case of Si MOSFETs). However, there is another method based on the com-
parison of the luminescence line energy positions measured in the spectrum at low
temperatures. The enhancement of the spin splitting ., A g,H occurs only for levels
close to the Fermi energy, where one can expect to find a difference in spin population
(AN =N 1—N |=0). The spin splitting of 2D electrons due to exchange interaction
can be expressed as follows:
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N1-N| & AN
AE .~ ~ = u,A8.-H 3.4
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where ¥_ , is the exchange integral. It is obvious from equation (3.4) that the en-
hanced g factor (g,,~ ANH"?) should oscillate on variation in the filling of magnetic
sublevels (g, approaches max1mum values at odd filling factors v). Because of this
the sublevel spllttmg (for S, = +- ) below the Fermi energy is equal to the cyclotron
energy, but for the level close to E, the splitting is reduced to 7w, —3p,Ag,H. Fi-
gure 14 illustrates the dependence of the spectral position of the luminescence lines
(component A ) on the magnetic field or on v (the so-called Landau fan diagram).
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Figure 14. The dependence of the spectral position of the luminescence lines (component A ) on H
or » measured for SH (n, =4.36 x 10" cm~?) at T = 1.5 K. E is the position of the bottom of 2D sub-

band in the spectrum.
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Figure 15. The dependence of the enhancement A g, of the g factor of 2D electrons on H and » mea-
sured in a GaAs/Al Ga, As SH (n, =4.36 x 10" cm ) at T=1.5K.
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Atv=3,5,7 namely at the Fermi energy position, the anomalies in the dependences
are observed. Such anomalies or deviations from the expected linear behaviour of
the line spectral position disappear when the temperature increases. Since below the
Fermi energy the Landau levels exhibit a linear dependence on Hat v = 3,5, 7, ..., one
can conclude that the measured anomalies at these values of v are not associated with
the effect of renormalization of the bandgap, but with the g-factor enhancement A g..
The dependence of Ag, on the filling factor measured by this method is shown in fig-
ure 15, where one can see that the g factor of 2D electrons strongly oscillates, reaching
maximum values at v = 3, 5, 7. At v = 3, g _increases up to 15 in given sample and for
the experimental conditions realized (T and H). Note that the same enhancement of g,
was also deduced from the splitting of line B, in the perpendicular magnetic field. The
facts described above are in agreement with theory based on the electron—electron
interaction (Ando and Uemura 1974) which predicts an enhancement of the g factor
to be proportional to the population difference between two spin components of a
Landau level (see equation (3.4)). The maxima in the measured g factor correspond
to complete spin polarization of one Landau level.

3.4. Spin relaxation of photoexcited electrons and holes
in a single GaAs/Al Ga, As heterojunction

Now we turn to the very important question connected with the establishment
of equilibrium with respect to the spin degrees of freedom under photoexcitation of
non-equilibrium electrons and holes. Here we present the experimental results on
spin relaxation of photoexcited electrons and holes in a single GaAs/Al Ga, As het-
erojunction with a -doped monolayer of acceptors (Filin et al. 1992, Zhitomirskii et al.
1993). The spin relaxation times have been determined in a direct experimental study
of the kinetics of the radiative recombination with an analysis of circular polarization
of luminescence. These experiments were realized with the use of a picosecond laser
with the following output parameters: pulse length 7 = 1 ps; wavelength A = 605 nm;
repetition frequency f= 800 kHz. The average power density at the sample in this case
was 25 mW cm~2, which corresponded to an energy of 0.3 n] ps~! at the spot projected
on a sample about 1 mm? in size. The 2D electron concentration was controlled by
varying the intensity of optical pumping. A rather low pumping level was chosen so
that the variation in the concentration of 2D electrons could be ignored during a time
characteristic of the processes which we were studying.

We should recall that the Zeeman splitting in a magnetic field leads to the appear-
ance of the two electron spin sublevels and four hole spin sublevels. The level splitting
and the allowed transitions are shown schematically in the inset of figure 12. In these
experiments the two most intense, circularly polarized luminescence components
have been studied, namely the o~ component (the result of the recombination of
electrons from the sublevel s, = + with the holes from the sublevel ], = —é and the
o* component (s, = — ] =+ )

Figure 16 shows the time- 1ntegrated spectra in the o~ and o* polarizations in
fields of 4.2 and 5.5 T. An important point here is that the degree of polarization of
the luminescence line of the 2D electrons of the first excited subband is stronger than
that of luminescence lines of 2D electrons of the Landau levels of the ground sub-

106



Magneto-optics of strongly correlated two-dimensional electrons

band B,. In the ground subband the Landau levels are completely filled; that is, the
populations of the two spin sublevels are the same and the degree of polarization of
line B is determined exclusively by the state of the hole spin subsystem (one should
keep in mind that the ratlo of the matrix elements for the transitions with light (+ 1)
to those with heavy (&2 ) holes in the considered case is equal to 1:3). At the same
time the electron spin or1entat1on affects the polarization of line B,.
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Figure 16. The time-integrated luminescence spectra in o~ and o+ polarizations measured for (a) line
B, and (b) line B, in fields of 4.2 and 5.5 T (a.u., arbitrary units).

The kinetics of the recombination of 2D electrons from the lower-lying Landau
level (line B ) in the o~ and o polarization is shown in the inset of figure 17. The rapid
decay of the initial signal in the initial part of the lower curve (¢7) is attributed to
the presence of two channels by which the holes escape from the upper (in terms of
energy) hole spin sublevel (J, = —%) namely due to the recombination and relaxation
to the lower spin sublevel. In turn, the initial part of the upper curve (¢-) rises rapidly,
which reflects the increase in the population of the lower spin sublevel as a result of
the departure of the holes from the upper spin sublevel. After the spin equilibrium in
the hole subsystem has been established, the relative populations of the upper and
lower spin sublevels will no longer change; the kinetic curves run parallel to each
other.

Figure 17 is a plot of the degree v = (Iﬂ -1, )/(Iﬁ +1 . ) of polarization, in
various magnetic fields, as a function of time. The solid curves represent the re-
sult of an approximation of the experimental data, using a function of the type
7, (t)= 'yo[l—exp(—t/ T,,)], where ~, is the degree of polarization which is observed
in the corresponding field in the steady-state regime. This polarization can be also
determined from time-integrated spectra from the ratio of the line intensity of the
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o~ to that of the o* polarization. Therefore, it follows from these measurements that
the spin relaxation time of the holes bound to acceptor centres under an applied
magnetic field in the range 2—5 T is about 2 ns.
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Figure 17. Degree , of polarization against time in fields of 3.0, 4.5 and 5.5 T. The inset shows the
kinetics of the recombination of 2D electrons from the lower Landau level of the ground subband with

photoexcited holes of the lower ¢~ and upper (¢*) hole spin sublevels.

Now we discuss the kinetics of circularly polarized magnetoluminescence corre-
sponding to recombination of 2D electrons from the excited subband (line B,) with the
aim of selecting from kinetic dependences the spin relaxation time of electrons. The
degree of polarization of line B, in fields of 4.2 and 5.5 T (in the vicinity of the filling
factor v ~ 4) is plotted in figure 18 as a function of time. The open circles and open
squares represent points obtained from an analysis of lines B, and B respectively (the
lower Landau level was analysed in the ground subband). The solid curves are given
for convenience, and the broken lines correspond to the degree of polarization of the
relevant lines. This polarization was determined from the time-integrated spectrum.
The lower curves v, in figures 18 (a) and (b) are the previously discussed time evolu-
tion of the hole degree of polarization. The upper curve in the figures (v,) represents
the total contribution to the degree of polarization of the radiative recombination
coming from electrons and holes. A characteristic feature of all the curves for the
degree of electron polarization against time, which was obtained, is the fact that the
electronic subsystem is strongly polarized even when the time delay is zero. It can
thus be concluded that at times shorter than the time resolution of the system (about
300 ps) the population of the upper spin sublevel of the excited subband decreases
considerably relative to the population of the lower sublevel. One can see a decrease
in the effect of the electronic component on the degree of polarization of light, which
is attributable to the establishment of the electron spin equilibrium. Starting from
the time at which the v, and v, curves begin to run parallel to each other, it can be as-
sumed that the electron spin relaxation has stopped. It can be found from analysis of
results presented in figure 18 that the electron subsystem acquires spin equilibrium
in time of the order of 5 ns.
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Figure 18. Degree of polarization against time for the luminescence lines of 2D electrons from the
lower Landau level of the ground subband ((J) and the excited subband (O): (a) H = 5.5 T; time-
resolved window 7, = 0.8 nns; (b) H = 4.2 T; time-resolved window 7, = 0.3 ns.

There is another independent method of direct optical detection of the spin relax-
ation of 2D electrons in the ground subband in a single HJ subjected to a quantizing
magnetic field. The idea of this method is based on an abrupt decrease, under pulse
photoexcitation with a suitable power of incident light, in the concentration of 2D
electrons from the even-filling-factor side just after pulse excitation (Zhitomirskii
et al. 1993). It is useful to note that the time establishment of the equilibrium elec-
tron concentration after the laser pulse is very short (less than 1 ns). The subsequent
increase in 2D electron concentration is much slower than the spin relaxation pro-
cess and therefore, for about 10 ns, n_ remains almost constant. Thus, at the starting
point, corresponding to the even filling factors, electrons are unpolarized owing to
the equal fillings of the spin subbands. After the photo-excitation pulse (with a time
duration about 1 ps) the electron concentration abruptly decreases and then starts
to correspond to the odd filling factor. Now, under odd filling, a spin polarization in
the upper Landau sublevel should appear owing to the spin splitting (if the electron
temperature is sufficiently low).

Experimentally the time of establishment of the spin polarization has been ana-
lysed just after the abrupt decrease in the electron concentration to the state corre-
sponding to the odd filling factor (from v =4 to v = 3 and from v = 2 to v = 1). The
results are presented in figure 19. In particular, in figure 19 (a) the dependences of the
circular polarization v = (IU, -1 ) / (IU, + IU+) corresponding to the radiative recom-
bination of 2D electrons at zero and first Landau levels on time are shown. After the
laser pulse the concentration of 2D electrons corresponds to the filling factor v = 3.
One can see the difference between the observed dependence for v which is due to
distinction of spin polarization of recombining electrons at different Landau levels.
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In the case considered, the spin polarization of electrons at zero Landau level is com-
pletely absent because of equal occupations of Zeeman sublevels. Therefore, the time
evolution of spin polarization for this Landau level is determined by holes and is well
described with the use of the simple exponential law v = v [1 — exp (—t/7,)], where 7, is
the hole spin relaxation time (see lower approximation curve in figure 19). In contrast
with the zero level the time evolution of circular polarization for the first Landau sub-
level cannot be described by a single exponent owing to participation in the radiative
process the spin polarized electrons. The difference Ay =+, —v,=7% [1 — exp(—t/ T, )],
which is directly connected with the electron spin polarization at the first Landau lev-
el is shown in figure 19 by broken curves. With the use of this procedure the electron
spin relaxation time was found to be 7, = 4.2 ns. The same procedure has been realized
at the higher magnetic field B=4.9 T and under a higher power of the photoexcitation
pulse when the filling factor abruptly changes from v = 2 to v = 1. The corresponding
approximation of time evolution for circular polarization is represented in figure 19
(b). The spin relaxation time in this case was found to be as follows: 7, = 10 F 3 ns.
Therefore, it was found that the spin relaxation rate is reduced when the magnetic
field increases. This experimental observation indicates that the spin-orbit interac-
tion leading to the mixing of electron states with different spin projections is one of
the most probable mechanisms responsible for electron spin relaxation.
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Figure 19. The dependences of circular polarization degree on the time of 2D electron luminescence
measured just after the photoexcitation laser pulse. The concentration of 2D electrons is abruptly
changed after the laser pulse (a) from the filling factor v =4 tov =3 and (b) fromrv=3tov = 1.
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As a conclusion of this section we would like to summarize and state that the 2D
electron system studied has the following hierarchy of times. The shortest is that
of the intersubband electron relaxation without a spin flip, less than 0.3 ns; then
follows the time that it takes the electron spin equilibrium to be established (spin-
flip processes), about 5—10 ns; the spin relaxation time for hole bound in acceptor
is 1—2 ns; much longer times are those of recombination of 2D electrons from the
first excited quantum confined subband (about 30 ns) and from the ground subband
(about 500 ns).

3.5. Magneto-optic oscillations of the intensity
of radiative recombination

The quantization of the cyclotron motion of electrons and the resulting discrete
nature of the spectrum of the 2D electron system in a transverse magnetic field leads
to oscillations in corresponding thermodynamic and kinetic characteristics. There-
fore it is not unexpected that magneto-optic oscillations have been discovered in the
intensity of the radiative recombination of 2D electrons (Kukushkin et al. 1988b, Chen
et al. 1990, Turberfield et al. 1990). This effect, which is in some sense an optical ana-
logue of Shubnikov-de Haas oscillations, has attracted considerable interest because
of its novelty, and also because it gives us an alternative method for studying such
fundamental phenomena in 2D electron systems as condensation into incompress-
ible quantum liquids and Wigner crystallization. It was found (Turberfield et al. 1990)
that, in a case in which 2D electrons recombine with free holes, the sharp peaks in the
intensity of the radiative recombination of the electrons of the first excited subband,
plotted as a function of the magnetic field, coincide exactly with the positions of
integer filling factors of the 2D electron gas in the ground subband. A mechanism in-
volving a screening of the Coulomb potential of photoexcited holes has been invoked
in order to explain the observed effect. That mechanism has been used to explain the
observed disappearance of the oscillations as the temperature is raised from 0.12 to
4.2 K. The behaviour of the recombination rate corresponding to this mechanism was
subsequently observed in time-resolved experiments (Dahl et al. 1992).

Magneto-optic oscillations might also be caused by the complex kinetics of the
carrier relaxation and recombination during steady-state photoexcitation. Specifi-
cally, under conditions of continuous illumination, the system is in a non-equilibrium
(but steady) state, and the line intensities observed are determined not only by the
thermodynamic-equilibrium particle distribution but also by the kinetics of the re-
laxation of the non-equilibrium component of the electron gas. Consequently, the
magnetic field dependence of the intensities of the lines corresponding to emission
from states with a non-equilibrium population contains valuable information about
the nature of the relaxation process in 2D gas. In particular, this is important in the
case in which quantizing magnetic fields are applied.

Magneto-optic oscillations of a new type caused by the complex kinetics of the
carrier relaxation have been observed in the intensity of the radiative recombination
of 2D electrons from the first excited quantum confined subband in GaAs/Al Ga, As
SH (Kirpichev et al. 1991, Zhitomirskii et al. 1992). These oscillations are explained
in terms of an elastic relaxation of electrons upon a crossing of corresponding Lan-
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dau levels of different subbands. We shall discuss this phenomena in more detail
and present the results of study of the magneto-optic oscillations and concentration
dependence of the intensity I, of the emission of 2D electrons from the first excited
subband, with a non-equilibrium population, in a GaAs/Al Ga,_ As SH. To distinguish
the recombination component corresponding to the small number of non-equilibrium
electrons from the upper subband (these electrons slightly fill this subband during
constant illumination), a method based on recombination of 2D electrons with photo-
excited holes bound at acceptors in a 6-doped layer was used. This layer is located at a
distance of 300 A from the interface. The 2D density of acceptors in the §-doped layer
was 2 x 10 cm~2. Since the acceptor layer is distant from the electron channel, the
overlap of the wavefunctions of the states of the upper subband with the wavefunc-
tion of a hole at an acceptor is exponentially greater than for states from the ground
subband. It thus becomes possible to detect experimentally the comparatively slight
non-equilibrium filling of the upper subband and its small changes (about 10° cm~2).
The optical measurements were accompanied by simultaneous measurements of the
diagonal component R _(H) of the resistivity. In addition, the continuous illumination
made it possible to vary the electron density n_ in the 2D channel and the intersub-
band splitting ¢,,. Thus it became possible to vary n_over a broad interval and to find
the magnetic field dependence I,(H) for both the equilibrium population (¢, > ¢, ) and
a non-equilibrium population (¢, < ¢,) of the upper subband. The second of these
cases is of most interest from the standpoint of the kinetic aspects of recombination.
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Figure 20. (a) Intensity I, of the luminescence of the first excited quantum confined subband (a.u.,
arbitrary units) and the diagonal component R  of the resistivity of the 2DEG against magnetic field
(E.=E ;R isshown for T= 1.5K). (b) Quantum numbers of the transport oscillations (lines 1 and 2)
and of the optical oscillations (lines 3 and 4) against the reciprocal of the magnetic field: (), E, =E,;
(O)E, <E,,.
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Figure 21. (a) Intensity I, of the luminescence of the first excited quantum confined subband against
the magnetic field for the case E, < E,, (a.u., arbitrary units). (b) Spectral positions of the lumines-
cence lines against magnetic field. The arrows pointing downwards show the crossings of the zeroth
Landau level of the excited subband with the Landau levels of the ground subband. The arrows point-
ing upward show the even filling factors v.

The I (H) dependence found for the case ¢, = ¢, is shown in figure 20 (a) for
two temperatures. Also shown here is the measured R _(H) dependence. On the I (H)
curve, one can clearly see oscillations. At low fields, they consist of an alternation of
sharp maxima and minima whereas, at high fields, one can see individual maxima
against the background of broad regions of low intensity. Figure 20 (b) shows the
results of an analysis of the experimental I (H) and R _(H) data for the case e, = ¢,
(open triangles) and ¢, < ,, (open circles). The reciprocal of the field is plotted along
the x axis here. The quantum number of the oscillations is plotted against reciprocal
field. Lines 1 and 2 are drawn through the points corresponding to the positions of the
R_(H) minima. The slope of these lines is determined by the Fermi energy of the 2D
electrons. Lines 3 and 4 are drawn through the points corresponding to the maxima of
the optical oscillations. One can see that in the case ¢, = ¢ ; the slopes of the transport
and optical lines are the same, while in the case ¢, < ¢, the optical line has a greater
slope. From this slope one can calculate the energy parameter which turns out to be
equal to ¢ . This means that these optical oscillations are associated with a crossing
of the Landau levels of the ground subband and the zeroth Landau level of the excited
subband. This conclusion is illustrated by figure 21, in which the fan of Landau levels
is shown below a plot of the optical oscillations for the case ¢, = ¢,,. This fan was
found through an analysis of a series of recombination spectra in various magnetic
fields. An unambiguous correspondence is seen between the positions of the ‘cut-off’
of the optical signal and of the level crossing. The mechanism responsible for this
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cut-off is assumed to be the elastic relaxation of carriers from excited subband with its
non-equilibrium population to the ground subband. In this case, a perturbation which
mixes the wavefunctions of the different subbands is represented by the residual im-
purity atoms in the vicinity of the 2D layer. Support for this interpretation comes from
the results on the optical detection of cyclotron resonance (ODCR) (Gubarev et al.
1991). From ODCR observation it follows that the cut-off of the luminescence signal
I,(H) coincided with the abrupt appearance of an optical cyclotron-resonance signal
from the excited subband. The observation of such a signal required a crossing of the
levels of the ground subband and the excited subband.

The shape of the oscillations in I,(H) is determined by the magnetic field depen-
dence of the unfilled positions in the ground subband and the dependence of the
relaxation matrix element on the energy ‘gap’ between corresponding levels. It is
important to emphasize that magneto-oscillations are observed in the decay time of
the luminescence of 2D electrons from an excited subband (Dite et al. 1991a, b). These
oscillations are in phase with the magneto-oscillations in the luminescence intensity
itself. Although the relaxation mechanism in the intervals between the cut-offs is not
unambiguously identified yet, it is possible that the increase observed in I,H) is due
to a slowing of the electron relaxation accompanied by the emission of an acoustic
phonon as this ‘gap’ shrinks (Fal’ko 1993).
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Figure 22. (a) Integral intensity I, of the luminescence of the excited subband against the magnetic
field at T = 4.2, 1.5 and 0.4 K (n, = 4.7 x 10" cm~?). The inset shows the same results near the fill-
ing factor v = 1 for n_ = 3.7 x 10" cm~?; the arrows mark the integer filling factors. (b) Intersubband
relaxation time against the energy gap between the zeroth Landau level of the excited subband and
the second Landau level of the ground subband according to a calculation from the shape of the I, (H)
peak near H= 4.8 T.
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Now we turn to the other interesting question concerning an anomalous tem-
perature dependence of magneto-optic oscillations in the intensity of the radiative
recombination of 2D electrons. It was found from these observations that intersub-
band relaxations change as the temperature is lowered. This is because the initial and
final spin states of the electrons involved in the relaxation process are important.
Figure 22 (a) illustrates the variation in the integral intensity of the luminescence
line corresponding to the excited subband as a function of the magnetic field for three
temperatures. The intensities of the main peaks which exist at T = 4.2 K decrease
with decreasing temperature. The peak corresponding to the crossing of the zeroth
Landau level of the excited subband and the first Landau level of the ground subband
disappears completely. At the same time, some additional peaks appear near the odd
filling factors v = 3 and v = 5, as the temperature is lowered. These additional peaks
shrink sharply when the filling factor becomes less than an odd integer. The inset in
figure 22 (a) shows the same results as in figure 22 (a), near the filling factor v = 1 for
T = 4.2 and 1.5 K. One can see that at a high temperature the intensity of the line of
the excited subband is zero in this region (all the electrons of the ground subband are
in the zeroth Landau level; the energy gap for relaxation from the excited subband is
equal to the energy of the intersubband splitting and is independent of the magnetic
field). As the temperature is lowered, the intensity of this line is not zeroat 2 > v > 1,
while it drops abruptly to zero at v < 1.

The appearance of additional peaks near odd filling factors as the temperature is
lowered is attributed to the orientation of the electron spin. Specifically, under the
assumption that a relaxation without spin flip should be faster than one with spin
flip, one would have g, 1 H < kT in the case T = 4.2 K, where 4 is the Bohr magneton
and g, = —0.44 is the effective electron g factor in GaAs (g, ;,,H = 1.8 K in a field of
6 T). Consequently, at this temperature, two spin sublevels in the ground subband are
filled roughly equally near odd values of the filling factors. In other words, vacancies
for relaxation exist at both spin sublevels, and a fast intersubband relaxation is pos-
sible for both spin directions in the excited subband. As the temperature is lowered
to T= 0.4 K, we have g 11 H > kT. A substantial difference arises between the popula-
tions of the spin sublevels in the ground subband. This difference leads in turn to an
effective increase in the spin splitting, because of an enhancement of the exchange
interaction. Near odd filling factors, vacancies therefore exist only in the upper spin
sublevel of the ground subband, and an effective relaxation can occur only for elec-
trons from the upper spin sublevel of the excited subband. The relaxation of electrons
from the lower spin sublevel is slowed signficantly; as a result, the intensity increases,
as is observed experimentally. When the filling factor becomes smaller than the odd
values, vacancies for relaxation appear in the lower spin sublevel also, and the inten-
sity abruptly drops to zero.

It follows from figure 23 that the mechanism responsible for the intersubband
relaxation in the intervals between level crossing is an anomalous temperature
dependence; specifically, the relaxation accelerates with decreasing temperature.
Knowing the recombination time in the excited subband for the investigated system,
7. = 30 ns, and, assuming that the population of the excited subband is determined
exclusively by recombination and intersubband relaxation, one can relate the ob-
served intensity to the relaxation time by the obvious equation I, = I /(147 /7, ),
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where I is the intensity in the absence of relaxation, which one can estimate as the
intensity in a zero magnetic field. We then find an expression for the relaxation time:

TI' ec

Tl (h/1)-1

The dependence of 7, on the energy separation of the levels calculated in this manner
is shown in figure 22 (b) for three temperatures.
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Figure 23. Integral intensity I, of the luminescence of the excited subband against the temperature
at the main peaks, H = 4.8 and 9.3 T, and also at the additional peak, H= 6.5 T.

Therefore, it is demonstrated that the spin orientation of the 2D electrons in the
initial and final states is important for a description of these oscillations in terms of
an intersubband relaxation. Also it is useful to note that, since the intensity of the
excited-subband line at low temperatures near odd values of the filling factor is sensi-
tive to the spin orientation of the electrons, it appears to be a method for the optical
detection of ESR in both the excited and the ground subband.

3.6. Oscillations of the Landau level width and screening
of random potential fluctuations

Now we discuss how the magnetoluminescence method can be used for inves-
tigation of the screening of random potential fluctuations due to imperfections within
the interface region. The effects of screening of a random potential associated with
defects most clearly show up in the oscillating behaviour of the widths of the lumi-
nescence lines corresponding to the Landau levels on variation in the filling factor.
The first time such oscillations of the Landau level widths in the luminescence spectra
were observed was for the case of 2D electrons imposed in transverse magnetic field in
Si MOSFETs (Kukushkin and Timofeev 1987), when the Landau level filling condition
changed. It has been observed that, when the highest occupied level is completely
filled, the linewidth is much larger than when this level is only partly or half-filled.
Note that the behaviour of the linewidth applies not only to the level at the Fermi
energy but also to all the levels below E,.

The oscillations of the linewidth seen in the luminescence spectra are due to the
oscillations in the single-particle DOS width on Landau level as a function of filling
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factor, which has been predicted theoretically (Ando 1977) and the consequences
of these oscillations have been observed also in cyclotron resonance measurements
(Gornik 1986, Heitmann et al. 1986). The origin of this phenomenon is associated
with screening of the long-range random potential fluctuations (Shklovskii and Efros
1986, Gerhardts and Gudmandsson 1986, Efros 1990). The effects of screening are
determined by the magnitude of the DOS at the Fermi energy (Ando 1977, Ando and
Murayama 1985), which oscillates as a function of the filling factor v. At integer v the
Fermi level lies just in the energy gap between a completely filled and a completely
empty Landau level. The low-temperature screening in this case is very weak and ex-
ists only because of the overlap of the Landau level tails. In the absence of screening,
the Landau levels ‘trace’ the potential relief of a random potential and therefore feel
the full effect of the long-range potential fluctuations. The non-equilibrium holes
recombining with the 2D electrons are little affected by fluctuations associated with
charged defects, since they are far removed from the interface. One may thus con-
clude that the luminescence linewidth at integer v is defined by the amplitude of
the long-range potential fluctuations, since all the electrons, distributed in energy
within the given quantum level in conformity of the potential relief, are involved in
the recombination.

At half-integer values of v the Fermi level coincides with the DOS peak, where
electron states are extended. In this case the electrons most effectively screen the
long-range potential fluctuations, and the width of Landau level and the width of the
luminescence line are decreased as observed experimentally. The minimum width
of the luminescence line under these conditions is determined by the short- range
potential fluctuations which remain unscreened. It should be noted that in the case
of very-high-quality samples with high 2D electron mobility the minimum linewidth
is limited by the energy distribution function of the holes participating in the recom-
bination, or electron—electron interaction.

Now we turn to a screening phenomenon reflected in the luminescence spectra
(component A ) in a GaAs/Al Ga, As SH measured for different v (figure 24 (a)). One
can see that the resolution of the Landau levels in the luminescence spectrum is
weakest for v = 4. This is due to the maximum in the broadening of the Landau levels
at v = 4 because of the weak screening of the long-range potential fluctuations. The
dependence of the level width I'(v) measured by magneto-optics in a GaAs/Al Ga, As
SH is shown in figure 24 (b), and oscillatory behaviour as a function of filling factor
can be clearly seen. The Landau level width has maxima at integer values of v and
minima at half-integer values. Qualitatively this dependence is similar to that mea-
sured in Si MOSFETs and it is associated with screening of the long-range potential
fluctuations previously discussed.

The oscillations of I when the filling of the quantum states varies were theo-
retically discussed (Ando and Uemura 1974, Ando et al. 1982). The origin of the
oscillations was associated with the periodic variation in the screening radius
and consists of the fact that the effect of screening and, for instance, the Thomas-
Fermi constant are determined by the magnitude of the DOS on the Fermi sur-
face, which oscillates when the filling of the Landau levels with electrons varies.
However, no analytical expression for the dependence I'(v) is presented in these
papers.
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Figure 24. (a) Luminescence spectra measured for a GaAs/Al Ga,  As SH (n,=4.36 x 10" cm?)at T =
1.5 K for different values of H and v (a.u., arbitrary units). The cyclotron and spin splittings are shown
in the lowest part of the figure. (b) The dependence of Landau level width on H and v.

Quantitative explanation of the most essential experimental results associated
with the DOS oscillations when the electron density varies, observed by the lumi-
nescence spectra, has been provided by a theory of the nonlinear screening of the
charged centre potential which are distributed randomly in a volume with density N,
by 2D electrons (Shklovskii and Efros 1986). The potential of the centres is assumed
to be Coulombic, and the fluctuations of the magnitude of the charge are considered
in a volume with characteristic linear dimension L in order to describe the screening.
Screening appears when the density n_of 2D electrons deviates from integer filling
n) = veB/h, where v is an integer (6n, = n_ — n{). Provided that the number (6n,L}) of
extra electrons in the plane on the scale L_is equal to the fluctuation in the number of
charged centers in the volume (N, qLi)VZ, then over the whole length L > L = Nq(éns)*2
the random potential is totally screened by electrons. The length of the screening
changes with the number én_of electrons, and in this sense the scale L_is the radius
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of nonlinear screening. An essential consequence of the theory of nonlinear screening
is that the density of states in the gaps between Landau levels is not exponentially
small, as would be expected in the case of a short-range potential. Also, it follows
from the work of Shklovskii and Efros (1986) that, when the amplitude of large-scale
fluctuations is of the order of the corresponding gap in the energy spectrum (cyclo-
tron, spin or valley-orbit), two neighbouring Landau sublevels will participate in the
screening and, as a result, the width of the DOS peak stops increasing and appears to
be limited at the top by the magnitude of the gap. Magnetoluminescence experiments
confirm such consequence of the theory.

Finally, we would like to emphasize that, for integer filling of the Landau levels
and provided that the level width are much less than the energy of the gap (hw, > T),
the DOS within one level reflects the energy distribution of the random potential
large-scale fluctuations, and the amplitude Q of the fluctuations can thus be deter-
mined from the width of the recombination lines in the luminescence spectrum. Only
under the condition when the scale of the fluctuations d > [ (2n + 1)"? and hw, > Q
are satisfied (I, = (h/eB)"?), does the Landau level width equal the amplitude of the
fluctuations. In the more general case when d > [ (2N + 1) the width I" depends on
the ratio [ (2N + 1)%/d as given by Hikami and Brezin (1986)
22N + 1))
dZ
Using equation (3.5) and analysing the magnetoluminescence spectra of 2D electrons,
one is able to determine the important parameters Q and d characterizing long-range
random potential fluctuations.

r=0|1+ (3.5)

3.7. Magnetoluminescence in a tilted magnetic field

The tilted magnetic field method has been used extensively in experiments in
order to demonstrate their 2D nature (Ando et al. 1982), to study spin splitting and
influence of spin states in FQHE (Chakraborty and Pietildinen 1988a) and for other
purposes.

It is interesting to consider two limits determined by the magnitude of the paral-
lel component of the magnetic field H = H sin a. In the weak-magnetic-field limit in
which the magnetic length A= A,/(sin'?a) is much greater than the width A of the
well, its effect on the spectrum of 2D carriers should be taken into account in perturba-
tion theory. Disregarding the possible changes in the form of the quantizing potential,
we can assume that firstly in the low-field limit the correction ¢E, to the energy E of
the nth quantum size level arises in the second order in H,, 6E, o (fiw, sina)’ / (E,—E,)
and the position of the Landau levels changes solely due to the parallel-field-induced
anisotropy of the effective mass of a 2D carrier, and secondly upon crossing the adja-
cent Landau levels from different subbands (the ground subband and the first excited
subband, for example) the magnetic field component parallel to the plane of confine-
ment lifts the degeneracy and causes the levels to push each other apart:

L
'H
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The crossing of the nth and (n — k)th Landau levels, k > 1, is not accompanied by their
splitting, at least within corrections quadratic in H,. The cyclotron rotation has, on
the whole, a purely 2D character and is determined solely by the normal component
of the field: w_= (eH cos a)/mc.

In our view the other limit, where A <A, and the fastest motion is the cyclo-
tron rotation of electrons around the tilted magnetic field of frequency w_= eH/mc,
which is determined by its total value, is very interesting. In other words, a strong
longitudinal field overcomes the size quantization in the confinement potential and
the particle motion now corresponds to a classical motion along a cycloid with the
axis directed along the field. Under the condition described above, the ground-state
energy therefore shifts faster with increasing field than it does in low fields. The mo-
tion along the magnetic field can be viewed as adiabatic motion, and the low-lying
part of the carrier spectrum is determined, in the limit H— o, by the position of the
levels in the one-dimensional potential: U(§) = U(§ cos o), H= pz / 2m+U, (5 ), whose
scale transformation differs from that of the initial transformation. (Here £ denotes
the electron coordinate along the magnetic field.) The splitting of the low-lying lev-
els E, («) therefore does not depend on the magnetic field in this limit and is much
smaller than the intersubband splitting E, . For a model-based single-parameter
power potential U (r) o z”, for example, one can obtain

E (a)=E, cos”"q, (3.7)

and for an exactly solvable problem of a parabolic well (Maan 1984, Merlin 1987) we

have

) 2V

W+ Ey (w2 +Ep)
2 4

—W'E% cos’ ~E cosa. (3.8)

nm

e, (@)=(n—m)

The capacity of each level, on the other hand, is determined by a normal component
of the magnetic field.
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Figure 25. Spectra of the radiative recombination of 2D electrons with holes bound at the 6 layer of

the acceptors (a.u., arbitrary units), « is the slope of the magnetic field with respect to the normal to
the 2D layer; n, =3 x 10" cm 2.
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The energy spectrum of 2D electrons in a strong (I, < [,) tilted magnetic field
has been investigated with the use of radiative recombination of 2D electrons with
photoexcited holes in a §-doped layer of acceptors (Kirpichev et al. 1990). Figure
25 shows the emission spectra in a single GaAs/Al Ga, As heterojunction with
n,= 3 x 10" cm 2 in perpendicular and tilted magnetic fields. In all three cases the
normal component of the magnetic field is the same, H, = 2.2 T (which corresponds
to the filling factor v = 6). From these spectra we can draw the following conclusions.

a) At H, = 2.2 T and « < 68° the splittings of the Landau levels are determined
by the normal component H and are therefore approximately the same in all
three cases.

b) A comparison of the intensities of the luminescence lines corresponding to
electrons from the lowest subband shows that the z dependence of the elec-
tron wavefunctions of the various Landau levels of this subband, which are the
same in the perpendicular magnetic field, differ in the tilted field because of the
admixing of the wavefunctions of higher-lying levels. This difference is most
pronounced in strong field which gives rise to ‘three- dimensionalization’ of the
cyclotron rotation described above, and the amplitude of the wavefunctions,
which is situated at distance z, from the interface at the place where the holes
are localized, is determined by the extent of the wavefunctions of the bound
states in the one-dimensional potential U(¢). A calculation has shown that a
relative intensity of the nth line of the parabolic well, normalized to the ground
state, increases in a power-law fashion with increasing number of levels:

2
I_z[w nl, A, le/z (3.9)
I A, (m E )

¢) Figure 25 shows that the rate at which the electrons of the excited subband
recombine decreases appreciably in a tilted magnetic field, in agreement with
the expected wavefunction in these states.

Now we turn to the dependences of the position of the energy levels against the
magnetic field and the level splitting, measured from the luminescence spectra at
n,=3x 10" cm for 0° and 45° slopes, which are illustrated in figure 26. We see that
in a tilted magnetic field the experimental dependence begins to deviate from linear
behaviour at large values of H and the splitting of the adjacent levels no longer de-
pends on the magnetic field. Furthermore, with increasing slope, the residual splitting
decreases. Figure 26 (c) shows the splitting of the zero level and the first Landau level
and that of the first and second levels as functions of the magnetic field, measured at
a=45°and n =3 x 10" cm~2 One can see that, beginning with a certain field H, , the
splitting becomes independent of H. We can assert that at H > H, the level splitting
is determined by the confinement quantization of electron motion in a potential well
along the direction of the magnetic field.

We should mention that the magnetospectroscopy of 2D electrons in a tilted mag-
netic field is an effective tool for studying the shape of the single potential well that
confined the electrons. In particular the information on the slope of the quantum
well can be obtained from the analysis of the dependences of E,, / E, and E,, /E;,
against a. In the case considered above, it was found that the angular dependence of
E,,/E,, at various electron densities in the 2D channel remains the same for all the n_.

n

0 10
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Figure 26. Positions of the lines in the luminescence spectra against the total field H(n = 3 x 10" cm~?):
(a) a = 0; (b) a = 45°; (c) level splitting against the total field for « = 45°. H, ~4 T and H, ~ 7 T.

This suggests that the well can be approximated with good accuracy by a power-law
dependence in such a way that the 2D concentration of carriers will affect only the
potential depth. A similar factorization of the concentration and angular dependences
E, () / E, () does not depend on the angle . It can be determined from these values
that the shape of the well in the considered case corresponds to a power-law distribu-
tion of the potential U(z) ~ z” with v = 0.5.

4. Magneto-optics of two-dimensional electrons
in the fractional quantum Hall effect regime;
incompressible quantum liquids

The FHQE is now identified as being due to the condensation of interacting 2D
electrons into a new correlated electron state called the incompressible quantum
liquid. Here we start with a short review concerning the theoretical aspects of this
phenomenon.

4.1. Theoretical aspects of the fractional quantum Hall effect

4.1.1. The Laughlin wavefunction
Shortly after the discovery of the FQHE (Tsui et al. 1982), a study of 2D systems
of up to six electrons by numerical diagonalization of the Hamiltonian found that
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the ground state of system is not crystalline but liquid like (Yoshioka et al. 1983). At
the same time, Laughlin (1983) proposed a many-body ground-state wavefunction
to describe the FQHE, which provides great insight into the underlying nature of the
ground state. The Laughlin ground-state many-particle wavefunction is

Un = [H(Zi Zk)m]exp[iZ

j<k e

2

Z

e

, (4.1)

where the cyclotron energy hw, = h(eB/m’) = 1 and the magnetic length [ = (A/eB)"* =1,
Z,= X, — 1Y, is the location of the Ith electron, m is an odd integer to preserve the
antisymmetry v, and the functional form restricts the electrons to the lowest Lan-
dau level. By mapping the problem onto a classical one-component plasma, Laugh-
lin demonstrated that the wavefunction describes the ground state at filling factors
v = 1/m. Then he calculated that the total energy per particle for the wavefunction
(4.1) is lower than that of a charge-density-wave ground state.

To generate a quasihole or quasielectron located at Z, Laughlin employed opera-
tors representing the addition and removal of a single flux quantum from the system.
The resulting wavefunctions are

1
742[:|Zl|2

—_—

[z ZO)] [1(z, zk)m] (4.2)

i j<k

PP = exp

and

~Zo _ _l 2 i_i
o =enl 3l

i

[H(Z; -z, )'"] (4.3)

j<k

for the quasihole and quasielectron respectively. The quasiparticle excitations were
found to have a fractional charge e” = +¢e/m.

The ground-state energy E(N) of interacting 2D electron systems subjected to
a strong transverse magnetic field as a function of the total number N of electrons
demonstrates ‘cusps’ at fractional filling factor v = 1/q (q is an odd integer), when the
incompressible quantum liquid states start to appear. The chemical potential £ at the
‘cusp’ point of the function E(N) demonstrates a discontinuity connected with the gap
A, by the simple relation

_SE(N)| GE(N) _
6= SN |+Jr SN | B

4.4)

Therefore, the ground state is separated from the quasiparticle excitation spectrum
by a finite energy gap which is proportional to the only relevant energy scale, the
interelectron Coulomb energy e?/cl,, where «¢ is the dielectric constant.

Laughlin’s model accounts for the FQHE at v = 1/q for all g odd (and v = 1—1/q by
electron-hole symmetry). This model predicts that the quantum fluid ground state
will eventually yield to the Wigner crystal at very low filling factors. More accurate
numerical calculations indicate that the FQHE will terminate at v g%, beyond which
the Wigner crystal is calculated to have a lower ground-state energy (Lam and Girvin
1984, Levesque et al. 1984).
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4.1.2. Fractional quasiparticle statistics

According to the Laughlin model, the quasiparticles, in addition to possessing
fractional charge, also obey fractional statistics. The wavefunction at v = 1/q changes
by a complex phase factor exp (ivr), upon the adiabatic exchange of two quasiparti-
cles. The quasiparticles can also be described by wavefunctions obeying Bose or Fermi
statistics (Haldane and Rezayi 1985, Wilczek 1982, Wilczek and Zee 1983).

4.1.3. The hierarchical model

The observations of the FQHE at v = p/q were theoretically interpreted in terms
of a hierarchy of condensed ground states (Haldane 1983, Halperin 1984, Laughlin
1984). At each level of the hierarchy, the new ground states result from the condensa-
tion of a quasiparticle gas from the preceding level. For example, at v = 3, the ground
state originates from the condensation of a gas of electrons As the magnetlc field
is decreased from v = 3, quasielectrons of Charge fge are formed. At v =% 2 this gas
of quasielectrons condenses to form the new g gTound state. As the magnetic field
continues to decrease, ée quasielectrons form, until they condense to form a new
incompressible liquid ground state at v = 3 The hierarchy continues in such a manner.
If the magnetic field is increased from v = %, quasiholes of charge +z L e are formed. At
v=7% 2 this gas of quasiholes condenses to form the new ground state and so on. The
hierarchy of fractions can be found by using the expression (Haldane 1983)

T, +a2/[F2 +1a3/(F3 + )]’ (4.5)

1 (0%
vo=q+

where q is the odd integer, I’ = 0 is an even integer, and o, = +£1.

The hierarchical picture implies that no ‘daughter’ state can exist unless its ‘par-
ent’ state exists, in accordance with experimental observations. Also, if the quasipar-
ticles in the FQHE can be approximated as point charges, the energy gaps would be

expected to scale as
N
u h

o q B, (4.6)

q = *
el, €

where q is given by v = p/q. Therefore, a determination of the energy gap, A for qua-
siparticle pair production, for instance at v = % would establish the magnitude of the
entire spectrum of energy gaps in the FQHE.

4.1.4. Concept of composite fermions; the Jain model

In contrast with the ‘fundamental’ fractions 1/q (¢ = 3, 5, ...) in the FQHE which
are described very well by the Laughlin many-particle wavefunction, the origin
of higher-order FQHE states at v = p/q is much less clear and still remains the
subject of controversy. We shall recall that in the standard hierarchical scheme
proposed by Haldane (1983) (see also Halperin (1984), Kallin and Halperin (1984)
and Laughlin (1984)), the daughter state at each step results from the FQHE of
quasiparticles of the parent states (low-order states) which, at rational filling
factors, condense into Laughlin fluids of quasiparticles. The validity of this non-
interacting picture is not evident and was questioned by Jain (1989), since the re-
quired density of the quasiparticles becomes exceedingly large as one moves down
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the hierarchy family. This is especially the case for the experimentally dominating
sequences of the FQHE states at v = p/(2p + 1) (%, %, %, ..)and at v =p/2p —1)(
%, %, ‘—7‘, ...), which converge towards the simplest of even denominator fractions at
v= % Instead, Jain suggested a new possible phenomenological approach for un-
derstanding the FQHE states. According to the Jain model the FQHE can be physi-
cally understood as being a manifestation of the IQHE for composite fermionic
objects. These composite particles consist of electrons to which an even number
of flux quanta have been attached as a result of the electron-electron interac-
tion. It is well known that the statistics of the composite particles are in general
fractional and are such that the exchange of two composite particles produces a
phase factor (—1)"** (Wilczek 1982). In the case considered, « is equal to an even
integer (o = 2m), and the composite particles are fermions. The stable fractions
obtained in this model are p/(2mp + 1) and, owing to electron-hole symmetry,
1—p/2mp +1). This implies possible stability at fractions n +p/(2mp +1) and
n+1—p/(2mp 4 1) in the nth Landau level. Therefore, the Jain model covers all odd
denominator fractions and provides an attractive alternative to the hierarchical
scheme. The considered analogy between the IQHE and FQHE suggests a natural
generalization of Laughlin states.

Following the idea of Jain, Halperin et al. (1993) have recently developed a theory
for the state at a filling factor v = % According to this theory, the system of composite
particles at » = 1 behaves like a system of fermions in the absence of a magnetic field,
with a well defined Fermi surface at wave-vector k, =1/1. The first magnetotransport
observations of Jiang et al. (1989) and recent surface acoustic wave experiments by
Willett et al. (1990) have demonstrated the striking anomalies at v = % The results of
recent magnetotransport investigations of experimental gap energies of the sequence
of high-order FQHE states around the filling factor v = % were found to be remarkably
consistent with the concept of novel composite fermions (Du et al. 1993). Neverthe-
less, unexpected behaviour of the physical properties at v = % still remains extremely
puzzling.

4.1.5. Coulomb gap; quasiparticle pair production energy in the fractional
quantum Hall effect

The energy gap in the FQHE is given by A = Ce?/cl, where C is the constant of
proportionality to be determined. Within the framework of the Laughlin theory, many
calculations of the most prominent energy gap at v = % have been carried out. From
hypernetted-chain calculations, Laughlin (1984) determined that C = 0.056 and
Chakraborty (1985) found that C = 0.053. Calculations by Haldane and Rezayi (1985)
on systems of finite numbers of electrons yield C = 0.105 under the extrapolation of
data to the N — oo limit. A single-mode approximation, used by Girvin et al. (1985),
in direct analogy with the Feynman theory of superfluid “He, yields C = 0.106. To
our knowledge the best estimate to date of the quasiparticle pair production energy
results from Monte Carlo calculations carried out by Morf and Halperin (1986), which
give C = 0.099+0.009. With corrections for the nonzero thickness of the electron
wavefunction and for Landau level mixing, the results of such calculations compare
well with experimental data from high-quality 2D electron systems (Willett et al.
1988a, b).
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4.1.6. The dispersion relation of the excitations

The quasiparticle pair creation energies, discussed above, correspond to the cre-
ation of an infinitely separated quasielectron and quasihole pair. Laughlin (1983)
considered the existence of excitons formed from the quasiparticles and found that
the interparticle distance is proportional to the wave-vector of the centre of mass
motion. The resulting dispersion relation reveals a decrease in the energy gap above
the ground state at small wave-vectors, corresponding to the exciton states of the
quasiparticle pair. The approximation used is not valid as kI, — 0.

Two independent calculations yield a dispersion relation in which the minimum
of the energy of excitations occurs at finite wave-vector, kI, ~ 1.4. Girvin et al. (1985)
used a single-mode approximation, analogous to the Feynman theory for the excita-
tion spectrum of superfluid *He. Within this approximation, the dynamical structure
factor is assumed to consist of a single-frequency mode. This approximation is ac-
curate at long wavelengths when any higher energy continuum mode can be ignored.
On the other hand, Haldane and Rezayi (1985) have studied systems of finite numbers
of electrons on a sphere and have found a consistency among the results for four to
eight electrons. The dispersion relation for small wave-vectors, is presented in figure
27, showing the agreement between these two calculations. The energy gap at infi-
nite quasiparticle separation, as estimated from the Monte Carlo calculations, is also
indicated in the figure. It should be emphasized that the ‘magnetoroton minimum’
is seen to be a precursor to the closing of the gap associated with the onset of the
Wigner crystal at v < %
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Figure 27. Dispersion of quasiparticle excitations in the FQHE regime. (From Girvin et al. (1985)).

4.1.7. Spin-dependent properties of the fractional quantum Hall effect; spin-
reversed ground state
For the higher-order filling fractions observed in experiments, the role of re-
versed spins in the ground state and spin-flip processes for single-particle excita-
tions becomes significant. We should recall that Halperin (1983) proposed unpolar-
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ized FQHE states at various odd-denominator filling fractions. The small g factor in
GaAs prompted Halperin to predict that, when the magnetic field is not too large,
such a state might be energetically preferential. Subsequent calculations revealed
that, in the absence of the Zeeman energy, this state has indeed the lowest energy
(Chakraborty and Pietildinen 1988a, Haldane and Rezayi 1988, MacDonald et al. 1989).
It was also found that, even for a fully spin-aligned ground state, one can obtain
spin-reversed quasi-single-particle excitations (Chakraborty and Pietildinen 1988a,
b), which might manifest themselves in the linear behaviour of the activation energy
observed in the experiment with the tilted magnetic field (Eisenstein 1990) (this is
just because the Zeeman energy varies linearly with the magnetic field B, while the
Coulomb energy varies as B"2).

One should recall that the activation energy A measured with the use of mag-
netotransport for a perpendicular magnetic field in the FQHE contains Coulomb, ex-
change and Zeeman contributions as well as some effect of the disorder usually pres-
ent in the sample. Because of this it is not so simple to interpret its magnitude. On
the other hand, the use of the tilted-field method allows the Zeeman contribution to
be isolated. This is because the correlation energies and the effect of disorder depend,
to the first approximation at least, on the perpendicular component of the magnetic
field B alone and this is held fixed in an experiment when B is tilted. The spin or Zee-
man energy, by contrast, depends on the total magnetic field B, , = B, /(cos 6) (f is the
angle between the magnetic field and the normal to the interface).

The formation of spin-reversed pairs of electrons, while energetically expensive,
would obviously alter the effect of exchange antisymmetry and provides a plausible
route to even-denominator quantization. Haldane and Rezayi (1988) constructed an
explicit spin-singlet wavefunction which displayed the FQHE at % filling. They fur-
ther argued that their wavefunction would be favoured in the second Landau level
and thereby account for the observation of the FQHE v = 2 + % = % and its appar-
ent absence (Haldane and Rezayi 1985) at v = % or% in the lowest Landau level. The
tilted-field studies of Eisenstein et al. (1988, 1989) showed a rapid collapse of the %
FQHE state as the angle between the normal to the 2D plane and B was increased.
The observed behaviour of A was well described in the form A = A (B) — gu,B,,,
A simple model for the energy gap above an unpolarized ground state contains spin
fé quasielectron and quasihole states each of which are Zeeman split. Since the pri-
mary effect of such tilting is an enhancement of the spin Zeeman energy, while the
Coulomb energy stays fixed, this result is accepted as evidence that the ground state
at v = % contains a large number of reversed spins, in agreement with the theory
(Haldane and Rezayi 1988).

In another experiment (Eisenstein et al. 1989, 1990b), a sharp change in the de-
pendence of the activation energy on tilt angle was observed for v = % (electron-hole
symmetric to v = %). This is described as being due to a transition from a spin-unpo-
larized ground state at small angles to a polarized state at larger angles. The linear
behaviour of the activation energy at the two ground states was identified with the
Zeeman energy, which appear because of the presence of spin-reversed quasielectrons
and quasiholes.

Recently a new view on the spin-polarized 2DEG at v =1 has been presented (Fer-
tig et al. 1994). This work has demonstrated that the lowest energy charged excita-

127



L. V. Kukushkin and V. B. Timofeev

tions at v =1 are chiral solitons, which are known as skyrmions. Various charged spin
textures corresponding to crystallized skyrmions are predicted. These new theoretical
ideas still call for experimental verification.

4.1.8. Fractional charge of quasiparticle excitations

A most remarkable feature of the Laughlin theory is the notion that quasiparticle
and quasihole excitations of the FQHE states are fractionally charged objects. Several
experiments have attempted to verify this (Clark et al. 1988, Simmons et al. 1989). One
of them (Simmons et al. 1989) is based on the Aharonov-Bohm effect that quantum-
mechanical objects, carrying charge e’, traversing a loop area A in a magnetic induc-
tion B, will gain a phase factor with a phase angle 6 = (e’/hB-A) = 27 ®(h/e"). In the
experiment carried out by Simmons et al. (1989) a quasiperiodic noise structure in
p,, and Py for B adjacent to the quantized Hall plateaux in narrow samples of high-
mobility 2D electrons in a GaAs/Al Ga,  As SH was found. Their data show that, while
the period is about 150 G for structures adjacent to all the IQHE plateaux (for v = 1
and v = 2), an approximately three times larger period (about 500 G) is observed for
structures adjacent to the v = % FQHE plateau. They attribute the noise structure to
resonant tunnelling via states magnetically bound to some submicron size potential
hills or valleys, and the periodicity of the structure to a manifestation of the phase
change in the Aharonov-Bohm effect. The striking difference of a factor of three in
the observed periodicity is an indication that the charge carried by a quasiparticle of
the v = § FQHE state is e'= e/3.

4.2. Magneto-optical observation
of the fractional quantum Hall effect regime

An incompressible quantum liquid is characterized by an energy gap separating
the ground state from the excitation spectrum. Experimental measurements of these
energy gaps provide a rigorous test of the existing theories. The usual method for
experimental determination of the FQHE gaps is activated magnetotransport mea-
surements (Tsui et al. 1982, Willett et al. 1988a, b, Jiang et al. 1989). However, in the
extreme quantum limit v < 1, these measurements become very difficult owing to
strong localization at low temperatures and high magnetic fields. Therefore alterna-
tive methods are required to correlate values derived for the energy gaps. One of the
most attractive of these alternative methods is the magneto-optical method.

Optical measurements in the FQHE regime were first undertaken on Si MOSFETSs
(Kukushkin and Timofeev 1986) and then in GaAs/Al Ga, As QWs (Heitman et al.
1988). Although in the Si MOSFETSs the measurements allowed determination of the
quasiparticle gaps, this has so far not been achieved in a GaAs structure. Here the first
optical observation of the FQHE states at v = 2,1,%,%,%,¢ L and$ in GaAs/Al Ga, As
SHs are discussed (Buhmann et al. 1990).

The radiative transition studied was that due to a 2D electron recombining with
a hole bound to a neutral acceptor (line B) from a Be monolayer located in the GaAs
(buffer width, 50—100 nm) at a distance of 25 nm from the interface of a series of
GaAs/Al Ga, As (x=0.28—0.32) SH (mobility x ~ 10°cm*V~'s~! under continuous il-
lumination). It was possible to change the concentration n_by changing the excitation
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power and for samples 1 and 2 the variation was (1.9—2.5) x 10'' and (0.54—1.2) x 10!
cm~?respectively. The high quality of the samples used was confirmed by the observa-
tion of FQHE states at v = p/q (with g = 3, 5) in magnetotransport measured both in
the dark and under continuous illumination.

In figure 28, luminescence spectra are shown for two samples at various mag-
netic fields. The whole 2D energy spectrum below the Fermi energy, as observed at
zero field, splits in transverse low magnetic fields into Landau levels (figure 28 (a)).
From the relative intensities of the different Landau levels and their dependence on
magnetic field, one is able to evaluate n_ to an accuracy better than 2%. In the higher-
quality sample (sample 2), the luminescence linewidth at low fields is approximately
half that of sample 1; its high-field behaviour is shown in figure 28 (c). We shall fur-
ther consider the shape of the luminescence line measured at high fields from sample
2 below. Shubnikov-de Haas oscillations measured in sample 2 with a Hall-bar geom-
etry are also shown in figure 28 (b). They were taken under continuous illumination;
hence the background of strong positive magnetoresistance is due to parallel bulk
photoconductivity. The high quality of this sample is confirmed here by the observa-
tion of a minimum at v = % at the rather high temperature of 1.5 K and the rather low
magnetic induction of 7 T.
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Figure 28. The luminescence spectra measured (a) at 0.5 Kin sample 1 and (c) at 0.4 K in sample 2 at
various magnetic fields. (b) The Shubnikov-de Haas magnetotransport oscillations, measured at 1.5 K
in sample 2 under continuous illumination.

The plot of the peak energies as a function of magnetic field (figure 29 (a)) ap-
pears linear above v = 2. However, below that, distinct discontinuities are apparent
in the magnetic field dependence of the luminescence line position. The largest oc-
curs between v = 2 and v = 1, which is the result of enhancement of the electronic
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spin splitting (the so-called g-factor enhancement discussed before). It can be seen
from this figure that, as the magnetic field is further increased, additional abrupt
changes in the spectral position of the line are observed at low temperatures in the
vicinity of v = £, 2,3, 2, and . The sizes of these steps are small compared with the
cyclotron energy (which mainly determines the dependence of the spectral position
on H). Therefore, in figure 29 (b) the same data but this time as the energy shift AE
from the line drawn through the low-field data are replotted. Here the discontinui-
tiesat v =%,%,2,£ ¢ and 1 can be seen much more clearly. Note that in the vicinity
of v = p/q a small (about 10%) broadening of the luminescence line was observed. In
this sample, on raising the temperature to 5 K all the discontinuities associated with
odd-denominator v disappear except that due to v = %, which is severely weakened
at 5 K and disappears completely at higher temperatures. The general dependence of
AE on H in figure 29 (b) which becomes less negative with rising temperature is due
to magnetic-field-induced localization and can be used as a measure of the amount
of disorder in a sample (instead of ).
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Figure 29. (a) The dependence of the luminescence peak position on magnetic field measured at 0.5 K
for sample 1. (b) AE(H) measured for different temperatures.

From a series of samples and a range of concentration anomalies in the energy
positionat v =2,1 % 3 2 1 1 and{ have been detected as depicted in figure 30 (a).
It is important to stress that these results were absolutely reproducible, even after
thermal cycling. The observation of structure due to such low filling factors has so far

proved elusive in magnetotransport experiments. This has been due to large increases
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in background resistivity for v < % caused by magnetic-field-induced localization due
to disorder (Willett et al. 1988a, b). A magneto-optical measurement, which acts as a
local probe, is less sensitive than a macroscopic probe, such as a magnetotransport
measurement, to this localization. In figure 30 (b) the dependences of AE on H mea-
sured at three different temperatures in sample 2 are compared. At 0.4 K discontinui-
tiesatall v = 1/q down to % were observed but there was almost no change in position
at v = ﬁ By 1.2 K the steps in AE(H) at v = % and é have disappeared while those
associated with fractions with larger gaps remain. It is important to note that the
actual position of the line corresponding to the data points for 1.2 K (broken curve in
figure 30 (b)) cuts through the centre of the steps observed at 0.4 K. At 6 K the slope
of the data at high fields does not differ from that at low fields. This indicates that the
degree of localization in sample 2 is much less than in sample 1.
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Figure 30. (a) AE(H) measured for samples 1 and 2 at different concentrations: curve (i),
0.59 x 10" cm~?; curve (ii), 0.7 x 10! cm~?; curve (iii), 0.54 x 10'! cm~2. (b) AE(H) measured for sample
2 at different temperatures: (— — -), actual position of the data measured at 1.2 K relative to that at
0.4 K.
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Now we discuss the interpretation of these expermental observations. It has been
previously proposed (Kukushkin and Timofeev 1986) that the spectral position of the
luminescence line reflects the energy difference between initial and final states and
that these states for Nand N — 1 electrons are both the ground states of the Laughlin
liquid. In the framework of this assumption a discontinuity of the spectral position of
luminescence line is directly connected with a discontinuity of the chemical potential
of interacting electrons. Therefore, the magnitude of Coulomb gap A corresponding
to the given fractional filling factor v could be found with the use of experimentally
measured spectral discontinuity and equation (4.4). This approach assumes that a
system of interacting 2D electrons adiabatically follows the radiative recombination
process. Further, one should recall that an impurity centre in the considered case
becomes charged in the final state (after recombination). This means that Coulomb
interactions between 2D electrons and a charged acceptor should play a role and
should modify the final state of interacting electrons. Therefore at least two ques-
tions arise: how is this modification reflected in luminescence spectra and how does
it depend on the electron-hole spatial separation? The answers to these questions
are presented in the next section 4.3.

4.3. Theoretical interpretation of the luminescence experiments

Recently a more detailed theoretical analysis of the above described experiments
has been developed by Apal’kov and Rashba (1991a) and Rashba (1993). The main result
of this work is that the dependence of the first moment w of the luminescence line (the
centre of gravity of the line) on the filling factor v directly reflects the behaviour of the
mean ground-state energy of the interacting 2D electrons, if electrons and holes bound
at acceptor centres are spatially separated. It was shown that the singularity in the
spectral position of the luminescence line against filling factor v is of down-cusp type,
that is, of the same type as the singularity in the ground-state energy of interacting 2D
electrons in the FQHE regime. The gaps for creation of charged elementary excitations
may be found from the cusp strengths (from the derivatives dw/dv). The cusp strength
strongly depends on the distance between a neutral impurity (an acceptor in this case)
and the 2D electron layer. The cusp strength is zero in the case of coplanar electron-
hole systems, that is, when an impurity centre resides in the 2D electron plane. Thus
the formation of incompressible quantum liquids manifests itself in the optical spectra
only when an inherent electron-hole symmetry of the system is broken.

The theoretical model used is as follows (Apal’kov and Rashba 1991a). In the ini-
tial state, the 2D electron density is homogeneous and an impurity centre (acceptor) is
neutral. The distance d of the acceptor centre from the 2D layer is considerably larger
than the acceptor centre radius. Therefore, in the initial state, the interaction of the
2D electrons with the neutral acceptor centre is ignored. The potential of the impurity
centre in the final state is a Coulomb potential. At T = 0 the system of 2D electrons
is in the ground level i and, if this level is degenerate, all states belonging to it are
assumed to be equally populated. The magnetic field is strong enough (w,_ > e¥/cl,)
that Landau level mixing can be ignored. All numerical calculations were performed
in the spherical geometry (Haldane 1983). Therefore all equations were written for a
homogeneous system with a finite number of particles.
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The normalized first moment of the luminescence spectrum determines the posi-
tion of its centre of gravity. Summation over all final states results in the following
expression for w:

G=E — <Hf ) (4.7)

where E. is the energy of the intial state, that is, of the ground state of N interacting
2D electrons in the absence of any external potential. H, is the Hamiltonian of the final
state, that is, the Hamiltonian of N — 1 interacting electrons, r, ... 1, _,, subjected to a
repulsive Coulomb potential of an acceptor centre residing at the point r, (recall that
the acceptor centre becomes negatively charged after recombination). The symbol
<...>av stands for averaging over the wavefunctions ¥ (r, ... r,) of all the states o that
belong to the level number i (provided that the condition r, = r is satisfied). The
reference point is chosen in such a way that w includes only the Coulomb interac-
tion energy. An exact transformation of equation (4.7), which includes averaging over
r,, permits one to express w in terms of the electron pair correlation function g (r)
(Apal’kov and Rashba 1991a):

hio = f[V(|r0 - r|) - V(|r1 - r0|)]gv (|r0 - r|>dr = % - fV(|r1 - r|)gu (|r0 - r|)dr. (4.8)

where E, is the energy of the initial level, and V(r) is the electron-electron interaction
potential. The integration is performed over a 2D layer.

For a short-range potential V(r), the last term in equation (4.8) can be omitted
if the space separation d = |r, — r,| between the 2D electron layer and the acceptors
exceeds the potential radius. Therefore, for any value of the filling factor v = p/q at
which an incompressible quantum liquid is formed, the function w(r) must show sin-
gularities of the same type (down cusps) as the ground-state energy E(v) (Halperin
1983). The gap for the creation of quasiparticle-quasihole pairs is directly connected
to the cusp strength, that is, to the discontinuity §(dw/dv) in the first derivative of
w(v). Taking into account that the chemical potential ;» = 6E, /6N and that j(v) is a
discontinuous function of v at v = p/q (Halperin 1983), one can easily find from equa-
tion (4.8)

v

q:E

bw
§ g} (4.9)

The real situation is more complicated owing to the long-range Coulomb potential
of the acceptor centre, which becomes negatively charged in the final state. Since the
singularity of E(v) originates from that of the electron pair correlation function g (r)
(Yoshioka 1984), the last term in equation (4.8) must show a singularity of the same
type. Therefore, a cusp persists, but the cusp strength strongly depends on the elec-
tron-hole space separation d. It is seen from the first line of equation (4.8), that both
terms on the right-hand side cancel when d — 0. The cancellation of cusp strength in
the d — 0 limit resembles the cancellation of electronic correlations in the spectra for
the coplanar electron—hole systems. The distance d plays the role of an asymmetry
parameter of the electron-hole system. For intermediate values of d, the extrinsic
contribution to the cusp strength may have considerable magnitude but is less than
the intrinsic contribution. The general expression for the cusp strength is
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6[6&)

6g (|1‘0 — l‘|) dr

_298 _ _
oy fV(|r1 l‘|>(5 Sv

(4.10)

v

The function é(dw/dv) shows d* behaviour in the limit d/I, < 1, and d—* behaviour in
the limit d/I, > 1.

The analytical relationship found between the cusp strength and corresponding
Coulomb gap and the behaviour of this relationship as a function of electron-hole
spatial separation may be used for the experimental verification of the main predic-
tion of the theory of Apal’kov and Rashba and for experimental determinations of
FQHE Coulomb gaps by means of the magneto-optical technique.

4.4. Magneto-optical determination of the fractional quantum Hall effect
energy gaps

The radiative recombination of 2D electrons with holes bound to the acceptors
(line-B) have been investigated to verify the conclusions of the theory discussed
above (Kukushkin et al. 1992a, b, ¢). In some samples it was also possible to study the
recombination of the 2D electrons with free holes (line-E). Therefore, under the same
experimental conditions, both channels of recombination have been investigated;
this is essential to analyse the difference in experimental and theoretical results ob-
tained for these two cases. In figures 31 (a) and (b) the dependence of the spectral
position of lines B and E on magnetic field is shown. It is seen from this figure that,
at low fields, both lines split into Landau levels, and that, down to v = 2, the fan dia-
grams are linear. At higher magnetic fields (v < 2), when only one Landau level is oc-
cupied, a single line is observed for both the B and E components in the luminescence
spectrum. To analyse the data in this regime, the zero moment M,, first moment M,,
second moment M, and third moment M, of the line have been calculated:

M, = [1(E)dE, MI:ML [1(E)EdE,
0
1 2 1 3
Mi=—[I(E)E-M,)dE, Mi=—— [I(E)(E-M,)dE, (4.11
1o 1B B ) = g JTEE- M) e, o

where I(E) is the spectral distribution of the intensity of the luminescence line. It was
possible to take all data at fixed magnetic field with a computer and to perform this
integration numerically, giving a high degree of accuracy. The values M, M,, M, and
M, define the integral intensity, the centre of mass, the linewidth and the coefficient
of asymmetry of the line respectively. To estimate the accuracy of these values, the
same spectrum has been recorded several times, and the numbers M,, derived from
the repeated spectra compared. The accuracy of the most important value M, was
better than 0.01 meV.

In figure 31 (c) the dependence of M, on magnetic field for both channels of re-
combination is shown. In this figure, the data of figures 31 (a) and (b) are replotted,
as the energy shift (AE on figure 31 (b)) from the line drawn through the low-field
(v > 2) points. This allows the dependence of the spectral position on magnetic field
to be seen more clearly. In the vicinity of v :%, % and %, the spectral position of the
line B exhibits very well defined features, but no visible features are observed for line
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E. The difference between lines B and E could be associated with the fact that, for the
recombination of 2D electrons with holes bound to acceptors, the acceptor centre is
neutral in its initial state and located far away from the interface. This means that,
at least in the initial state, the system of electrons should be in the Laughlin state.
On the contrary, for the recombination with free holes, the strong Coulomb field of
the hole destroys the Laughlin state of 2D electrons in the vicinity of the hole and so
neither initial nor final states correspond to the Laughlin fluid.
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Figure 31. The magnetic field dependence of the spectral position of (a) luminescence line E and
(b) luminescence line B and (c) of their relative positions AE. For v < 2 the points correspond to the
position of centre of mass of the line (the first moment M).

One can interpret observation of a discontinuity behaviour of the spectral posi-
tion of luminescence line as the presence of two cusps (one ‘up’ and one ‘down’)
close to each other. It is an important point to verify that the minimum in p_and
hence the FQHE state coincides with the ‘cusp-down’ feature. In figure 32 (a), M, and
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Shubnikov-de Haas oscillations are compared for the high-quality sample. Although
the minima and maxima in p_ are rather narrow and the parallel conduction gives a
strong background, it can be seen that the p_minima correspond more closely with
the ‘cusp-down’ feature in M,. This becomes much clearer in a sample with a lower
mobility (u = 1.8 x 10° cm? V-'s~!) which demonstrates only two broad minima at
v= % and % Figure 32 (b) compares the dependences of all four moments M, M, M,
and M, on H with the minimum and maximum in p_ around v = A very rehable
correspondence between the minimum of p_ and the ‘cusp down’ was found in the
dependence of M, on H, demonstrating that M, does indeed reflect the mean energy
of 2D electrons rather than the chemical potential. It is also seen that the ‘cusp-up’
feature lies very close to the maximum in p_. The dependences found for the other
three moments M, M, and M, on magnetic field in the vicinity of v = £ are also shown
in figure 32.
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Figure 32. (a) The correspondence between Shubnikov-de Haas oscillations and the dependence of
M, on Hmeasured for different fractions (a.u., arbitrary unlts) (b) Behaviour of the spectral moments
M , M, M, and M of the luminescence in the vicinity of v = Lfora sample with a lower mobility (a.u.,
arbitrary units).

According to the theoretical results (Apal’kov and Rashba 1991a), the downward
cusp in the mean energy leads to a discontinuity in the derivative dM,/dH which at

fractional v = p/q is given by
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M
S|l —L
[dH

_2aa_ ¢

G (4.12)

where A is the FQHE gap and C is a constant depending on the ratio z,/I; (z, is the
distance from the acceptor to the interface and [, is the magnetic length). Cis equal to
zero for an infinite value of z /I . In figure 33 the dependence of M, and the numerical-
ly obtained derivative dM, /dH on magnetic field measured for two samples are shown.
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Figure 33. The dependence of relative spectral position AE of luminescence line and the derivative
dM, /dH on the magnetic field, measured for two samples (a.u., arbitrary units).

There are discontinuities in dM, /dH at v = £ 2 1andZ for one sample and at v = 2,4,
1,1 and + for the other. From the values of discontinuities of dM,/dH, the FQHE gaps
were determined for different filling factors and their dependence on magnetic field
which are plotted in figure 34. In this figure, the FQHE gaps are shown separately for
filling factors v = p/3, p/5, p/7 and %. The open circles are the values of A deduced
directly from the discontinuity of slope of M, and the open crosses are the values of
A corrected for the acceptor centre located at a finite distance from the interface (the
correction coefficient C is taken from the work of Apal’kov and Rashba (1991a)). The
full crosses correspond to the samples with the highest mobility and the oversized
symbols correspond to the new analysis of the previously published data (Boebinger
et al. 1987). To compare the experimental values of the energy gaps with theoretical

137



L. V. Kukushkin and V. B. Timofeev

calculations (Morf and Halperin 1986), the theoretical dependence of A on His plotted
as a solid curve. The broken curve has the same field dependence but is scaled down
to fit to the full crosses. The reduction in the energy gap could easily be explained
by the finite channel width and by Landau level mixing (Zhang and Das Sarma 1986).
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values corrected owing to the finite distance of the acceptor from the interface; (d), corrected values
obtained for the highest-mobility samples; ((J), maximal gap values taken from magnetotransport
measurements (Mallett et al. 1988, Willett et al. 1988a, b); ( ), theoretical predictions (Su 1985,
Fano et al. 1986, Morf and Halperin 1986); (- — -), drawn to be in agreement with full crosses.

For comparison, in figure 34 the energy gaps derived from magnetotransport are in-
cluded (only the highest values published by Mallett et al. 1988 and Willett et al.
(1988b) are presented). However, these values show good agreement only for samples
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with the highest mobility and in strong magnetic fields (B > 10 T). At low magnetic
fields and for all fractions with small gaps (such as % and %), the transport data are
three to five times smaller than the magneto-optical values. In our opinion, the rea-
son for this discrepancy is that the activated magnetotransport method measures the
gap between mobility edges and cannot be applied to the case where the energy gap
becomes comparable with Landau level broadening. This conclusion has been verified
for the cyclotron energy gap at filling factor v = 4 at B = 0.5T (hw, = 10 K) and it was
found that, even for very high mobilities, the activation gap is ihwc.

Therefore, we verify the recent theoretical prediction that the spectral position of
the line reflects the mean energy of the electrons and find downward cusps at frac-
tional filling factors. From the strength of these cusps we derived values for the FQHE
gaps and their dependence on the magnetic field.

4.5. Influence of the electron—hole spatial separation
on the magnetoluminescence measurements of the fractional quantum
Hall effect energy gap

The sensitivity of the magnetoluminescence to the FQHE has been demonstrated
in different experiments. However, it was established both theoretically and experi-
mentally that the contribution from the electron-electron interaction to the spectral
position of the luminescence line strongly depends on the spatial separation between
2D electrons and photoexcited holes, participating in the recombination process. In
the case of so-called symmetrical electron—hole systems, in which electrons and
holes are coplanar and located in the same 2D plane, the contribution from the elec-
tron—electron interaction is equal to zero. That is why in narrow QWs no influence of
the FQHE was observed on the spectral position of the luminescence line. However,
for symmetrical electron-hole systems, oscillations in the intensity associated with
FQHE could be seen owing to the screening effects. On the contrary, as was explic-
itly demonstrated theoretically, for a strongly asymmetrical electron-hole system,
in which 2D electrons and holes are separated by infinite distance (in comparision
with the magnetic length), the spectral position of the luminescence line reflects the
behaviour of the mean energy of the interacting electrons. According to the Laughlin
theory, there is a cusp down in the dependence of the mean energy of the electrons
corresponding to the fractional value of the filling factor. Therefore, in the case of an
infinitely asymmetrical electron-hole system, the magnetic field dependence of the
spectral position of the luminescence line would exhibit a cusp down at the fractional
filling factor. The strength of this cusp is a measure of the FQHE energy gap. Such be-
haviour was experimentally established and was used for the magneto-optical study
of the FQHE. However, in reality we deal with a finite distance between 2D electrons
and holes participating in recombination, and corrections to the ideal formula ap-
pear because of the finite electron—hole separation. Numerical estimation of these
corrections was carried out by Apal’kov and Rashba (1991a). Note that a measure of
the asymmetry of the electron-hole system could be the value of the recombination
time. For symmetrical case the recombination time would be the shortest and close to
the recombination time of a free exciton (about 1 ns). In the case of a strongly asym-
metrical electron-hole system, in which the layers of 2D electrons and photoexcited
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holes are separated by a large distance d, the recombination time would be very long
and exponentially increasing with d.

In this section we present the experimental studies of the specially designed GaAs/
Al Ga, As SHs with two monolayers of acceptors located at different distances from
the interface (Kukushkin et al. 1994b). Using the time-resolved technique we were
able to study radiative recombination of 2D electrons separately with holes from
these two monolayers by changing the time delay value. Comparison of the energy
gaps derived from these two recombination channels under the same experimental
conditions allows us to measure the corrections to the FQHE gaps associated with
finite electron—hole spatial separation.
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Figure 35. Kinetics of luminescence measured at filling factor » = 1 for two different samples, in
which a monolayer of acceptors was separated from interface by the distances d of (a) 30 nm and (b)
50 nm (a.u., arbitrary units).

In figures 35 (a) and (b) we show the kinetics of luminescence measured at fill-
ing factor v = 1 for two different samples, in which a monolayer of acceptors was
separated from the interface by the distances d of 30 and 50 nm respectively. The
experimental conditions used in these measurements (magnetic field, photoexcita-
tion level, electron concentration, and temperature) were similar and the single dif-
ference in the studied structures was the difference in the distance between the ¢ layer
and the interface. One can see from these data that in all cases the time evolution
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of the integral luminescence signal is described by a single-exponential dependence
with recombination time, which strongly depends on the electron-hole separation.
This recombination time is about 260 ns for d = 30 nm, 1200 ns for d = 40 nm and
4600 ns for d =50 nm. The insets in figure 35 show that the decrease in luminescence
intensity with time delay is accompanied by a spectral shift of the line, which is also
defined by the similar kinetics process. This shift arises because the recombination
of 2D electrons with holes bound to acceptors results in band bending owing to the
charging of acceptors. The amplitude of the spectral shift is a measure of the concen-
tration of acceptors: AE ~ eN d. For all the samples the estimated value of N, was
close to the value expected from the growth procedure: N, ~ 3 x 10° cm~2.
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Figure 36. Kinetics of the integral luminescence signal measured in the structure with two monolay-
ers of acceptors located 30 and 50 nm from the interface (a.u., arbitrary units).

In figure 36 the kinetics of the integral luminescence signal measured in the struc-
ture with two monolayers of acceptors located at 30 and 50 nm from the interface are
shown. One can see from this figure that these kinetics consist of two parts. At small
time delays (At < 500 ns) the dependence is close to a single exponent with a recom-
bination time of about 250 ns (broken line 1 corresponds to 260 ns, as measured for a
similar sample with the single monolayer located at d = 30 nm). At At > 2000 ns the
kinetics could be described by a single recombination time close to 4600 ns (broken
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line 2). Such behaviour illustrates that at small At the main contribution to the lu-
minescence comes from the recombination of 2D electrons with holes bound to the
first acceptor monolayer (d = 30 nm), whereas at large At the recombination with
holes bound to the second layer (d = 50 nm) dominates. Similar behaviour was found
for another structure with two layers of acceptors grown at d = 30 and 40 nm. These
facts allow us to study separately the contributions of two different layers to the
luminescence by use of time-resolved measurements. The difference in the recombi-
nation time is accompanied also by a splitting in the luminescence spectrum which
is observable at intermediate time delays. In the inset of figure 36 the time evolution
of the spectral position of the luminescence lines visible in the spectra (v = 1) is pre-
sented. One can see that there are two lines in the spectra in the time interval 300 ns
< At < 1500 ns. The higher- and lower-energy lines are associated with the closer
(d, = 30 nm) and more remote (d, = 50 nm) acceptor layers correspondingly. This as-
signment is obvious from the different kinetics of these lines. The spectral splitting
between these two lines, measured at the same time delay, is due to the electric field
which exists between two acceptor layers. This electric field F results in band bending
AE =eF(d, — d,) and, as the consequence, in splitting in the luminescence spectrum.
Therefore, these optical measurements are a sensitive test of the electric field distri-
bution in the sample. The estimated value of the residual electric field at the distance
of 30 nm from the interface was about 500 V.cm.
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Figure 37. Influence of the electron-hole space separation on the magnetic field dependence of the
derivative dM,/dH, measured for two different concentrations of 2D electrons.
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The time evolution of the luminescence spectra, measured at H = 1 T is shown in
figure 36. The spectrum measured under continuous illumination is also presented in
this figure for comparison. One can see from this figure that for delays of 200 and 2000
ns a clean spectrum due to the recombination of 2D electrons with holes bound to
only one acceptor layer is visible, whereas at intermediate time delays (about 800 ns)
the spectrum is an overlap of different lines. Therefore, we measured the lumines-
cence spectra at the time delays At = 200 and 2000 ns, to investigate separately the
properties of the radiative recombination of 2D electrons with the holes bound to ac-
ceptor layers located at 30 and 50 nm respectively from the interface. In figure 37 (a)
we present the magnetic field dependence of the derivative dM,/dH, which reflects the
dependence of the chemical potential of the interacting 2D electrons (M, is the first
moment of the luminescence spectrum, which corresponds to the spectral position of
the gravity centre of the line). The amplitude of the observed discontinuity §(dM, /dH)
is a measure of the FQHE energy gap A for v = p/q and is expressed by equation (4.14)
below. C is a constant depending on the electron-hole spatial separation. In figure
37 (a) the amplitudes §(dM, /dH), measured for two different values of electron-hole
separations 30 and 50 nm are compared. The observed difference allows us to extract
the correction value associated with finite electron—hole separation. In figure 37 (b)
we show a similar comparison measured for a smaller magnetic field and one can see
that the correction term is very sensitive to the magnetic field; it strongly increases
with decrease in the field. Such behaviour is in agreement with the theoretical predic-
tion (Apal’kov and Rushba 1991a)

LY
I k[ ; ]

where A, is the FQHE gap, measured for electron-hole spatial separation d, [, is the
magnetic length and k is a numerical coefficient. The experimentally established val-
ue of k is about 17, which is almost half the theoretically predicted value.

A=A

q

' (4.13)

4.6. Thermal collapse of the fractional quantum
Hall effect energy gaps

The discovery of the IQHE and FQHE has yielded much interest in the properties
of a 2DEG in strong magnetic fields. Although most experimental manifestations of
both effects are very similar, physically different mechanisms are invoked to explain
each of them. In particular, the actual understanding of these phenomena implies
the existence of gaps in the energy spectrum of the 2DEG. This is, however, the sin-
gle-electron (cyclotron) gap which determines the appearance of the IQHE, whereas
many-body effects are responsible for the formation of the FQHE states (Prange and
Girvin 1990) which, within the concept of incompressible quantum liquid (Laughlin
1983), are characterized by quasiparticle energy gaps. One possible experimental dis-
tinction between these gaps is their temperature dependence, whose investigation is
reported here.

Since the thermally activated magnetotransport (Mallett et al. 1988, Willett et al.
1988a, b) is not the most appropriate method to answer this specific point, the opti-
cal investigation, which has been shown to be sensitive to both integer and fractional
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states (Kukushkin and Timofeev 1986, Buhmann et al. 1990, Goldberg et al. 1990a,
Turberfield et al. 1990), has been applied. In the previous sections we have already
discussed that the first moment M, of the electron-acceptor luminescence is related
to the mean energy of the 2DEG (Apal'kov and Rashba 1991a, MacDonald et al. 1992)
and shows singular behaviour at integer and fractional filling factors v. At these sin-
gularities the derivative of M, with respect to  has discontinuities which measure the
amplitude of gaps (Apal’kov and Rashba 1991a, Kukushkin et al. 1992b), providing the
opportunity to study these gaps as a function of temperature. Our results show that
gaps related to the electron- electron interaction undergo an abrupt thermal collapse
with increasing temperature. This behaviour contrasts with the smooth decrease in
the cyclotron gap signature observed at v = 2.
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Figure 38. Correspondence between features in (a) the Shubnikov-de Haas oscillations (a.u., arbitrary
units), (b) the first moment M, of the luminescence line and (c) the derivative dM,/dH. The positions
of integer and fractional filling factors v are indicated.

Figure 38 displays the Shubnikov-de Haas oscillations measured under illumina-
tion and the magnetic field dependence of M, for a sample with n. = 2.4 x 10" cm~2 at
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T = 100 mK. Clear cusps are observed in the M, Varlatlon aligned with Shubnikov-de
Haas minima at filling factors v =8, 6,4, 3, 2, 1 and . These cusps are more clearly
seen by plotting (figure 38 (c)) the derivative dM, /dH as a function of magnetic field;
discontinuities in dM,/dH occur at ﬁlhng factors v=2,4,6,8 and 10 (cyclotron gaps),
v=1,3and 5 (spin gaps) and v = 5, z 2and3 z (fractional gaps).

Following Apal'kov and Rashba (1991a), when the acceptor is located far away
from the 2D electron plane (z, > I, n; "% where [, is the magnetic length and n_is the
2D electron concentration), M|, the difference between the energies of the 1n1t1a1 and
final states of the recombination, can be written as

M1:E() +f(l/)hwc:ge’gh)+2€: (4.14)

where E, + f(v,hw,, &,,8,) is the single-particle energy of the electrons relative to the
holes, fbeing an appropriate function of the g factors of electrons (g,) and holes (g,)
which depends on the polarization conditions, ¢ is the contribution, per particle, of
interaction effects to the mean energy of the electrons. In the ideal case for v = p/q (q
odd), Apal’kov and Rashba have shown that a simple relation holds between the cusp
strength in M, and the FQHE energy gap A

A, = Ls|de|_ v sl dM, (4.15)
" q \dn, Zq dv

In general and mainly at low magnetic fields, the gap derived this way underestimates
the real value and corrections have to be applied (Apal’kov and Rashba 1991a).

In the IQHE regime, the mean energy of the electron is also determined by their
distribution among different Landau levels. In particular, cusps in M, occur at even
integer filling factors owing to the discontinuity in the chemical potential across the
cyclotron gap. In the ideal case of discrete Landau levels, without electron-electron
interaction, at T = 0 K, one finds that at even integer v
am, ]

v

A, =hw, =vd (4.16)

Equations (4.15) and (4.16) are very similar; the additional coefficient 2 in equation
(4.15) reflects the pair nature of the Coulomb interaction for interacting electrons.

At v = 2 and low temperatures, one can indeed verify that the discontinuity in
dM,/dH is very close to the value eh/m_deduced from the Landau level splitting in
the luminescence spectra. The deviation from this value for higher even-integer fill-
ing factors is associated with the disorder broadening of the Landau levels and the
relatively large magnetic field step used in that experiment. In figure 39 the tempera-
ture dependence of the cyclotron gap cusp at v = 2 is shown. As the temperature is
raised, the discontinuity step in dM, /dH continuously decreases and broadens. One
can still, at finite temperatures, measure a discontinuity step and through equation
(4.16) define a gap. In doing so, we, of course, neglect any correction effect for these
gaps. This can be justified for even values of v. The resultant effective energy gap
derived in this way is shown in the inset of figure 39 and displays a low-temperature
quadratic correction. This temperature evolution of the cusp is expected from the
Fermi-Dirac distribution function and can indeed be reproduced with a simple model
of the chemical potential around v = 2
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Figure 39. The temperature evolution of dM,/dH at T = 1.5 K (0), 5 K () and 10 K (>¢). The inset
shows the temperature dependence of the cyclotron gaps measured from cusp strength at v = 2 and
H=4T.
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Figure 40. The temperature evolution of the cusp strength dM,/dH at v = 1 for T = 6 K (), 5 K (),
4.2 K (0) and 1.5 K (0), emphasizing the rapid thermal collapse above T, ~ 4 K. The corresponding
temperature dependence of the spin gap is shown in the inset at v = 1 and H = 8 T: (- — -), guide to
the eye.

The derivative discontinuity at v = 1 reflects the spin-splitting energy gap. It is
clear from the data that the amplitude of this gap is not related to the bare g factor of
the electrons. We assign it to the enhanced spin splitting, known to be due to electron—
electron interaction (Ando and Uemura 1974). Following the preceding discussion,
the corresponding value of this gap is derived from equation (4.15) with g = 1. This
is a simplification which neglects the contribution of the single-electron gap to the
cusp (the g factor related to the gap is of the order of 10% of the measured value). It
has indeed been verified that, as a function of the magnetic field, the measured spin-
splitting energy follows the dependence of the Coulomb interaction A o €%/, oc H'?,
in agreement with previous experimental (Nicholas et al. 1988) and theoretical (Ando
and Uemura 1974) results. The temperature dependence of the spin gap cusp at v =1
is shown in figure 40. In contrast with the cyclotron gap cusp (figure 39), the spin gap
cusp shows little change up to T, ~ 4 K but then abruptly decreases. In addition, no sig-
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nificant broadening accompanies the vanishing of the cusp. The different temperature
behaviours of the cyclotron and spin gaps might be understood in terms of many-body
character of the spin gap. This gap is sensitive to the relative population of the spin
levels (Ando and Uemura 1974); upon raising the temperature, the population differ-
ence decreases and the spin splitting is reduced, this feedback effect producing a rapid
decrease in the gap amplitude at some critical temperature T.. However, this simple
self-consistent process can easily be modelled and does not produce a decrease in the
gap as abrupt as observed. The matrix element of the exchange interaction describing
the screening also has to decrease with increasing temperature in order to reproduce
the experimental results. This behaviour is reminiscent of a similar effect observed for
the enhanced intervalley splitting in Si MOSFETs which has been self-consistently cal-
culated (Rauh and Kiimmel 1980). The result of these calculations agrees qualitatively
with the measured spin gap temperature dependence shown in the inset of figure 40,
but the corresponding approach for the enhanced spin splitting remains to be done.
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Figure 41. The behaviour of the cusp strength dM, /dH at v = % for T=3 K (), 2.5 K (<), 1.5 K (O)
and 0.4 K (O).
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Figure 42. The temperature dependence of the energy gap for different fractional states measured
from the cusp strength in M,: (0), v = 2 (H = 15.1 T); (O), v =3 (H= 14 T); (A), v =% (H=12T);
©),v=4H=154T).
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We now turn to the temperature dependence of the fractional energy gaps. In fig-
ure 41,the cuspatv= % is shown for different temperatures. The strength of the cusps
is constant up to a critical temperature and then abruptly drops. Clearly, a mechanism
takes place similar to that observed for v = 1, that is involving a thermal-excitation-
induced reduction of the quasiparticle energy gaps. In figure 42, the temperature
dependence of various fractional energy gaps derived from their cusps strength is
displayed. Each fraction shows a characteristic temperature T, above which the gap
collapses. A similar critical behaviour was also observed for Si MOSFETs (Kukushkin
and Timofeev 1989) for v > 1 fractional gaps. For gaps originating from correlation
effects, one should expect a value of the gap strength A(T = 0) significantly higher
than the corresponding critical temperature T, at which it collapses. This is observed
for stronger fractions and spin gaps, but not for lower fractions. Although in the lat-
ter case the absolute value of A(T = 0) may be influenced by the application of the
oversimplified equation (4.15), we think that there is no simple empirical relation
between gaps and critical temperatures. This could be due to the different quasipar-
ticle excitation spectrum for each many-body state which can contain several gaps at
different momentum values (owing to the roton character of the spectrum) (Girvin et
al. 1985). It is probably important to include the whole quasiparticle dispersion, that
is a number of different gaps, in the discussing thermal collapse of the fractional and
spin states.

Therefore, it is shown that the magnetic field dependence of the first moment
provides a method to measure the cyclotron, enhanced spin and quasiparticle energy
gaps at the same time. This allows for a comparative analysis of the temperature
dependence of these gaps. Upon increasing the temperature an abrupt thermal col-
lapse is observed for those energy gaps which are associated with electron-electron
interaction.

4.7. The hierarchy of the fractional quantum Hall effect states studied by
time-resolved magnetoluminescence

The theory of the FQHE proposed by Laughlin deals only with a primary FQHE
state v = 1/q, whereas many more states v = p/q were observed in experiment. One
attempt to extend the theory of Laughlin is a hierarchical scheme proposed by Hal-
dane (1983) and Halperin (1984). In this approach a deviation of filling factor from
1/q results in the creation of excitations (quasielectrons or quasiholes) with fractional
charge, which obey fractional statistics. At certain filling factors these excitations
could also form a Laughlin-type state. To explain the observation of some fractions
(such as %) it is necessary to imagine several stages of quasiparticle condensation
(five more). A problem of the Haldane—Halperin approach is that it does not explain
why some rational filling factors are observed, whereas other fractions with fewer
stages of condensation are not. An alternative attempt to unify the Laughlin theo-
ry was proposed by Jain (1989) and Jain et al. (1990) who modified Laughlin wave-
functions and used Jastrow-Slater functions instead of pure Jastrow functions. This
wavefunction means the existence of some fraction of electrons in the higher Landau
levels; however, the excess in kinetic energy is compensated by a gain in Coulomb
energy. Similar to the Landau Fermi- liquid theory, Jain describes the FQHE in terms
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of non-interacting quasiparticles (which he calls composite fermions) with peculiar
properties (due to renormalization); the quasiparticle consists of an electron to which
an even number of flux quanta is attached. In this approach the FQHE could be de-
scribed as IQHE of composite fermions. The properties of composite fermions were
also studied by other workers (Laughlin 1988, Halperin et al. 1993). Halperin et al.
(1993) proposed that a well defined Fermi surface for composite fermions exists at
v= % and a linear dependence of the FQHE energy gap on magnetic field inside the
FQHE families ending at v = % is predicted.

Here we present the results of time-resolved magnetoluminescence used to study
the hierarchy of FQHE states. A striking symmetry in the dependence of chemical
potential discontinuity on filling factor was observed for different families of FQHE
states (Kukushkin et al. 1994c).
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Figure 43. Luminescence spectra (a.u., arbitrary units) measured for (aq) H=0Tand (b)) H=1T
under continuous illumination (CW) and with various time delays At after the excitation pulse
(n,=3.3x 10" cm % T = 50 mK).

Exact correspondence (Apal’kov and Rashba 1991a) between the spectral posi-
tion of the luminescence line and the mean energy of 2D electrons does exist for
the case when the acceptor is located at an infinite distance from the 2D channel.
However, in real situations we deal with finite distances and therefore it is important
that the corrections to this simple expression are sufficiently small. These corrections
are defined by the third power of the ratio I /d (d is the distance to the acceptor and [,
is the magnetic length), and therefore one has to have d ~ 40 nm to fulfil the theory
requirement for magnetic induction in the range 5-10 T. However, an increase in the
distance between 2D electrons and the acceptor monolayer results in an exponential
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increase in the recombination time (Dite et al. 1991a, b) and hence in an exponential
reduction in the intensity of the correspinding luminescence signal. In figure 43 (a)
we show the luminescence spectra measured under continuous illumination for a
structure with d = 40 nm (the recombination time measured for this structure was
1200 ns). A reduction in the intensity of radiative recombination of 2D electrons
results in the appearance of a bulk signal (donor-acceptor recombination) in the
continuous-wave (CW) luminescence spectra. This problem can be avoided in time-
resolved luminescence measurements. In figure 43 we show CW luminescence spectra
and time-resolved spectra measured after a finite time delay At after the excitation
pulse. One can see from this figure that there is no visible contribution from the
bulk signal (observed in the spectral region of 1489-1492 meV) in the time-resolved
spectra and that in this case in a magnetic induction of 1 T the resolution of Landau
levels strongly improves. Another remarkable feature of the time-resolved spectra
measured at zero magnetic field is the development of the luminescence signal
from the first excited subband of 2D electrons (sharp peak at around 1495 meV).
The presence of this signal is associated with a rather slow intersubband relaxation
process and the corresponding signal is visible up to 50 ns. However, even this rather
short time is sufficient to cool these non-equilibrium electrons and one could see
how this process is accompanied by narrowing of the corresponding luminescence
line. The width of this line after 30 ns delay was about 0.09 meV and this extremely
small linewidth means that the broadening of luminescence peaks due to the acceptor
distribution is negligible for both the excited and the ground subbands.
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Figure 44. Magnetic field dependence of the spectral position of (a) the first moment of the lumines-
cence line and (b) its first derivative measured for the time delay At = 500 ns after the excitation pulse.
In the inset the magnetic field dependence of the first moment is shown at an enhanced scale for
v < 2 after subtraction of linear term (peak power W= 10"*W cm % T = 50 mK; n, = 2.2 x 10! cm?).
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To analyse the dependence of the spectral position of the luminescence line as a
function of filling factor, the normalized first moment M, (centre of gravity) of the line
was numerically calculated (see equation (4.13)) (Kukushkin et al. 1992c). Note that an
important advantage of time-resolved measurements in comparison with continuous
measurements is the complete absence of a bulk signal and therefore, the integration
of the spectrum does not depend on the integration limits. In figure 44 (a) we present
the dependence of the spectral position of the luminescence line (its first moment)
on magnetic field. Note that for » > 2 the luminescence line splits into several peaks
owing to Landau quantization (see figure 43), but we calculated the first moment
for the total luminescence spectrum. The minima at B = 2.2 and 4.5 T correspond
to the filling factors 4 and 2 of the IQHE (Kukushkin et al. 1993b). In the ultra-
quantum limit (v < 2) the energy of the luminescence line increases approximately
linearly with increasing magnetic field (as cyclotron energy to the power), and sharp
features at v = 1 and at different fractional filling factors are visible (Kukushkin and
Timofeev 1986, Buhmann et al. 1990, Kukushkin et al. 1993a, b). In the inset of figure
44 (a) the behaviour of the first moment for v < 1 is shown in the enhanced scale
after subtracting the linear dependence to demonstrate the observed features more
clearly. Owing to the above-mentioned correspondence between M, and the mean
energy of 2D electrons, the derivative dM,/dH of the first moment is proportional to
the chemical potential of 2D electrons. Its dependence on magnetic field is shown
in figure 44 (b). At filling factors v = 2, 4 the value of dM,/dH demonstrates abrupt
changes from the value —(7/2m ) to +(h/2m), as one expects for non-interacting
2D electrons (Kukushkin et al. 1993a). The reduction in the amplitude of dM,/dH at
v =6, 8, 10 is associated with the finite step in a magnetic field, which was used in
our measurements. Jumps in dM, /dH at fractional filling factors are also visible. They
are smaller in amplitude than those observed for the integer filling factors and their
amplitudes clearly change with filling factor. One can see a monotonlc reductlon
in the amplitude of dM, /dH in the sequence of the FOHE states 23,4 4 and 3. Much
smaller amplitudes of dM /dH measured for the states # and 3 arise because these
states belong to the other FQHE families.

The main aim of this section is to discuss the magnetic field dependence of the
chemical potential discontinuity (and hence of the FQHE energy gaps) for different
families of FQHE states. In figure 45 we show the part of a magnetic field dependence
of dM, /dH corresponding to FQHE features, measured for two different concentrations
of 2D electrons Many different FQHE states (3, 2 234 %, 3321232 1andd
are observed here owing to the time-resolved measurements. A striking symmetry
in the dependence of chemical potential discontinuity on magnetic field is obvious
for different families of FQHE states. The amplitudes of the discontinuities linearly
depend on magnetic field within the same family and these linear dependences end
at filling factors %, }1 and é (see broken lines in figure 45). Only special sequences
of FQHE states are visible: v = n/(2mn + 1) and symmetrical v = n/(2mn — 1) with
m=1,2and3and n =1, 2, 3,4 and 5 in different FQHE states. It is remarkable that
some FQHE states such as % (and %) could be considered as members of different
families — n/(2n + 1) for n = 1 and n/(4n — 1) for n = 1. Besides this, one can consider
the state » = 1 as the FQHE state of the family n/(2n — 1) for n = 1. In terms of
chemical potential discontinuity a symmetry between the states n/(2mn + 1) and
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n/[2n(m + 1) — 1] is visible; however, it does not mean that the energy gaps are the
same for these FQHE states because the denominators of these fractions are different.
We derived the FQHE energy gap values A from the amplitude ¢ of the discontinuities
in dM, /dH using the relationship for v = p/q (Apal’kov and Rashba 1991a):

2qA

0
The corresponding data are presented in the insets to figure 45 together with the
dependence of the amplitudes of § on magnetic field. It is seen from this plot that a
symmetry between the same results presented in terms of FQHE energy gaps is less
visible. A linear extrapolation of the magnetic field dependence of the FQHE gaps
(predicted by a theory (Halperin et al. 1993)) could give negative values of the gap at v =
1,2 and 1, but one can see from the figure that this dependence is closer to the quadratic
dependence. To demonstrate the universality and internal symmetry of the obtained
results we plot for all the observed families of FQHE states the normalized value § = ¢/
6. as afunction of v~' — 2m (see figure 46). For each family, §__is taken to be the value
of 6 for n = 1. At high magnetic fields, ¢ of a fixed filling factor changes as H 2. Writing
the normalized factor in figure 46 as o, H~"? one obtains that the ratio of the coefficients
a, :a, :a,is close to 7.5:3:1. It is remarkable that for all the observed fractions the
dependence of chemical potential discontinuity on filling factor measured for different
samples in different magnetic fields could be combined in the same universal plot.
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Figure 45. The dependence of the chemical potential on inverse filling factor measured for two dif-
ferent concentrations of 2D electrons: (a) n, = 1.3 x 10" cm%; (b) n_ = 0.68 x 10" cm~2 The derived
dependences of the chemical potential discontinuity ¢ (O) and of the FQHE energy gap A (®) on
inverse filling factor are shown in insets.
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Figure 46. Dimensionless plot of normalized amplitude of the chemical potential §'= &/6__ (6, ..
is equal to 6 at n = 1 for each family) discontinuity as a function of »~! — 2m obtained for observed
fractional states from different families.

The observed internal symmetry among different FQHE states in some sense
corresponds to the picture of composite fermions proposed by Jain (1989). The most
remarkable correspondence is the observation of only special families of FQHE
states at v = n/(2mn + 1). However, there is an important discrepancy between our
results and the composite fermion approach. It follows from our measurements
that an increase in the value of n inside the FQHE family n/(2mn +1) results in a
reduction in § proportional to n—!. This means very strong reduction in the FQHE
gap proportional to n-2, whereas it should be almost independent on n in the Jain
approach. Moreover, it follows from our results that the level of hierarchy of the FQHE
family v = n/(2mn + 1) is defined by both values n and m with almost the same degree,
since also the coefficients o, strongly change with m.

Therefore, the hierarchy of the FQHE states has been investigated by time-re-
solved magnetoluminescence. For several families of FQHE states a universal scaling
behaviour is found. It consists of linear dependence in the chemical potential discon-
tinuity on magnetic field which starts at v = 3, or ¢ for different families of the FQHE
states. These observations agree in general with the theory of composite fermions,
but they disagree in the predicted scaling for the FQHE energies.

4.8. Other optical spectroscopy experiments in the integer and fractional
quantum Hall effect regimes

Several research groups have recently carried out remarkable observations us-
ing luminescence spectroscopy techniques on different high-quality GaAs/Al Ga, As
heterostructures in the FQHE regime. The group including Goldberg, Heiman and
Pinczuk has observed luminescence anomalies in multiple QWs (Heiman et al. 1988)
and in single asymmetric wells (Goldberg et al. 1990a, b). One remarkable point of
their investigations relates to observations of the doublet splitting in the vicinity
of fractional filling factors v = % and % The same group has also tried to study the
perturbation by the photoexcited hole systematically by varying the thickness of the
confining quantum well. On the basis of these experimental results, Rashba (1993)
has predicted abrupt changes in the position and intensity of the luminescence line
caused by a switch-over between zero magnetoroton and one magneto-exciton re-
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gimes in asymmetric systems. A procedure that is based on this phenomenon and may
permit one to find the energy of magnetorotons from the intrinsic emission spectra
was proposed.

The group including Turberfield, Ryan and Clark used SHs of very high quality
(wide QW of about 1 um thickness immersed in a weakly doped background) and has
observed oscillations in the intensities of luminescence lines from the ground (E)
and excited (E,) subbands. Observed oscillations in the intensity of the luminescence
lines under varying magnetic field or filling factor are interpreted in terms of screen-
ing of photoexcited free holes by 2D electrons (Turberfield et al. 1990, 1992, 1993).
The strong relationship between the luminescence amplitude and the longitudinal
Hall resistance p_ indicates a way of identifying the fractional quantum Hall states
optically. However, this phenomenon is impossible to use for determination of the
Coulomb gap values in the fractional quantum Hall regime. Recently, this group has
presented very interesting magnetoluminescence experiments on electron diffraction
by a magnetic-field-induced Wigner crystal formed at a GaAs SH (Harris et al. 1995).
The crystal is formed by electrons in the lowest subband of the confining potential
at the interface and is pinned by defects. The probe electrons are photoexcited into
higher subbands. The signature of the electron crystal is the break-up of the DOS of
the probe electron into Hofstadter- like bands (Fertig et al. 1994) which is detected
directly in the magnetoluminescence spectrum.

Now we turn to the light scattering experiments which give much insight into
elementary excitations of 2D electron systems in a magnetic field. Inelastic light scat-
tering is a powerful complementary alternative to luminescence. It is well known that
an inelastic scattering technique directly yields the excitation energies as spectral
shifts relative to the frequency of a monochromatic excitation light. Now we recall
that energy gaps in the IQHE or FQHE are associated with neutral excitations of the
2D electron system in a perpendicular magnetic field. The excitations are, in principle,
bound particle-hole pairs. At integer filling factor v the particle (or electron with
charge —e) is excited to an empty Landau state, leaving a hole with charge +e, due
to neutrality, in an initial state. In the FQHE regime the pairs consist of a quasipar-
ticle and a quasihole with equal and opposite fractional charges +e/q. In the Landau
gauge, the excitations are described by wave-vector q and the separation of the pair
isx, = (qlé), where [ is the magnetic length. In the case of integer filling of Landau
levels, the energy of excitations within the Hartree-Fock approximation can be ex-
pressed as w(q, B) = w, (B) + E(q, B) + E,(q, B), where w_ (B) is the single particle en-
ergy of transition across the gap. The two last terms represent the coupling between
electrons due to electron-electron interactions. The term E (q,B) (positive) is related
to the longitudinal electric field appearing owing to charge—density fluctuations in
collective mode. The term E_ (q, B) is negative and has an excitonic origin. While w,,(B)
is g independent, the terms E (q, B) and E, (q, B) have strong q dependences and vanish
when q — oo (at large separation x,, the coupling between electron and hole becomes
negligible). For inter-Landau level excitations the theory predicts the existence of
two excitation modes; one of them corresponds to charge-density fluctuations or
magnetoplasmons, and the other corresponds to spin-density excitations. In the limit
q — 0, these excitations become equal to cyclotron energy: w, (0, B) = w,,(0, B) = w..
This result is a manifestation of the well known Kohn theorem. In the case considered,
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the Kohn theorem is displayed as a cancellation of the positive self-energy >(B) by the
negative excitonic term E, (0, B) at ¢ = 0.

One significant prediction of the current theories of collective excitations in the
quantum Hall regime, integer and fractional, is the presence, within the magneto-
plasmon collective branch, of a minima associated with a roton or magnetoroton
at wave-vectors q > 1/I,. Rotons are a type of quasiparticle behaviour manifested in
superfluid He. The roton minima of inter-Landau level excitations is due to the re-
duction in the excitonic term at high wave-vectors g > 1/I,. In the FQHE regime the
magnetoroton minimum in the dispersion of intra-Landau level excitations is due to
attraction between the fractionally charged quasiparticles.

Recent inelastic light scattering experiments gave the first direct demonstration of
the roton density of states of inter-Landau level excitations in the case of integer filling
(v = 2 and 1) (Pinczuk et al. 1993, 1994). In the investigated spectra, three relatively
broad but clearly resolved intensity maxima were observed with energies close to
the positions of the calculated critical points of the excitation mode dispersions. At
those critical points, there are peaks in the DOS because dw/dq = 0. One peak is seen
at w ~ w_; two other peaks seen at w > w_ are associated with the roton minimum
in the mode dispersion of the magnetoplasmons. The critical points occur at wave-
vectors q > 1/I, = 10° cm™' > k (photon wave-vector). Therefore, to explain the origin
of these spectra, these workers imply a breakdown of wave-vector conservation in
the presence of residual disorder which is not effectively screened at integer filling
(v=2and 1).

Now we would like to consider the recent inelastic light scattering experiments in
the FQHE regime connected with collective gap excitations just as g = 0. In fact, the
character of g = 0 gap excitations is still not completely clear. Girvin et al. (1985) ar-
gued that gap excitations with wave-vectors close to the magnetoroton minimum 1/1;
might pair to give a two-roton bound state with q = 0. There is also speculation that
the g = 0 gap excitations consist of two dipoles of size [, arranged in a configuration
which has a quadrupole moment (no net dipole moment). Inelastic light scattering
can be used to measure excitations that lack an electric dipole and to observe the col-
lective excitations in the FQHE regime at q = 0 (because it is a two-photon process).
In the experiments of Pinczuk et al. (1994) a very sharp peak was observed in the light
scattering spectra, which was interpreted as a ¢ = 0 collective gap excitation in the
incompressible fluid at v = £. The mode is associated with the FQHE because of its
temperature and magnetic field dependences which are characteristic of incompress-
ible quantum states.
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5. Magneto-optics of two-dimensional electrons
in the regime of Wigner crystallization

5.1. Wigner crystallization and phase transitions
in the two-dimensional electron system

The behaviour of the 2D electron system on variation in the density can be de-
scribed if one is to compare the correlation energy (V) = e*/za, leading to the electron
ordering, with the kinetic energy (K), delocalizing electrons (here a = (7n)~"is the
distance between particles, and n_is the surface density). If a strong inequality is real-
ized (V) > (K), long-range ordering in the 2D electron system is expected. The effect
of long-range ordering in the electron system in the quantum limit was predicted by
Wigner (1934) about 60 years ago.

When a magnetic field is equal to zero, the electron crystallization can be con-
sidered in two limiting cases. The classical limit (or the low-density limit) corre-
sponds to inequalities 7?/ma* < kT < e*/za. In this limit the electron liquid—electron
crystal phase transition occurs when the ratio (V)/(K) is e?(wn)"*/ekT =T" ~ 127. Such
crystallization of 2D electrons, corresponding to the classical limit case, has been
discovered in 2D electron system on the “He surface (Grimes and Adams 1979, Deville
1988). The quantum limit (or the high-density limit) is realized under the conditions
as follows: kT <« h?*/ma? < e*/ea. In this high-density region the ratio (V)/(K) is
usually found as a function of dimensionless parameter r, = a/a,, where a, = ch*/me?
is the Bohr radius. The correlation energy varies with n_as <V> o n’? and the kinetic
energy (K) oc n; thus the Wigner crystal is stable if r, > r,, (i.g.lwhen the electron
density does not exceed a limiting magnitude n, <n,, = (rvf,waé) ). Therefore in the
quantum regime a phase diagram should have a boundary on the high-concentration
side. Numerical calculations give r,, ~ 33 (Imada and Takahashi 1984). If one uses that
value for r, the quantum limit of crystallization for 2D-electrons in GaAs/Al Ga,  As
heterojunction can be realized when the electron density n_is about 10® cm~2. It is
difficult to realize a mobile 2D electron system with that concentration. Because of
this the Wigner crystallization in the quantum limit without a magnetic field was not
yet been observed in a 2DEG in semiconductor systems.

When a high magnetic field is applied, electrons lose their degrees of freedom
and the kinetic energy of 2D electrons is strongly reduced. Therefore a high magnetic
field forces ordering of electrons and stimulates Wigner crystallization (Lozovik and
Yudson 1975).

The properties of a 2D crystal were studied by Peierls (1935) whose theory showed
that, in a 2D crystal at a finite temperature, the mean square deviation of the particles
from their lattice position increases logarithmically with increasing crystal size. This
result demonstrated that a 2D crystal cannot exist as an infinite crystal lattice. Sub-
sequent computer simulations (Hockney and Brown 1975) showed, however, that a 2D
crystal becomes more stable by breaking up into domains, with the mean size of the
domains decreasing with increasing temperature. A clear distinction between liquid
and solid phases of a 2D system was introduced by Kosterlitz and Thouless (1973).
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They showed that in a 2D crystal the positional ordering of the particles decreases as
a power law with increasing distance, whereas in a liquid it falls off exponentially. In
their theory, as the temperature exceeds a critical melting temperature, free disloca-
tions start to appear which destroy the long-range ordering in the crystal. Halperin
and Nelson (1978) extended the theory of dislocation-mediated melting to show that
the solid-liquid transition should occur in two steps with increasing temperature. At
T =T, a transition from crystal into liquid crystal (or hexatic liquid) takes place. In
the liquid-crystal phase, there is no long-range positional ordering; however, there is
long-range hexagonal directional ordering. This disappears at a second critical tem-
perature T, > T , when a phase transition from liquid crystal to isotropic liquid oc-
curs. The liquid-crystal phase has not yet been observed experimentally.

Much attention has been focused during the last few years on electrons in GaAs/
Al Ga, As heterojunctions in a strong perpendicular magnetic field, so that the
electrons are in the extreme quantum limit. In order to understand the phase diagram of
2D electrons in the extreme quantum limit, it is necessary to identify the ground state of
the electronic system as a function of magnetic field. As we have discussed in a previous
section at some fractional values of filling factor, the ground state is an incompressible
Fermi liquid. However, at small values of v, a Wigner solid is expected to be the ground
state of the system. The phase boundary separating the Wigner crystal and electron
liquid can be completely described with the use of three parameters: the filling factor
v, the dimensionless density parameter r_ (1, = 1/a,, a, = ch’/me?) and dimensionless
temperature I = kT/(e*/ca,). In this three-dimensional space (v, r, ') the phase diagram
is expected to be topologically complicated. In the high-density limit the parameter r_ is
equivalent to the parameter X characterizing the mixing of Landau levels: X = (e¥/ca,)/
hw,_ = vr /2. Most microscopic theoretical calculations of the ground state energy of the
Wigner crystal correspond to the limit r, — 0. These calculations give for critical filling
factor v_the values within the range % - 1—10 (Lam and Girvin 1984, Levesque et al. 1984).
Recently the correlation effects have been taken into account under the condition of
Landau level mixing and it was found that in this case the stability of the Wigner solid
increases (Zhu and Louie 1993). For instance, in the case of the 2D hole channel in a
GaAs/Al Ga, As SH a stable solid phase appears at v, = % (r,~ 10) (Santos et al. 1992).

5.2. Novel magneto-optical behaviour in the regime
of Wigner crystallization

The competition between states of the incompressible Fermi liquid and of the
Wigner solid is the focus of discussion in this section. Here we discuss the observation
of a new luminescence line appearing at v < v, and below a critical temperature T, (T,
depends on v), weakening in the intensity at v = %,% and% and which was associated
with the formation of a Wigner solid. In figure 47, luminescence spectra recorded at
two different concentrations n_ = 5.4 x 10 and 6 x 10'° cm 2 at various magnetic
fields are shown. It can be seen that in both cases above a certain magnetic field H_
an additional line of intensity I, appears, shifted by about 1.4 meV to a lower energy,
which grows as the field is increased until at v < ﬁ it dominates the spectrum. Its
appearance is accompanied by an abrupt decrease in the integrated luminescence
signal (Buhmann et al. 1991).
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Figure 47. Luminescence spectra measured for two different 2D electron concentrations at 0.6 K and
at various magnetic fields.
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Figure 48. The dependence on magnetic field of (a) the integrated luminescence intensity and (b) the
intensity ratio I,/I,, measured at 0.6 K for two different concentrations.
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In figures 48 (a) and (b) the intensity ratio I,/I, and the total integrated intensity
respectively are plotted as functions of magnetic field for two different concentrations.
It can be seen from this figure that, for a given concentration, the values of H_obtained
from both plots are almost identical. At exactly v = %,% and &, when the 2D electrons
condense into an incompressible Fermi liquid, the intensity of the new line actually
drops to zero. That an increase in the integrated intensity is observed at this point is
due to a simultaneous enhancement in the intensity I,.

The most important property of the new line is that it can be characterized by
two critical parameters: v and T. These can be determined from the plots present-
ed in figure 49, in which it can be seen that H_depends linearly on the concentra-
tion of 2D electrons. From the slope of the dependence of H_on n, one can obtain
v = 0.28 £ 0.02. In figure 49 (b), the dependence of the ratio I,/I, on temperature,
measured at H = 26 T (v = 0.09), is shown. The line of intensity I, disappears from
the luminescence spectrum abruptly at a critical temperature, which at v = 0.09 is
T =14K.
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Figure 49. (a) The dependence of H on n  measured from I,/I,(H) (O) and from the dependence of the
integrated intensity on magnetic field (O). (b) The temperature dependence of the intensity ratio I,/I,.
T has been taken as the temperature at which I,/I, drops to half its maximum value.

The appearance of an additional line in the emission spectra and the accompa-
nying abrupt decrease in the integrated intensity are associated with the formation
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of a pinned Wigner solid (most probably polycrystalline). In accordance with this
interpretation, the two lines of intensities I, and I, correspond to radiative recom-
bination of 2D electrons from the liquid phase (at v = %,% and (l) the liquid becomes
incompressible) and solid phase respectively. That the line of intensity I, lies lower in
energy than the line of intensity I, agrees with the expected lower energy of the solid
state compared with that of the liquid state. It was concluded from the tendency of
the new line to vanish from the luminescence spectra at v = £,4 and 4 and from the si-
multaneous enhancement in intensity I, that at these fractional values of v the ground
state of the system is still an incompressible Fermi liquid. That the line of intensity
I, does not completely disappear from the luminescence spectrum at these v may be
due to a small amount of inhomogeneity in the concentration which is unavoidable
in a real system. In this case, local values of v in different parts of the sample will not
be exactly identical.
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Figure 50. (a) The dependence of the integrated luminescence intensity on H measured at different
T. (b) The dependence of v, on the disorder parameters (defined in the text) AE ((I;). (c) Suggested
qualitative form of the phase diagram T (v).

The extent of the wavefunctions of the localized electrons in the 2D plane is de-
fined by the magnetic length. In the considered case the holes participating in the
recombination process are bound to acceptors and are thereby localized in all three
dimensions. Thus, as the magnetic field is increased and the electrons become more
localized in the plane parallel to the interface, the probability that an electron finds
itself in the vicinity of a hole decreases, causing a reduction in the luminescence in-
tensity. In less-high-quality structures, in which the Landau level width, determined
from the luminescence linewidth, was larger than 3 meV, and where the above-de-
scribed features that we associate with Wigner crystallization were not observed, the
luminescence intensity started to decrease already at higher v (just below v = 1) and
the reduction itself was not as strong. At 1.3 K the magnetic field onset of this lumi-
nescence decrease moved to a slightly higher field compared with that at 0.6 K. At
even higher temperatures above T, where the electrons become mobile, no reduction
in luminescence was observed at all (figure 50 (a)). We therefore believe that strong,
magnetically induced localization is responsible for the sudden drop in integrated
luminescence intensity at v < v It is most important, however, to demonstrate that
this localization has an intrinsic origin rather than that of disorder. Quantitatively,
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disorder can be characterized by the Landau level width I' (for example at v = 1). Ad-
ditionally it has been observed that, at low temperatures and below v = 2, the spec-
tral position of the luminescence line deviates from a linear dependence on H and
that this deviation AE is also sensitive to the amount of disorder present. At higher
temperatures, the dependence of the energy position of the luminescence line on
magnetic field remains linear. Since AE is proportional to H, the size of this devia-
tion, at a set magnetic field, can also be used as a measure of the disorder present in
the system. The dependence of »_on AE and I measured for different n_is presented
in figure 50 (b) where it is clearly illustrated that . shows no dependence on these
disorder-related parameters in the region of interest (for I' > 3 meV and AE > 3 meV
the features associated with Wigner crystallization were not observed). This thus con-
firms the intrinsic nature of the observed localization-like phenomena, thereby ruling
out localization on random potential fluctuations as the cause.

Preliminary results indicate that the critical temperature strongly depends on the
filling factor, dropping to zero for v > v_and also at v = %, % and %, thereby producing
the observed oscillations of the line intensity I, (see figure 48 (a)) in the vicinity of
these v. Qualitatively we presume that the phase diagram, T (v), has the form shown
in figure 50 (c), where the features around v = %,% and% are where our results dif-
fer most from radio-spectroscopic data (Andrei et al. 1988). On the other hand, the
values of v_obtained from these two experiments are in good agreement (note that
in magnetotransport (Jiang et al. 1990) an unusual enhancement of the resistivity is
also observed to occur around v = 0.23 —0.28). Comparing the absolute values of T,
obtained from the luminescence and radio-frequency experiments, one finds that the
‘optical’ value (measured under similar conditions) is approximately four times higher
than magnetotransport. A higher sensitivity of optical method (which is a local probe)
to the appearance of a small amount of the crystal phase in the system could explain
this discrepancy. The coexistence of two phases is indicated by the presence of two
lines in the luminescence spectrum even at the lowest temperature and for v < ﬁ
This may be due to the quasiequilibrium nature of the system under continuous il-
lumination. In other words, the small lifetime of the electrons due to recombination
may itself be hindering the freezing process.

5.3. Depinning of the Wigner crystal by an electric field

Now we discuss a magneto-optical study of the influence of an electric field on
the properties of this additional luminescence line, which appears in the Wigner solid
regime. The results show a threshold enhancement of the intensity of this line, which
is accompanied (in the vicinity of the threshold) by the appearance of additional noise
resulting from the instability of the luminescence signal. The changes in lumines-
cence spectrum are interpreted in terms of a sliding of the pinned Wigner solid by the
electric field. In addition, by modulating the electric field, the additional line was able
to be detected independently of the main luminescence line and thereby its proper-
ties investigated. The results indicate that the melting of the Wigner solid occurs in
two steps and can be characterized by two critical temperatures: T (crystal-liquid
crystal transition) and T, (liquid crystal-liquid transition). However, this statement
still needs further verification.
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In figure 51 (a), luminescence spectra measured for a heterojunction with an elec-
tron concentration of 5.5 x 10'° cm? at B= 16 T (v = 0.135) under conditions of zero
applied voltage and under a voltage of 3 mV are shown. 5 mV corresponds to an elec-
tric field of 2 x 10~V cm~. In no electric field, the intensity line I,, which is associ-
ated with the formation of the pinned Wigner solid, is clearly seen on the low-energy
side of the main luminescence peak (I)). The spectrum starts to change in the weak
electric field. The intensity I, increases several times whereas the I, corresponding to
the liquid phase, remains the same. This observation allows us to separate the line of
intensity I, in the luminescence spectra, by recording differential spectra with modu-
lation of the applied electric field at low frequencies (in the range 10-60 Hz). The
differential spectra are shown in figure 51 (b), and only a single peak, at the energy
of the line of intensity I, is observed. It has a highly assymmetrical shape and is only
detected for applied voltages greater than 2 mV (E = 8 x 10~V cm™!). The threshold
behaviour of this line is shown in figure 52 (a), where the intensity of the differential
spectrum as a function of applied voltage is plotted. There is a strong increase in
intensity above a threshold voltage of 1 mV. It is interesting to note that the differ-
ential luminescence signal in figure 51 (b) becomes very unstable and noisy around
the threshold conditions.
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Figure 51. (a) Luminescence spectra measured at H= 16 T and T = 80 mK under zero applied voltage
and under a voltage of 3 mV (a.u., arbitrary units). (b) Differential luminescence spectra obtained for
different applied voltages (a.u., arbitrary units). Lines of intensities I, and I, correspond to liquid and
solid phases respectively.

This is illustrated in figure 52 (b), where the noise level of the luminescence sig-
nal, measured as the mean deviation from its mean value, is shown. It is seen from
this figure that the noise level is drastically enhanced in the vicinity of the threshold.
It was found in a sample with a Hall bar geometry in this regime that the voltage
at the potential contacts considerably exceeds the Hall voltage for v < 0.2. These
measurements also indicated the strong instability of the voltage between potential
contacts (which is proportional to the resistance p_) near the threshold. The thresh-
old behaviour of the luminescence signal and its noise level (as well as the observed
instability of p ) are similar to the observations of Goldman et al. (1990) of an electric
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field threshold conduction and of related ac voltage (noise) generation, which they
explained in terms of depinning of the Wigner crystal by the electric field. In optical
experiments a depinning of the Wigner crystal results in an increase in the lumines-
cence intensity. The reason for this is associated with the fact that a pinned Wigner
crystal is not effective in radiative recombination (Buhmann et al. 1991). In a strong
magnetic field, the extent of the wavefunction (in the 2D plane) of the electrons in a
pinned Wigner solid is defined by the magnetic length. The holes participating in the
recombination process are bound to acceptors and are thereby localized in all three
dimensions. Therefore, as the magnetic field is increased, the probability of finding
an electron in the pinned Wigner solid in the vicinity of a hole decreases, causing a
reduction in the luminescence intensity. A depinning of the Wigner solid by an ap-
plied electric field results in the motion of the 2D electrons and thereby leads to an
increase in the luminescence intensity. The instability of the signal near the threshold
is expected owing to the presence of many polycrystals in the sample, each with a
threshold voltage depending on the polycrystal size. Therefore, the depinning process
becomes very unstable near the threshold.
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Figure 52. The dependences of (a) the intensity and (b) of the noise level of the line of intensity I, in
the differential spectrum on applied voltage (a.u., arbitrary units).

The competition between the states of the incompressible Fermi liquid and of
the Wigner solid has been observed using transport measurements in the vicinity of
v= % (Jiang et al. 1990) and using optical measurements in the vicinity of v = %, % and
% (Buhmann et al. 1991). In figure 53 (a), the dependence of the intensity I, on mag-
netic field at a fixed voltage amplitude is shown. As well as the previously discussed
voltage threshold, one can now identify a sharp magnetic field threshold of the lu-
minescence signal from the Wigner crystal at v = 0.27. This represents the boundary
at which the pinned Wigner crystal can form the ground state of 2D electron system.
The threshold appearance is followed by clear intensity minima at v =  and 4. This is
exactly opposite to the behaviour of the line of intensity I, in this region and shows
that the incompressible quantum liquid once again becomes lower in energy than the
Wigner solid near these fractional filling factors. The fact that the line of intensity I,
does not completely disappear from the spectrum may be due to a small amount of
inhomogeneity in the 2D concentration over interface square.
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Figure 53. The dependences of the intensity of the line of intensity I, in the differential spectrum on
(a) magnetic field and (b) temperature (a.u., arbitrary units).

In the work of Buhmann et al. (1991), it has been demonstrated that the additional
luminescence line disappears at a relatively high critical temperature T, = 1.4 K. This
high value of T. strongly differs from other experiments (Andrei et al. 1988, Willett
et al. 1990) in which the critical temperatures were in the range of 0.2-0.5 K. In fig-
ure 53 (b) a low-temperature part of the dependence of the intensity I, is shown. It
is seen from this figure that there is in addition a threshold at T = 0.35 K at which
the luminescence intensity drops considerably. However, the line does not disappear
completely at T = T, but remains in the spectrum up to T,. This behaviour could be
explained in the terms of a two-step melting process of the Wigner crystal (Nelson
and Halperin 1979). At T  a transition from crystal to liquid crystal takes place and at
T, a transformation from liquid crystal to liquid occurs. Another possible explanation
of the observations of two critical temperatures would be to accept that the critical
temperature depends on the size of polycrystal and therefore with an increase in
temperature from T, to T,, the mean size of the polycrystals drops to zero. Magneto-
optics as a local probe method is sensitive to the presence of polycrystals with very
small sizes. This contrasts other experimental methods employed in the detection
of the Wigner crystallization, such as transport (Jiang et al. 1990), radio-frequency
absorption (Andrei et al. 1988) and sound absorption (Willett et al. 1988a, b, c) which
are more sensitive to macroscopic properties of the electronic system.

In direct analogy with depinning of the charge-density wave by applied electric
field, one can estimate in the considered case the coherence length or the domain size
in the vicinity of defining threshold. These estimations give for domain size values
L <1 ym (therefore, the total number of electrons in domain is 10° or less).
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5.4. Wigner solid versus Laughlin liquid: phase diagram derived
from time-resolved photoluminescence

In this section, we discuss the results of the first measurements of time-resolved
photoluminescence (PL) in the regime of Wigner crystallization. The combination
of time and temperature dependences for the PL enables us to distinguish not only
liquid from solid, but also an extrinsic localized phase from an intrinsic solid phase
of electrons. We assign the latter to the Wigner crystal.

In the inset of figure 54, the PL spectra for a sample with n_ = 5.3 x 10'® cm2at
B=16.4T and T = 45 mK are shown. The top spectrum is for continuous illumina-
tion (CW) and contains two peaks which in our previous interpretation correspond
to the liquid (L) and solid (S) phases (Buhmann et al. 1991). We previously found that
the solid peak (shifted to lower energies owing to the higher binding energy) appears
below a critical filling factor »_= 0.27 and a critical temperature and is accompanied
by a reduction in the integral PL intensity. On the basis of these properties and the
threshold behaviour under applied electric fields (Kukushkin et al. 1992a, b), we as-
sociated line-S with the appearance of a pinned Wigner solid. The time development
of the PL is presented in the lower traces up to a delay time At = 1500 ns, where At
is defined as the time interval between the end of the laser pulse and the start of
the photon counting gate. The stronger liquid fine L dominates in the spectrum for
At =100 ns but decreases rapidly because of its shorter lifetime (7 = 220 ns). Only the
solid line S is left in the spectrum for time delays At > 500 ns. The long decay time of
the solid phase is expected, because the wavefunctions of both the electrons and the
holes are localized in the 2D plane and their overlap, defined by the magnetic length,
approaches zero in the limit of infinite magnetic field.

The radiative lifetimes of the liquid and solid phases are measured from the time
dependence of the integrated PL intensity, plotted in figure 54 for different magnetic
fields. For B < 2 T, the intensity follows an exponential decrease in the decay time
7 = 220 ns, corresponding to the recombination from electrons in the liquid phase.
As the magnetic field increases, a tail with a longer decay time appears at large At,
owing to the localization of electrons. The time-integrated intensity of the whole PL
spectrum, which is limited by the number of holes available, does not depend on the
magnetic field up to 16 T (with an accuracy of 5%), indicating that non-radiative pro-
cesses are negligible up to a time 7 ~ 5 us. The recombination time corresponding to
the tail (7) is plotted in figure 55 (a) on a logarithmic scale against the magnetic field
for two different electron concentrations (n, = 5.3 x 10'° and 17 x 10'° cm~?). Starting
at v = 1, 7 increases monotonically and then follows a single-exponential increase

T =T,€xp

H_ T, exp[é], (5.1)
14

0

where 7, is the recombination time at H = 0 T and A is a numerical coefficient (0.3 in
our case). This exponential dependence of the recombination time on the magnetic
field could be explained in terms of wavefunction overlap in the solid phase. The
wavefunction of the localized electrons in the 2D plane is defined by the magnetic
length [: U ~ exp(fxz/ 413). The fact that the magnetic field dependence of r is de-
scribed by a single exponent indicates that only those holes with the smallest overlap
are left to recombine in the tail (i.e. only mostly remote holes contribute to the over-
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lap integral). The largest possible distance in the 2D plane between a hole localized
on an acceptor and an electron is d = (k/n)'%, where k is a constant sensitive to the
electron crystal geometry (triangular or rectangular). Therefore, the probability of
finding an electron and a hole at the same point in the 2D plane is

d’ k
E] =P, exp[@] =P exp

accounting qualitatively for the observed exponential dependence of 7 on H (P, is a
coefficient depending on the wavefunction overlap in the z direction). We shall not
discuss further the value of k and the temperature dependence of 7, both of which
depend on the Debye-Waller factors for electron lattice and instead concentrate on
the phase diagram of the Wigner solid.

P =P, exp

wk
7], (5.2)
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Figure 54. Time evolution of the integral PL intensity measured for a sample with n, = 5.3 x 10" cm~?
at different magnetic fields and at temperature of 45 mK (a.u., arbitrary units). For each curve the
corresponding magnetic field and the time constant of the tail are as follows: (a) H= 16.4 T, 1880 ns;
(b) H=10T,820ns; (c) H=8T, 640 ns; (d) H= 5T, 450 ns; () H= 2 T, 220 ns. The inset shows PL
spectra at a magnetic field of 16.4 T and a temperature of 45 mK for continuous illumination (CW)
and for different delay times At between the excitation pulse and detection gate.

It is important that the localization of 2D electrons was observed in time-resolved
spectra exactly at » = 1 and that there are no features evident in the lifetime 7 at
fractional filling factors, where the liquid phase forms the electronic ground state.
Competition between liquid and solid phases is, however, reflected in the PL intensi-
ties (i.e. in the relative population of these two phases) and not in the recombina-
tion rate. A relative portion of localized electrons is proportional to the integrated
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intensity arising from the slow recombination. One could evaluate this portion S as
the ratio of the integral intensity measured for a time delay longer than 37, to the
total integrated intensity:

S= Tl(t)dt

37

f I(t)dtJ, (5.3)

The coefficient 3 was taken so that a contribution of the tail of the fast recombination
(due to the liquid phase) was negligible. Figure 55 (b) illustrates the variation in the
portion of localized electrons with the magnetic field, measured for different tem-
peratures for two samples with the same concentration, but quite different mobilities.
It is obvious from this figure that, starting from v = 1, the single-particle localization
takes place and the area of localized electrons increases smoothly with the mag-
netic field. This effect is much stronger for a system with lower mobility and is more
pronounced at lower temperatures (see figure 55 (b)). However, for the best-quality
samples we observed not only a freeze-out of 2D electrons due to single-particle lo-
calization but also an additional abrupt solidification at v = v, which exhibited a well
defined critical temperature and filling-factor behaviour. As we shall demonstrate
below, this critical behaviour is universal for different structures and we therefore
associated this additional solid phase with a Wigner crystal, where the critical filling
factor v_is dependent on the carrier concentration and Bohr radius (Price et al. 1993).
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Figure 55. (a) Magnetic field dependence of the recombination time 7 of the tail for two different
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of the portion of localized electrons on the magnetic field measured for two samples with the same
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167



L. V. Kukushkin and V. B. Timofeev

To study liquid and solid phases independently, we set a suitable time delay
(At = 100 ns for the liquid phase and 1500 ns for the solid phase) and scan the spec-
trometer in accordance with the line position during a magnetic field sweep. The re-
sultant PL intensities are plotted in figure 56. For the liquid phase (figure 56 (a)), the
signal is constant to v_ = 0.26 and then drops sharply as the filling factor decreases.
Peaks in the liquid phase signal at v = % and% are consistent with our previous results
(Buhmann et al. 1991). For the solid phase (figure 56 (b)), the signal appears at around
v = 1 and shows a strong enhancement below »_= 0.26. Oscillations in the intensity,
similar to transport features are present at v = %, %, %, %, %, %, 12—1 and %, and these are
used to monitor the electron concentration for diiferent At.
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Figure 56. The intensities of (a) the liquid-phase line (At = 100 ns; T = 0.04 K) and (b) the solid-
phase line (At = 1500 ns; T'= 0.04 K) as functions of magnetic field for an electron concentration n, =
5.3x 10 cm~?% (a.u., arbitrary units). The position of the fractional filling factors are indicated. (c) The
intensity of the solid-phase line for T = 40, 200 and 400 mK and At = 1500 ns (a.u., arbitrary units).

The key to understanding of the behaviour of the solid line intensity is its tem-
perature dependence which is shown in figure 56 (c). At 400 mK, the magnetic field
dependence is smooth with minima corresponding to the FQHE states, but there is no
threshold enhancement. At 200 mK, several intensity thresholds v, v,and v, are pres-
ent. We explain our results as follows: at v = 1, the signal from localized 2D electrons
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due to magnetic freeze-out starts to appear. The long-7 arguments of equations (5.1)
and (5.2) are only appropriate below v = 1, when the magnetic length is less than the
interparticle distance. The portion of localized electrons increases smoothly with in-
creasing field, except at fractional filling factors, where the condensation of the elec-
trons into incompressible Laughlin liquid (and the absence of screening) suppresses
the magnetic freeze-out mechanism. At 200 mK, a second solid phase appears for
v, > v > v, and for v < v, leading to the strong intensity enhancement. At T = 40 mK,
the second phase appears over a wider field range, below v_ = 0.26 with re-entrant
behaviour at v = £ and v = %
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Flgure 57. Temperature dependence of the solid-phase line intensity (a) around v = 37 At=1.5psand
=11.7,10 and 11 T, and (b) around 1/_ ,At=1.5 ysand H=16.4, 14.5 and 15.4 T (a.u., arbitrary
units).

We determine the phase boundary of the Wigner solid by measuring the intensity
(At = 1500 ns) as a function of the temperature at fixed magnetic field. This is shown
in figure 57 for magnetic fields around v = £ and v = 1. The sharp enhancements of
the intensity for magnetic fields in both sides of these fractional values v indicate
the transition to the Wigner solid. However, no enhancement is observed exactly at
v= % and v = %, owing to the re-entrant behaviour of the liquid phase. In figure 58
we present the phase boundary of the Wigner solid in coordinates T against H for
n, = 5.3x 10" cm~2 The dimensionless coordinates T/T, (T, _is the classical melting
temperature of the Wigner solid) and v are also indicated in this figure and are used to
compare results obtained in different structures (full symbols). Data obtained by non-
linear transport (Goldman et al. 1990) and radio-frequency experiments (Paalanen et
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al. 1992a, b) (open symbols) are also shown in the diagram. The universal form of the
phase diagram obtained for different samples and by different methods demonstrates
its intrinsic origin, which could be associated with the formation of a Wigner lattice.
Whereas here a re-entrant behaviour around v = % is clearly demonstrated, only a
week minimum in the reduced temperature was observed in Andrei et al. (1988). This
difference might be explained by the inhomogeneity of the system and by the differ-
ent averaging involved in different methods.
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Figure 58. Phase boundary for the Wigner crystal obtained for different samples: (+), (@),
n,=5.3x10"cm?; (W), n = 5.2x 10" cm%; (A), n, = 6.1 x 10 cm~2; (), results obtained by Gold-
man et al. (1990); (A), results obtained by Paalanen et al. (1992a, b).

Therefore, the Wigner crystallization of 2D electrons in GaAs/Al Ga,  As hetero-
structures is investigated by time-resolved PL. For the electrons in the pinned Wigner
solid, the recombination time is found to increase exponentially with increasing mag-
netic field, whereas it remains constant for the liquid phase. A phase diagram for the
Wigner solid is derived from the different time scales of the liquid and solid phase.

5.5. The triangular lattice of crystallized electrons observed
in the time-resolved luminescence

The goal of this part is to test the local spatial structure of the insulating phase of
2D electrons at high magnetic fields by means of the time-resolved magnetolumines-
cence technique. The study of recombination kinetics at long time delays allows us to
distinguish between different configurations of localized electrons.

In our experiments the hole is strongly localized (within the acceptor-related Bohr
radius), and its recombination efficiency is determined by the overlap of its wavefunc-
tion with that of a 2D electron; if electrons are localized and their states (in 2D plane)
are squeezed inside the magnetic length I, this overlap diminishes for most of the
holes and tends to zero under an increase in the magnetic field (Fal’ko 1993). This
means that a quantity, such as the hole recombination rate, potentially possesses in-
formation about the short-range configuration of electrons in the magnetically frozen
state.
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Figure 59. Kinetics of luminescence measured for low-mobility samples in different magnetic fields
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The time dependence of the magnetoluminescence intensity I(t) measured at dif-
ferent magnetic fields (providing filling factors v < 1) are shown in figure 59. At v = 1,
the recombination kinetics can be clearly described by a single exponent. As the filling
factor decreases below unity, the kinetics I(t) deviates from the single-exponential
behaviour and the slow recombination tail starts to dominate at v < 1, which is dem-
onstrated in the inset to figure 59. Before analysing this slow recombination tail and
in order to choose an adequate form for its presentation, we discuss first the cor-
respondence between the internal structure of the localized state and the observed
magnetoluminescence Kkinetics. Since the density of holes in our system is two orders
of magnitude less than the 2D electron density, the time dependence of the radia-
tion process is governed by a single-sole recombination rate 7—!. Because the emit-
ted photon energies are much higher than the energies of excitations remaining in
the 2D system after the reombination of one electron, we arrive at the result (Fal’ko
1993) similar to what is known in the theory of instant perturbations (Landau and
Lifshitz 1977). The rate 7! can be expressed in terms of the projection of the (initial)
ground-state density matrix <0|\1/+ \I/E (R1)|0> of the electron system onto that of a
hole i, 6, (R)o, (R,),

"= A[ dRdR ¢, (R)6,(R,)(0

(A is determined by the optical interband transition strength in the GaAs). This ex-
pression can be further simplified if the spatial extent of the acceptor bound hole is
small compared with the characteristic length scales in the electronic system (the
magnetic length I/, and width of the lowest subband electron wavefunction ¢(z) in

{(R)¥,(R,)[0) (5.4)
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the growth direction) by means of formal substitution ¢, (R) o §(r—r,)8(z —d). The
separation of in- and off-the plane variables ¥, (R) = ¢, (z)#(r)in the electronic wave-
function leads to

T :Uop<r0) (5.5)

In this equation, the effective cross-section o, of the process includes all the mag-
netic-field-independent parameters, such as the optical transition strength in
GaAs, the acceptor-related Bohr radius a, and the electron-hole overlap a, |<p0(d)|2
in the z direction. Below it will be referred to as a phenomenological constant. On
the other hand, the electron-hole overlap in the plane is controlled by the value
p(r,)= <O|\I!* (ro)\I/(rO)|0> of the ground-state 2D electron density matrix related to the
planar coordinate r, just above the hole position, which provides us with the relation
between the hole recombination rate and the local internal structure of the electron
system.

Since at v = 1 the electron ground state possesses a homogeneous density p(r) = n_
(Jancovici 1981), all hole positions r, are quivalent and the recombination kinetics
described by equation (5.1) absolutely agree with the single-exponent evolution of
the luminescence intensity I(t) = I, exp (—t/t,), with the rate t,' = o n. This sim-
ple single-rate description of the recombination process is immediately violated if
the system leaves the homogeneous ground state. The holes h,, randomly placed in
the 5-doped monolayer, have a distinguishably different lifetime because they test
the locally modulated 2D electron density. At low filling factors (i.e. high magnet-
ic fields), this modulation takes a drastic form if the electronic state is frozen. To
imagine this, let us consider a Maki-Zotos (1983) type of state N-'2 det "1/)
pared from electrons localized inside the magnetic length I, near its own centre R,
W (r)= (27rl ) exp|—(r—R,) / 4]2|. The modulation p(r) in sucha system is exponen-
tial, and the temporal evolution of the intensity I(t) follows the ‘firefront’ propagation
through the distribution function P(r) of distance r between a hole and the closest
electron localization centre R :

r2
-

2 to

I(t)= 2 12 fP r)drexp [ ZrIf{] 27r10f{ exp
The characteristic evolution of I(t) can be illustrated by the example of the Poisson
distribution of localization centres R, : P(r) = 27n r exp (—nr?). In this case we find
that, after the first holes placed just under their closest electrons are gone (tox uty), the
recombination takes the power law form I(t) = (27rl2 o, ) I, (vt /t)"" which covers
the entire interval t > vt,. Although the distribution function P(r) in realistic systems
will not exactly coincide with a Poisson distribution function, the above power law is
specific for any (even regular) configuration of localization centres as an intermediate

regime. Indeed, at r < n_~, P(r) =~ 2mn_r (see inset to figure 60 (a)); hence for a wide
time interval v, <t < vt exp (1/v) the dependence

vt 1+6
=I|—= 5.7
I(t) 10[ - ] (5.7)

(with 6 — 0 at v — 0) seems to be a universal feature of the bound-hole recombination
in the electron system localized at high magnetic fields.
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Figure 60. Dependences of the instant recombination time 7,.on time delay At measured at different
magnetic fields for (a), (b) low-mobility and (c) high-mobility samples. The insets show (a) magnetic
field dependence of the portion S, _of localized electrons measured for low-mobility (O) and high-
mobility (@) samples, (b) the distribution function P(r) of distances between a hole and closest elec-
tron for different configurations of electrons (curve P, the Poisson distribution; curve A, triangular
lattice) and (c) comparison of the measured magnetic field dependence of 7, with that calculated for

triangular and square lattices.
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The result of equation (5.1) suggests an appropriate representation of the
measured recombination kinetics in terms of a new dynamical variable: the in-
stant value of the effective recombination time Ty (O which is determined as

/ I = —dt/ d logI )] In coordinates 7, agamst t, the kinetics described
by a smgle exponent and by a power law will be represented by constant and linear
dependences respectively. For the power-law decay in equation (5.7), T =t/(1+0),
which agrees with what is found in the experimental time dependences I(t). In figure
60 (a) the data from figure 59 are replotted on the scale 7. One sees that, at fillings
v <1,7,. starts to increase linearly with t (at t > t,), indicating the existence of local-
ized electrons. Figure 60 (b) and (c) shows 7, for the low- and high-mobility samples
respectively for longer times and smaller filling factors. It is visible that 7. (t) ap-
proaches t for filling factors v <« 1.

The latter regime is quite pronounced both in the most disordered (figure 60 (b))
and in the purest (figure 60 (c)) samples that we studied. The difference between these
two realizations of a 2D system is most pronounced for long delay times ¢ > ¢ exp (1/v)
when the recombination involves electrons and holes separated by the mean inter-
particle distance [ oc n;"* and tests that part of the distribution function P(r) which
is dominantly affected by correlations in the short-range configuration of the closest
frozen electrons. That is, in systems where the effect of disorder is stronger that that
of the Coulomb interaction, the long tail in P(r) spreads to lengths longer than [ and,
although the effective recombination time 7, deviates from the linear intermediate
regime, it does not saturate at any fixed value. On the contrary, the ordering of elec-
trons into the Wigner lattice obviously demands the existence of a terminating point
r_in the distribution function P(r), as shown in the inset to figure 60 (b). This point
corresponds to the distance from the lattice sites to the centre of the unit cell and has
its minimal value (for a fixed density n ) for the triangular lattice: r, ( = )1/4 n,"* (for
instance, the square lattice gives r =(2n_)~"; a strongly deformed glass -like structure
possesses even longer spacings).

After the recombination ‘firefront’ reaches the terminating point r, , the effec-
tive time 7, saturates at the lifetime value of a hole h, placed close to the unit cell
centre. Therefore, the saturation of the instant recombination time observed in the
best samples (see figure 60 (c)) means a single-exponent recombination process and
can be used for determining r, . One can see from figure 60 (c) and figure 61 that
the plateau (D=7, appears when the filling factor and the temperature are below
some critical values, v < v_and T < T_(v.and T, coincide with the values observed in
transport (Jiang et al. 1990) as well as in the luminescence measurements (Goldys et
al. 1992). We checked that, in spite of extremely slow recombination at high fields,
the total luminescence intensity integrated over time and energy is insensitive to
a magnetic field. This means that the electron-hole recombination has 100% radi-
ate efficiency and that the integral intensity of the slow recombination tail which
reflects the portion S, of localized electrons in the 2D system can be measured in
absolute units. In the low-mobility sample, S, continuously grows starting, from
v =1 and tends to 100% as v — 0 (see inset to figure 60 (a)). In high mobility struc-
tures, the portion of localized electrons is much less but abruptly increases at v = v_
owing to the entrance into the frozen state. The value and width of the plateau in
Tor depend on the magnetic field and temperature. The magnetic field dependence
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of the saturated value of T =T, 8iVes us a way to define the local configuration of
frozen electrons and to distinguish between a triangular and square lattice, for ex-
ample. The accuracy of such a procedure is guaranteed by the exponential dependence
7, / 7y (t = 0) = exp(r? /2I3) = exp(—~/v), where = 7n;1;” and the inset to figure 60 (c)
demonstrates that 7 fits quite well the triangular lattice model. (The normalization
Tt — 0) s extracted from short time delays; see figure 60 (a)).

5004

400~ J6T
LIS
23004 s oo
\‘3_ ‘—.’fz__ * -
200] 0 ey T
= T A Al e P
5003 100 A 1
i To * .
0 T 200 30Q5* 4
’§4oo- T (mK) ) ;a,‘ }
< ,;‘.,}M-?%l
2 e
L]
§ 3004 xv't*‘ * » Y
N o
3 200 / A
! S e - 50mK
“ » 145mK
k:ﬁ 001 2 230mK
H=16T * 350mK
04
0 200 400 600 800 1000 1200

Figure 61. Temperature variations in the dependence 7,,(t), measured for the high-mobility sample

at H= 16 T. The inset shows the temperature dependences of the 7, measured at different magnetic
fields.

The observed temperature dependence of the recombination time 7, shown in
figure 61 is also consistent with what can be expected for the Wigner solid state of
electrons. Thermal vibrations (in high fields), magnetophonons with k3? dispersion
(Chaplik 1972, Fukuyama 1975) smear the electron density distribution and stimulate
recombination in the long tail. The temperature effect can be calculated for holes
placed in the centre of a unit cell by renormalizing the density matrix value p(r,) at
this point. In the harmonic approximation, s(r,, ) exp[—r,j / (21,2, +<u2>T)}, where (i) is
the mean square displacement of the electron magnetic oscillator centre with respect
to the regular site position. This gives us the Debye-Waller-type factor in the recom-
bination time 7 :

—10) ~ exp(—ﬂw’zns<u2>T), (5.8)

where the parameter v = 7.’ is determined by the unit-cell structure (v, = 27 x 3-%2
and v, = 7/2). Therefore, the amplitude of lattice vibrations is a measurable quantity
in our experiment (we find that (uz)Tns ~(0.44—-0.47) x 10~?at T= T,) and can be com-
pared with its theoretically predicted values (Platzman and Fukuyama 1974, Ulinich
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and Usov 1979), mn, <u > (T/ 2ms* )1og(L/ l ),where ms® ~0.3e’n / k for the triangular
lattice (Bonsall and Maradudin 1977, Crandall 1973). The shorter length A, under thze
logarithm is the thermal magnetophonon wavelength, T ~ 0. 31/( e’n’?/ ,‘ﬁ:)()\Tnl/ 2) Y
The longer length L~ n,"? is the pinning length of a crystal by Charged acceptors.
At low temperatures the above dependence of 7 (T) can be expanded into the linear
variation 7, (T)/7,,(0)—1~ —mw ’n (u’) o TH* and quantitatively agrees with the
observed behaviour shown in the inset to figure 61.

Therefore, we show that the recombination kinetics of 2D electrons with acceptor
bound holes is a sensitive probe of the local spatial structure of the electronic sys-
tem. Using the time-resolved technique, we extract the regime of the electron Wigner
solid and establish its short-range configuration consistent with the triangular lattice
model. Up to the melting point the amplitude of the thermal vibrations of the electron
crystal are derived from the temperature dependence of the recombination kinetics.

6. Conclusion

This review article presents optical spectroscopic probes of the behaviour of high-
ly mobile 2D electrons in semiconductor heterojunctions in strongly quantizing mag-
netic field. The main goal was to show that magneto-optical investigations provide
an additional effective method for experimental studies of 2D electron systems in the
quantum Hall regimes, both integer and fractional, and that it is possible to obtain
information about the ground state of the interacting electrons, especially in those
regions where magnetotransport measurements run into difficulties. It is shown
that, for successful investigations of 2D electron correlation phenomena by means
of magnetoluminescence, it is essential to have a system where hidden symmetry
with respect to electron-hole interaction is broken and where the ground state of
the interacting 2D electrons is not strongly perturbed by any charged recombination
centres. A SH with a 5-doped monolayer of neutral impurity centres located far away
from the interface is one of the most convenient objects for these magneto-optical
studies. Of special importance is the fact that the impurity centres are electrically
neutral and therefore in a minimal way perturb the 2D electron system, at least in its
initial ground state. GaAs/Al Ga, As heterostructures with such architecture were
successfully used for magneto-optical investigations of the integer and fractional
quantum Hall states and the behaviour of strongly correlated 2D electrons in the
Wigner solid regime.

First of all the radiative recombination spectra of 2D electrons with photoexcited
holes bound at acceptor centres were used to investigate the single-particle DOS of
non-interacting electrons in the IQHE regime. Effects of the nonlinear screening of
random potential fluctuations, oscillations of the Landau level widths under varia-
tion of filling factors, and enhancement of the spin splittings have been successfully
studied by means of this magnetoluminescence technique.

The luminescence method in heterostructures with such architecture was effi-
ciently used for investigations of the ground-state energy of the interacting 2D elec-
trons in the quantum limit (v < 1). It was shown that the behaviour of the first mo-
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ment of the luminescence spectrum on the filling factor directly reflects the mean
ground-state energy of the interacting 2D electrons. The relationship between the
mean ground-state energy of 2D electrons and the first moment of their lumines-
cence spectra was analysed and the strengths of the observed cusps in the behaviour
of the first moment of spectra at fractional filling factors were used as a measure of
corresponding Coulomb gaps in the FQHE. Therefore, it was shown how magneto-
optics ‘see’ the ground-state energy of interacting electrons and how an optical ‘tool’
is efficient for determination of Coulomb gaps of incompressible quantum liquids.
In the extreme quantum limit, at critical filling factors v < v_and below the critical
temperature T , a new luminescence channel is observed associated with the forma-
tion of the solid phase of 2D electrons. The re-entrant behaviour of luminescence
1

spectra due to formation of the 2D solid phase in the vicinity of filling factors g,% and
1

5 was observed and analysed. The combination of time-resolved spectra and tem-
perature dependences for the PL made it possible to distinguish not only liquid from
solid but also an extrinsic localized state due to strong single-electron localization
from an intrinsic solid phase of 2D electrons (the Wigner solid). A phase diagram of
the Wigner solid was derived from the different time scales of luminescence spectra
corresponding to liquid and solid phases. It was also demonstrated that the time-
resolved magnetoluminescence is an efficient local probe of 2D electron spatial struc-
ture in the insulating phase. This allows us to identify the short-range configuration
of neighbouring localized electrons as being consistent only with an ideal triangular
structure with a very small portion of deformed cells.

The circle of problems connected with the investigations of incompressible quan-
tum liquids in the FQHE regime and the Wigner solid still remains a ‘hot’ and attrac-
tive field of scientific interest. In conclusion we would like to emphasize a few points
which will be interesting, in our opinion, to investigate using optical spectroscopy
methods. In the nearest future, one can imagine rapid space-resolved experiments
in which the kinetics of the many-electron excitations and their correlations may be
directly optically tracked within the confines of semiconductor nanostructures. In
principle, inelastic light scattering allows direct measurement of the gap excitations
that are fundamental in the FQHE regime and in the regime of the Wigner solid.
Ongoing work using both luminescence and inelastic light scattering is also focus-
ing on electron systems in one and zero dimensions: quantum dots and wires. As to
the Wigner crystallization, more direct methods of experimental verification of this
liquid-solid phase transition are desirable. The experiments on elastic scattering of
short-wavelength acoustic phonons (some analogy to X-ray scattering by ordinary
solids) seems to be attractive and valuable.
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MATHWUTOONTMKA ABYMEPHbIX 3NIEKTPOHOB
B Y/IbTPAKBAHTOBOM MPELENE: HECKUMAEMbIE
KBAHTOBbIE XWAKOCTM ¥ BUTHEPOBCKWIA KPUCTANN®

N.B. KykymikuH, B.B. Tumodeesn

1. BBeneHue

B ¢usuke HM3KOpa3MepHBIX MMOTYIPOBOIHUKOBBIX CUCTEM 3a MOCIELHION
JeKaJry ITPOU30III0 HECKOIBKO COOBITHIA, CBSI3aHHBIX C OTKPBITUEM II€JIOTO PSifia
SIpKUX Pusmdeckux seiaeHunit. B 1980 r. 6bu1 06HAPYsKeH 1[e0YMCIeHHbI KBAHTO-
BbIlt 9ddexT Xomra (K9X) [1]. [IBa roga CITycTs, ellie 10 TOT0, Kak ObIa MCUePIThI-
BalOIIle OCMBICJIEHA 3HAUMMOCTb STOTO SIBJIeHMSsI, 6bIT 0OHApYsKeH 3(PdeKT Ipob-
HOT'0 KBAaHTOBAHMSI XO/UIOBCKOTO COMTPOTHUBIIeHMs [2]. CeromHs, MouTH AeCsiTh JieT
CITYCTSI, MBI MUM€EEM ellle OIVH CIOPIIPU3, CBSI3aHHBIN ¢ 0OHAPYKeHMEM KPUCTAII-
JIM4ecKoit a3bl ABYyMEPHBIX 3JIEKTPOHOB, WJIM TaK Ha3bIBA€MOTO BUTHEPOBCKOTO
Kkpuctasuia. Llenb HacTosIIero 063opa — MO3HaKOMUTD YUTATENIST C MATHUTOOIT -
TUYECKUMMU UCCIIeSOBaHMUSIMU TIepPeunCcIeHHOTO Kpyra SBaeHuii. MarHUTOOITH -
Ka OKasasach 0CO6eHHO 3(hdEeKTUBHBIM MHCTPYMEHTOM 3KCII€PUMEHTATIBHOTO
M3YUYEHMST KYJTOHOBCKMX KOPPEISIIMOHHBIX 3 ()EeKTOB BO B3aMMOIEICTBYIONIEM
2D-3/1eKTPOHHOM Tase.

31ech yMeCTHO HAallOMHUTb, YTO KBaHTOBbI 3ddexT Xoina, mo3ngHee Ha-
3BaHHbBIN 1LenouncyieHHbIM KIX, sIB/sieTCSI MarHUTOTPAHCIIOPTHBIM SIBJIEHUEM
" Hab/MIOIAeTCs] B JBYMEPHBIX JIEeKTPOHHBIX (IBIPOUHBIX) CJIOSIX B CTPYKTYpax
MeTa/uI—AnU3eKTPUK—NomynpoBogHuK (M/IIT), a Takke B MOLYAMPOBAHHO Jie-
TMPOBaHHBIX TeTepocTpyKTypax (I'C) [3-5]. PeHOMEeHONIOrnYecku 3ToT 3PheKT
TIPOSIBJISIETCST TP BKJIIOUEHUY JOCTAaTOUHO CMJIbHOTO MAarHUTHOTO 107151 B, miep-
MEeHIUKYJISIPHOTO TUIOCKOCTY CBOGOIHOTO ABMsKeHMSsT 2D-3/1eKTPOHOB, U COTIPO-
BOX/A€TCsI BOSHMKHOBEHMEM IJIaTO B XO/UIOBCKOM COITPOTUBJIEHUY (OTHOLIEHUN
MMOTIEPEUHOr0 HAIIPSIKEHMS K ITPOA0IbBHOMY TOKY). XO/JIOBCKUM maTo nmpu T'= 0
COOTBETCTBYIOT HYJIX ITPOJOJIBHOIO COMTPOTUBIIEHUS. DTO SIBJI€HNE TTOJIHOCTHIO
KOppenupyeT C BOSHUKHOBEHMEM OJHOYACTUYHBIX Ieseil B criekTpe 2D-3mek-
TPOHOB B MarHUMTHOM IT0JIe — LIMKIOTPOHHBIX, CIMHOBBIX, TOJIMHHO-0POUTAITb-
HBIX, KOTOpOe TIPUHYKIAeT 3JeKTPOHbBI ABUTAThCS 10 JAHIayBCKUM OpOUTaAM
c sHeprusimu E = (n + 1/2)hw_, rae w, — 4acTora UMKJIOTPOHHOIO BpalleHMs
3/IeKTPOHA. XOJ/UIOBCKAsl MIPOBOAVMOCTb 0,, B PEXMME [eI0UNCIEHHOTO K3X, T.e.
Ha IJ1aTO, C 60JIBIIIOI TOUHOCTHIO paBHA

* Yenexu Gusnyeckux Hayk. — 1993.- T.163, Bbin. 7.- C. 1-28.

187



. B. KykywkuH, B. . Tumogees

— 2
o, =ve/h, (1.1
roe e n h— YHUBepCaJIbHbIE€ aTOMHbBIE IIOCTOSIHHbIE, d ¥ — d)aKTOp 3aIlOJIHEHMSI.
Io ompeneneHuio, GakToOp 3aIlOTHEHMUS v eCThb

v=N,/N,, (1.2)

rae N, — mnotHocTh 2D-31eKkTpoHoB, a Ny = 1/27l2 = eB/h — npepnenbHoO 10~
MyCTUMOE 3allojIHeHMEe 3JeKTPOHaMU, MM €MKOCTh KBAHTOBOTO COCTOSIHUS
(I, = (h/eB)"/* — maruuTHas aauHa). Camas gpKas IpUMeuaTelbHOCTD LieI0uM-
ceHHOro K9X cocTouT B TOM, YTO IJIATO 0, ¥ HY/IU 0, BO3HMKAIOT IPY L€/I0UM-
CIeHHbIX U = ..., 4, 3, 2, 1. YaioBue v < 1 OTHOCSIT K KBAHTOBOMY IIpefeny.
Llenouncnennsiit K9X ecTb sBIeHME OMHOIIEKTPOHHOE 1 06YCIOBJIEHO CIIe-
uMbUIecKoi CTPYKTYypoit 2D-3/1eKTPOHHOTO CIIeKTPa B MOTIepeYHOM MarHUTHOM
ToJjie MPY HaIMYKUM CJIy4aifHOTO OTeHI[1aia, a MMeHHO, TPaKTU4YeCKu BCe COCTO-
SIHUS B 1IeJISIX S9HEPreTUYECKOro CIIEKTPa CUIbHO JIOKaJIM30BaHbl (B LyXe JIoKa-
JIU3aIUY 10 AHZIEPCOHY), a 6e3IMCCUTIATUBHbBIN XO/UIOBCKMI TOK ITIEPEHOCSIT He-
ckonbko (ipy T = 0 0HO) MPOTSKEHHBIX, TeTIOKATM30BaAHHbBIX COCTOSTHUIA [3, 5].
TOYHOCTH KBAaHTOBAHMS XOJIJIOBCKOY ITPOBOAMMOCTH (BbIpaskeHue (1)) 06ycioB-
JIeHa TeM 00CTOSITeJIbCTBOM, UTO B 2D-cucTeMax MpPOBOAMMOCTb MOSKET OBbITh
npeAcTaBieHa TOMOJIOTUYeCKMM MHBAPUAHTOM, He 3aBUCSILUM OT CJIy4aifHOTO
noTeHuMana nedeKkToB, BCeraa MPUCYTCTBYIOMINX B peaabHbIX 2D-cucremax [3].
O6HapykeHMe IpoOHOro KBaHTOBOrO 3¢ dekra Xosia, 1Ba rofa CITyCTs Iociie
OTKPBITHS IIEJIOUNCIIEHHOTO, ObIIO MOTHOM HEOXKMUIaHHOCTbIO. [Ipe/Ionaranocsk,
YTO MO Mepe YAyUIlIeHMs] KauecTBa 006pasioB (CTPYKTYPhI C 6oee coOBepIIeH-
HBIMM T'paHUIIAMM pasjeiia, 60jee OGHOPOIHBIMY JIEKTPUUECKVMMY TTOTEHII -
ajamMu, yoep>XMUBaIMMM HOCUTENN B 2D-TIJIOCKOCTH, U T.A.), @ TakKe 110 Mepe
MIPOIBIKEHMS B 3aMpele/bHYI0 KBAHTOBYIO 00/IacTh v < 1 NOMKHA BO3HUKHYTh
KpUCTa/IM3aLus 3J1eKTPOHOB, MM ABYMEPHBII BUTHEPOBCKUI KPUCTAII [6,
7]. B kiraccuueckoM Ipefesie Takas KpUCTALIM3ALMs paHee HaOMIOqanach ast
2D-271eKTpOHOB Ha MOBEPXHOCTHU KUAKOTO renus [7]. OGHAKO B COBEPIIEHHbBIX
CTPYKTypax ¢ 2D-3/1eKTpOHHBIM Ta30M, OTIMYAIONIMXCS BBICOKOW KBAHTOBOI
MTOIBMKHOCTBIO, B 06/1acTi v < 1 6pl1a O6GHApY>KeHa TOHKAs CTPYKTypa B MarHu-
TOTPAHCIIOPTHBIX KPUBBIX, HE MMeIoIasl IIPSIMOTO OTHOILIEHMST K BUTHEPOBCKOI
KPUCTLIMU3ALNY, a UMEHHO, ObI/TM 0OHAPY>KeHBI HOBBIE TJIATO M HYIM MarHu-
TOTPAHCIIOPTHBIX BEJIMYMH, TPOBOAMMOCTH U YAEITbHOTO COMTPOTUBJIEHNS, TIPU
IpOOHBIX (haKTOpax 3aroMHeHUs v = p/q (p — 1eoe, ¢ — 1el0e HeYeTHOe Uu-
CJ10). DTO SIBJIEHME TTOYUYMIO B JajbHelieM Ha3BaHue apooHoro K9X. Okasa-
JIOCh, UTO Apo6HbIit KOX HabmomaeTcs npy TeMIiepaTypax, 3SHaUUTeIbHO 6ojiee
HU3KUX, YeM 11€JIOUMCIIEHHBI. DTO CO BCel ONpeneneHHOCThIO YKa3bIBalo, UTO
B SHEPreTUUEeCKOM CIieKTpe 2D-3/1eKTpOHOB CYIIECTBYIOT HOBbIE I10 CBOE Mpu-
pope 11iesin, TIOsIBJIeHMe KOTOPbIX HeJlb3sl TIOHSITh B paMKax ITPOCTOTO OAHO3JIEK-
TPOHHOTO omycanusi. Bckope apo6HbIii KOX 6611 00bsICHEH [8] KaK Cyie[ICTBIE
B3aMMOJIEVICTBUSI MEXKY 37IeKTPOHAMM, KOTOPO€e TIPUBOUT K BO3SHUKHOBEHUIO
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CUJIBHO CKOPPEeIMPOBAHHBIX MHOTOJIEKTPOHHBIX COCTOSTHUI (TaK Ha3bIBaeMble
JIaIMHOBCKME COCTOSTHMST), TIOJIyUMBIINX €llle Ha3BaHMe HeC)KMMaeMbIX KBaH-
TOBBIX xyupaKocrei (KXK). Takie cOCTOSHUS SIBJISIIOTCS JKUIKOCTBIO, ITOCKOJBKY B
HUX OTCYTCTBYET AaabHUIi IOPSIIOK MEXIY 37IeKTPOHAMMU, & UX HECKMMAEMOCTb
TTIOHMMAEeTCs] B TOM CMbICJTe, UTO JJISI MU3MEHEHMS TUIOTHOCTY i akTopa 3a-
TTOJTHEHMS TpebyeTCs 3aTPaTUTh SHEPTUIO MAcIITaba COOTBETCTBYIONIE IIeN,
KOTOpas OThessieT OCHOBHOe cocTosiHMe KJK OT HempephIBHOTO CIIeKTpa KBa3y-
YacTUYHBIX BO36YxaeHmit. CormacHo Teopuu JladunHa [8] Takie HeOObIYHbIE CO-
CTOSTHMSI 3IEKTPOHHOJ KBAHTOBO KMIKOCTU CYILECTBYIOT UCK/IIOUUTENBHO IIPU
paloHaNIbHBIX APOOHBIX (hakTopax 3amoaHeHUs v = 1/q C HeYeTHbIMY 3HaMe-
HaTeasIMM. B COOTBETCTBUM C 37IEKTPOHHO-ABIPOUYHOI CUMMETPHUEN, IbIPOYHbBIE
cocrosiHus KOK cymectBytoT ipu 1— (1/g). B paMKkax MHOT03/1eKTPOHHOI TeOpuUn
[8, 9] kBa3MUaCTMUHBIE BO3OYKIEHMSI B peXXume qpooHoro KIX HecyT Ipo6HbIi
3apsin e* = e/q. Takum 06pa3oM, B OTVIMYME OT OTHOIEKTPOHHBIX IIeJeit — -
KJIIOTPOHHBIX, CITMHOBBIX U JOIMHHO-OPOUTAIbHBIX, OTIEPUPYIOMIUX B IeI0YN-
carerHoM K9X, B peskume apob6Horo K9X 1menn MMeroT KyJTOHOBCKYIO IIPUPOAY U
CBSI3aHBI C MEKUACTUYHBIM B3aMMozeiicTByeM. MaciTabbl KyJIOHOBCKUX IIIeJTeii
A, OTIpesiensIoTCs BeMIMHON IPOOGHOTO 3apsiaa M YObIBAIOT ITPU YBEJIMUEHUN
10 3aKOHY

A, ~0,1e* [el, =0,1¢’ /el ~ q *H"*, (1.3)

rme € — OUJIeKTPUYecKasi MPOHUIIAeMOCTb Cpefbl. ITY MacCIITabbl OYEHb
MaJibl, moaTomy K3K B peskume K9X siBisieTcst BechbMa JeIMKATHOM CyOCTaHI -
eii. He yOMBUTEIbHO, UTO TaKle COCTOSIHMS OOHAPY>KMBAIOTCS JIUIIb B BhICOKO-
COBEPIIEHHBIX CTPYKTYpax ¢ 2D-3/1eKTPOHHBIM ra30M, B KOTOPbBIX C/TyJaiiHbIN
ITOTEHIMAJT He pa3pyllaeT 3TU COCTOSIHMSI (TPeOYIOTCS SJIEKTPOHHbBIE ITOIBIK-
HOCTM Topsiika 1 6osee 10° cm?/B-c), a Takoke HY)KHBI OYeHb HU3KMe TeMIlepa-
TypsI (TTopsimka 1 MeHee 1 K). HecMoTpst Ha skeCTKOCTb TpeO6OBaHMI K YCIIOBUSIM
HabmogeHust Apo6Horo K9X, B MarHUTOTPAHCIIOPTHBIX SKCIIEPUMEHTAaX HalieHbl
1iesible ceMeiicTBa Takux coctosiuuii [10, 11] u ycTaHOB/IeHa UX Mepapxusi, B CO-
[1acuM C Ipefcka3aHusiMu Teopun [12], BIUIOTh 1o dakTopa 3anoaHeHus v = 1/7.

[TpaBuIO HeueTHBIX 3HAMeHaTesell eCcTb c/ieIcCTBMUe TIpuHIuna [laynu u cBsi-
3aHO C aHTUCUMMETPUYHOCTHIO MHOTO3JIEKTPOHHO BOJTHOBO (YHKIMM, OTIN-
ChIBaMOIIEl ocHOBHOe cocTostHue KJK, koTopoe B Teopun JIaduiHa KOHCTPYUPY-
eTcsl U3 3JIEKTPOHOB C OAMHAKOBOI IMpoeKLyeii criuHa. [To3gHee 6bII0 ITOKa3aHO
9KCMEPUMEHTAIbHO (2 B TEOPUM 3TO OTMEUaJoCh ropasfo pasbiie [13]), uTo
ocHOBHOe cocTostHMe KK MoKeT GbITh, B IIPMHITUIIE, CUHITIETHBIM (B OTJIMYME
OT «CIMH-OPMEHTUPOBAHHOTO» JIaGIMHOBCKOTO) U CKOHCTPYUPOBAHO U3 3JIeK-
TPOHOB C [IPOTMBOIIONIOKHBIMY OpUEHTalusIMu ciinHa [14-16]. lanee, mpoleccsl
KBa3MYaCTUUYHBIX HAJIIENEeBBIX BO3OYKIEHMIT MOTYT IMPOMUCXOIUTD C OTIPOKNU/IbI-
BaHMEM CMyHA (CIIMH-GINII-TIPOIIeCChl). B 9TMUX cIienmanbHbIX CJTyyasx, Korma
TTOSIBJISTIOTCST IOTIOJTHUTE/IbHbIE CTETIeHM CBOOO/IBI 110 CITMHY, ¥ Ha KOTOPBIX MbI He
CTaHeM OCTaHaBJIMBATHCS IETATHLHO, MOTYT HAOMIOAATHCS PAIIOHAIbHbIE IPO6U
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B pexkume po6HOT0 KOX ¢ ueTHbIMM 3HaMeHaTeasiMu. TakuM 06pa3om, caMmo
MPaBUJIO HEUETHBIX 3HAMEHaTesell B pexkume Apo6Horo KOX oTHIONb HE HOCUT
YHMBepCaabHbII XapakTep.

B Kpaco4HOI 1 BIieYaT/sIoNeil 0 CBOMM pe3ylabTaTaM UCTOPUM, CBSI3aHHOM!
¢ npobHbIM KI9X, cTaHOBMIICS BCe H6osiee aKTyaIbHBIM BOIIPOC: T/Ie JKe BUTHEPOB-
cKasl Kpuctaannsauys 2D-3/1eKTpOHOB 1 KOTIa OHA MPOUCXOAUT? DTOT BOIIPOC
nprobpes 0co6yI0 OCTPOTY TOC/Ie TOTO, KaK HaJleKHbIe UMCIEHHBIE PacyeThl
60Jiee TOYHO yKa3ajayu 06/1acTh (KPUTUUECKME 3HAUeHUs (HaKTOpa 3aroHeHUSsT
v_< 1/5[17]), roe npeanonaraeMasi KpUCTa/IM3aLMs MOKeT BOSHMKHYThb. Hy>kHO
MMeTb B BUZY, UTO B MHTEPECYIOIEM HaC C/Tyyae MpsiMble SKCIIePUMEHTDI, T0Ka-
3bIBAIONIVE TTOSIBJIEHYE TAJIbHETO MOPsIAKA BO B3aMOZeCTBYIOMIel cucteme 2D-
37IeKTPOHOB ¥ OCHOBAHHbBIE HA YIIPYTOM PaCcCesTHUU HEMTPOHOB WJIV PEHTTEHOB-
CKMX JIy4eli, IPOCTO HeOoCyleCTBUMBL. 1 TeM He MeHee B HeZJaBHO BbITTIOJTHEHHBIX
3KCIIepUMEHTaX, PA3HOOOPA3HBIX Y HE3aBUCUMbIX TI0 CBOEMY METOIMUECKOMY
TIOAXOAY, 8 UMEHHO, OCHOBAaHHbBIX Ha M3yYeHUM PagMOYaCTOTHOTO MOIIOIIEeHUS
[18, 19], maruuTOTpaHcnopTa [20, 21], nornoieHus 3ByKa [22, 23], MarHUTOOI -
T™IKK [24, 25], a TaKKe NUKIOTPOHHOTO pe30HaHca [26], MOTyYeHbl BeCKue [0-
Ka3aTeJIbCTBa (XOTS U He MPSMbIe), UTO TaKasi KpUCTAJUIM3ALMS TIPOUCXoauT. ITo
Mepe TTPOABIDKEHMUS B YIBTPAKBAHTOBYIO 0071aCThb (v < 1) U IpU HU3KUX TeMITe-
paTypax, 3-3a ycuauBawumxcs 3GeKkToB cuIbHOM ToKanu3aum Ha QurykTya-
LMSIX CTy4YaliHOTO OTeHIMalIa, SIeKTPOHBI TEPSIIOT BO3MOKHOCTD [IepeMellaThCs
Ha MaKpOCKONMUecKyue paccTosiHus. [I03ToMy MarHMTOTPaHCIIOPTHBIN MeTO[, B
9TO¥1 06JIACTYU CTAIKMBAETCS C TPYILHOCTSIMY IIPUHIUITMAIBHOTO XapaKkTepa, Tak
KaK cama cucreMa ¢ 2D-3/IeKTPOHHBIM ra30M CTAaHOBUTCS BCe 6ojiee UINTeKTPH-
YeCKOI U CKOopee HAalTOMMHAET «3JIeKTPOHHOE CTEKIIO.

Ternepb 06paTUMCS K MArHUTOOIITUUECKOMY METO/Y, LIS KOTOPOTO 3P (HEKTHI
CUJIbHOM JIOKaJIM3aluM He SIBJISIIOTCS CTOJIb CUIbHBIM OrpaHMYeHMeM. XOPOIIO
M3BECTHO, UTO U3JTyyaTeJbHAsI peKoMOMHaLMs 2D-3/1eKTPOHOB ¢ HEpaBHOBECHDI -
MM IbIPKaM¥, BBEIEHHBIMM T€M WJIM MHBIM CIIOCOOOM B MCCIEAYEMYIO CUCTEMY,
MOXKeT ObITb MCITOJIb30BAaHA B KaUeCcTBe CI1ocoba M3MepeHUsT SHePreTUIEeCKOTOo
CIIeKTpa 3/1eKTPOHOB. [Ipy 3TOM, KOHEUHO, ITPeJIIIoNaraeTcsl, YTO IHepreTUIeCcKuin
CIIEKTP CaMMX IBIPOK M3BECTEH MCUepITbIBaONMM 06pa3omM. Hac B manbHeiiem
6yoyT MHTEPeCcoBaTh CUCTEMbI C OOMHOUYHBIM KaHaIoM 2D-3/1eKTpOHOB, KOTOPbIe
peanu3yioTcs B MIII-CTpyKTypax 1 reTepoCTPyKTypax. DIeKTPpUIeCKUii MOTEeHI M-
a1, yIep>kKUBaoIMii AByMepHbIe 3JIeKTPOHbBI BOMM3YM MHTepdeiica, BbITATKMBAET
HepaBHOBECHbIE ABIPKY OT IPAHUIIBI pa3ena B 06beMHYyI0 (6ydepHyIo) 06/1aCTb.
OnHako 13-3a MPOTSDKEeHHOCTU BOMHOBOM (QyHKIMK 2D-3/1eKTPOHOB B HaIIpaB-
JIeHUM, TIepIeHAVKYASIPHOM uHTepdelicy, TeM He MeHee, COXpaHsSIeTCsl KOHeuHast
BEPOSITHOCTD U3J/TyUaTebHOI IeKTPOHHO-IBIPOYHOM pekoMbuHauyu. Ha aTom
OCHOBBIBAJICS METO/, IIOMUHECLIEHLIMY [IJISI IIPSIMbIX M3MePeHU I OIHOUaCTUYHOMN
TUTIOTHOCTY CcOCTOsIHMIA 2D-3mekTpoHoB B Si-M/II-cTpykTypax [27, 28] 1 GaAlAs/
GaAs-omnHOYHOM reTeporepexofe [29]. DTOT MeTof, C yCIiexXoM 6bUT UCITONTb30-
BaH B pexxyuMe LenouncieHHoro K9X ns usmepeHnmii mwesneil B 0HOYaCTUUHOM
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37IeKTPOHHOM CIIeKTpe B MONepeyHOM MarHMTHOM T10Jie, TNIOTHOCTY KBaHTOBBIX
COCTOSTHMIA TIPY Bapualluy MX 3aronHeHus], 9P GHeKTOB HeJTMHETHOTO S9KpaHUpPOBa-
Hus QyKTyanuit caydaifHoro moTeHyana u 1. 1. (cM. 063o0psi [29-31)).

OnpHako 3(QdeKTMBHOCTD METOHIA JIIOMUHECLHIEHIIMY B PEXMME IPOOGHOr0
KBaHTOBOro 3¢ dekTa XoJjia, Ha epBblil B3IJIS, He KaKeTcsl OUeBUAHOI. Jeii-
CTBUTEILHO, ITPEXAe BCEro, HEPaBHOBECHBIE MBIPKM KaK 3apsDKEeHHbIE YaCTUIIbI
IIO/DKHBI CUJIBHO BO3MYIIATh CTOIb AEeMMKATHYIO CUCTeMY, KaKOii SIBJISIeTCST KBaH-
TOBAs KUAKOCTb B pexkume KOX. [lanee, ampuopu He SICHO, MOXKHO JIU B YCJIOBUSIX
OITMUYECKOI'o 9KCIepyMeHTa B uccienyeMbix 2D-cucTeMax B IMIPUHIIUIIE pean-
30BaTh CTOJIb HM3KME TEMIIEPATYPHI B COOTBETCTBUY C MaCIITaOaMy KyJIOHOBCKUX
miesneii (mopsimka u meHee 1 K) u 6yget i cama cuctema 2D-371eKTPOHOB B TAKMUX
YCIIOBUSIX KBa3MpaBHOBeCHOI? HakoHell, B OTMeYeHHOM BblIllle MeTofe JTIOMU-
HeCI[eHLIVM OCTaBaJICSI OTKPBITHIM BOMPOC O PACIIONOKeHUN HEPAaBHOBECHBIX JIbI-
POK, C KOTOPBIMM PEKOMOMHMPYIOT 3JIEKTPOHBI, OTHOCUTETbHO 2D-37IeKTPOHHOTO
KaHasa. [IpeomoneTh oOTMeueHHbIe CJIOKHOCTU U CHSITh BO3HMKAIOI[Me BOTIPOCHI
yIaeTcss BBIOOPOM CITeIMaIbHO IIPUTOTOBJIEHHBIX CTPYKTYP € 2D-371€eKTPOHHBIM
rasoM. IIpu BbIOOpE TaKOro 0OBEKTa MIJIsI MarHMTOOITUUYECKUX MCCIeI0BaHNUI
cJielyeT OTaaTh PeAIIouTeH)e MOMYIIPOBOJHUKOBBIM CHCTEMAaM C BhIPasKeHHOT
acMMMeTpHeli M0 OTHOIIEHUIO K 3IeKTPOHHO-IBIPOYHOMY B3auMOIelicTBUIO0. Ta-
KM O6BEKTOM C YCIIEXOM MOXKET CJTYKUTh OIMHOUHbIN reTeporepexo, B KOTO-
POM ABYMEPHbIN 3JIEKTPOHHBIN KaHaI TPOCTPAHCTBEHHO Pa3iesieH ¢ 00J1acThio,
3aHSITON (OTOBO30YKIEHHBIMMU IBIPKAMMU. DTU TBIPKU SKEJIATEITbHO «ITPUBS3aTh»
K aKIIeNTOPHBIM IIEHTPAM Ha JOCTATOYHO yOAJ€HHOM U (PMKCUPOBAaHHOM pac-
cTosiHMM OT uHTepdeiica. Takue CTPYKTYPbI yIaeTCs peaan30oBaTh Ha MpumMepe
GaAlAs/GaAs ogMHOYHOTO reTeporepexofia ¢ §-c/I0eM aKklLenTOPOB, KOTOPbIi
«BCTpaMBaETCs» METOAOM MOJIEKYJISIPHO-Iy4YeBOI STMMUTAKCUM U MOIYJIMPOBAH-
HOTO JIETMPOBAHMSI HA HY)KHOM ymaJieHuu OoT mHTepdeiica. B Takux o6bekTax
13-3a HEMTPAJbHOCTM aKIeNTOpa U ero 3HaUUTeAbHOM yIaJleHHOCTU OT MHTep-
(evica KyJIOHOBCKME KOppensinyuu B pexxume apobHoro KOX u BUTrHEpOBCKOI
KPUCTAIN3aIMM B MMHMMAaIbHOM CTeeHU MaCKUPYIOTCS M3-3a SKCUTOHHOTO
3 dexTa. 3ameTuM, UYTO B CUMMETPUUYHBIX OTHOCUTETBHO 3JIEKTPOHHO-IBIPOY-
HOTO B3aMMOZEICTBUS CHUCTeMax, HallpuMep, B KBAHTOBBIX SIMax, BAUSHMUE 3KC-
UTOHHBIX 3¢ (HEKTOB OUeHb BEJIMKO. EC/IM 57IeKTPOHBI M ABIPKM ITPOCTPAHCTBEHHO
He pasjie/ieHbl, SKCUTOHHBIN 3P @dEKT MOIHOCTHI0 KOMITEHCHUPYET KYyJIOHOBCKME
KOPPEJISILIMY B 3JIEKTPOHHO IMOJICUCTEME U, KaK CJIEJICTBYE, B COOTBETCTBYIOIINX
CITEeKTPaXx JIOMUHECIEeHIINI 3T KOPPEJSILUN He ITPOSIBIISIIOTCS.

CTpyKTypa HacTOsIIero 0630pa BhIIISIIUT CIeAyIoM o6pa3oM. B pasgerne 2
MbI OCTAaHOBMMCS Ha 060CHOBAHMM MarHUTOOIITUYECKOTO METO/Ia, MCII0Ib3YI0-
IIEro U3y4YaTesIbHYI0 peKOMOMHAIINIO 2D-3/IeKTPOHOB € (DOTOBO30YKIEHHBIMU
IbIPKaMM, TOKQJIM30BAaHHBIMM Ha aKLUEINTOPHBIX [eHTpax (aTomMbl Be) B §-cioe
B OIMHOYHOM reTeporniepexone GaAlAs/GaAs. ViccinenoBaHusi OGHOUACTUIHOTO
JHEepPreTUYecKoro crekrpa 2D-3/IeKTPOHOB, IOMEIeHHbBIX B CMJIbHOE IToIepey-
HOe MarHuTHOe ToJjie, TpeACTaBAeHbl B pa3aene 3. MarHutoonTtuka 2D-3mek-
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TPOHOB B pexxume npobHoro KIOX paccmaTpuBaeTtcs B paspeine 4. 3mech 6ymeT
M0Ka3aHo, KaK B paMKax MarHMUTOOINTUUECKOTO METONa YOAeTCsS <«yBUIETb»
OCHOBHOE COCTOSIHVE B3aMMOJIe/ICTBYIOIINX JIEKTPOHOB IIPY Bapualyy 3a1oi-
HEeHMS KBAaHTOBBIX COCTOSIHMIA, ¥ TIPOIEMOHCTPUPOBAHO, HACKOIBKO 3P beKTu-
BeH OINTUYECKUII MHCTPYMEHT IJIsT M3MEePEeHMST KyJIOHOBCKMX KBAa3MUaCTUUHBIX
mieseit. HakoHer, B pasgese 5 6yayT MpeacTaBieHbl ONTUYECKME SKCIIEePUMEH-
ThI, CBSI3aHHBIE C BUTHEPOBCKOM KpucTaaam3aiyeit 2D-3/1eKTPOHOB B CUJIbHOM
MOTIEPEeYHOM MarHUTHOM Tojie. 3/1ech OyeT MoKa3aHo, Kak C MCII0Ib30BaHUEM
TEXHVKM MMITYJIbCHOTO (POTOBO3OYKIEHMS 1 aHAJIM3a CTIEKTPOB PEKOMOVHAIINH,
paspelieHHbIX BO BpeMeHM!, yIaeTCs] OTIIMYUTD COCTOSTHUST KPUCTALTNYECKOV U
HEeYTIOPSITOYeHHO (CTEKTI000PAa3HOI) SMeKTPOHHBIX (a3, , B KOHEYHOM UTOTE,
TTOCTPOUTD (ha30BYI0 AMArpaMMYy JIJIsI BUTHEPOBCKOTO KPUCTAJLIA.

2. M3nyyaTenbHasi pekoMbuHaumsa 2D-3nekTpoHOB
B OAMHOYHOM reTeponepexoae

W3BeCTHO, UTO CIIEKTPOCKOTIMUECKUTI METO, OCHOBAHHBIN Ha U3JTydaTeabHOM
peroM6yHayu 2D-3/1eKTPOHOB ¢ HGOTOBO30YKIEHHBIMM AbIpKaMu, 3 PeKTBeH
NP UCC/IENOBAHUSIX SHEPTeTUUECKOTO CIIEKTPA IEKTPOHOB. OCOGEHHO UHTEH-
CUBHO 3TOT METOJ, UCIIOJIb3yeTCs B cyiyuyae KBaHTOBbIX M (K1) ¢ 2D-3nekTpoH-
HBbIM Ta3oM (CM., Harpumep, [32, 33], a Taxke 0630p [34]). Ecin mHTEepecoBaThCs
KYJIOHOBCKMMM KOPPEeJSIMOHHbIMU b dekTamu 2D-31eKkTpoHoB, TO K5I Kak 06b-
eKT MCCaeq0BaHMIi yCTyTIaeT CUCTeMaM C OIMHOUHBIM reTepoIiepexofoM 1o PSAy
npuuuH. Bo-miepBbIX, M3MyuaTeabHbIe BpemMeHa B KSI 1711 momynpoOBOOHUKOB, ITie
OINTUYEeCKMe TTepexo/ibl pa3pellieHbl B HyJIeBOM IMOPSIAKe TI0 BOJITHOBOMY BEKTODY
k, MeIoT HaHOCEeKYHIHBIN M MeHbIMi1 MaciiTab. B Takux cucremax, Ipu CTOJb
KOPOTKUX BpeMeHaxX U3yJ4aTebHO PeKOMOVHALIY HEBO3MOKHO Peain30BaTh
IOCTaTOYHO HMU3KME 3JIeKTPOHHbIE TeMIlepaTypbl — nopsiaka u Huke 1 K. Bo-
BTOPBIX, B cMMMeTPpUUYHbIX K hOoTOBO36YKIEHHbIE IBIPKM U 3JIEKTPOHBI ITPO-
CTPaHCTBEHHO He pa3/e/ieHbl, [T03TOMY S3KCUTOHHBIN 3¢ (deKT B TaKMX CUCTEMAaX
KOMIIeHCUPYeT KyJIOHOBCKMe Koppesisiyuu B 2D-31ekTpoHHOM rase. Hakonetr, K
110 CBOeMY KaueCTBY (HaIrpyumep, 3JIeKTPOHHO MOABMKHOCTH) YCTYIAIOT CTPYK-
TypaM C OOMHOYHBIM reTeporiepexomoM. ITO CBSI3aHO C HAIM4YMeM 0OpaTHOTO
reteporiepexosa B Ké, cTpykTypHOe COBEpIIIEeHCTBO KOTOPOTO CUJIbHO YCTyTIaeT
MIPSIMOJ reTeporpaHuiie.

[TepeuncieHHbIe BbIlIE HEAOCTATKYU U OTPAaHUYEHMSI TPAKTUUECKU OTCYTCTBYIOT
B CIIeI[MaTbHO MPUTOTOBIeHHBIX GaAlAs/GaAs-reTepoCcTpyKTypax n-Tuma c 6-cao-
€M aKLEeNTOPOB, yaJeHHbIM Ha 3HAYMTe/IbHbIe PACCTOSHUSA Z, OT 06/1aCTH, 3aHsI-
TOM 2D-3/1eKTpOHaMI. DHepreTuyecKkasi cCxema Takoli reTepOCTPYKTYpPhI ITOKa3aHa
Ha BCcTaBKe B puc. 1. Takue CTPyKTYpbI BbIPAILIMBAIOTCS C TOMOIIbIO TEXHUKM MOJIe-
KYJISIPHO-JTYYeBO¥ samuTakcuy [35]. Biiarogapst ;OCTaTOUHO HU3KO TeMIepaType
pocTa ¥ HEBbICOKO KOHIIEHTpaIMK JONMpoBaHus B 6-ctoe (< 10'° cv—2), MOXKHO
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136exkaTh 9 derToB nubdy3u 1 MOCIeAYIOMEro Pa3MbIBaHS MOHOCIOS aKIIell-
TOPOB. B oTinune ot KSI B 04MHOUHBIX TeTEpOIIepexoiax ¢ 6-I0ImMPOBAHHBIMMI CJTO-
SIMU YIA€TCSI TIOJTyYaTh BHICOKOCOBEPIIIEHHbIE CTPYKTYPbI, OTIIMYAIOIINECS OYEHD
6OJTBIIION TTOABVKHOCTBIO 2D-3/1eKTPOHOB — MopsiiKa u Bbimie 10° cv?-(B-c)~L

/o ALGaAs GaAs
ng=5-10""cm=2,
A, W=210"*Br[cm?
T A=6764A,
s T=12K

0

= .
Z — ZO=750A,
7 ,75:2-70’06?4-2
0

:!-
4| Z,=200A,
2t ng=2-10"cm 2
0757 7,50 748 Fw, o8

Puc. 1. Cnexrpsl moMuHeceHIMn GaAlAs/GaAs-reTepoCTPYKTYp C pa3HbIM PAaCCTOSTHMEM
Z, 6-CJ10s1 aKIeNTOPOB OT reTeporpaHmibl. Ha BcTaBKe — cxema reTepoCTPYKTYphl. Bepxuumii
CIIeKTp — 6€e3 CIIeLManbHOr0 §-IOMMPOBAHMYS.

B Takux CTpyKTypax usaydaTenabHass peKoMouHams 2D-3IeKTPOHOB C AbIp-
KaMU aKILEMTOPHBIX LIeHTPOB, JIOKATM30BAHHBIX B §-CJI0€, 0OBIYHO UCCIETYeTCST
B YCIIO0BUSIX (DOTOBO36OYKIEHMSI, TeHEPUPYIOIIET0 HEPAaBHOBECHBIE 3JIEKTPOHHO-
IbIpouHble (e—h) mapbl B OKPeCTHOCTU reTeporpaHuiisl [36]. [loBepXHOCTHBIE
KOHIIeHTpaluy akleTOPOB B MOHOC/IO0e TTIOUYTH Ha JBa MOPsiAKa HMKe KOHIeH-
Tpamyuyu 2D-37€KTPOHOB, TTO3TOMY ITPOIIECC M3TyJaTeabHOM PeKOMOVHALIUY C
60JIBIIO} TOUHOCTHIO HE 3aTparuBaeT 3JIeKTPOHHYIO IJIOTHOCTD. Ha puc. 1 mpen-
CTaBJeHbl CIeKTPbI JioMuHeceHIUM GaAlAs/GaAs-reTepocTpyKTyp, OTaMYA-
IOLIMXCST PACCTOSIHMEM O-CJI0S1 aKLeIITOPOB (aTOMBI Be) oT reteporpaHuiibl [37].
It cpaBHEHMSI 3[1eCh ke ITpe/ICTaBJIeH CIIeKTP OIMHOYHOTO reTeporiepexona 6e3
crenuanbHOro 6-JonmupoBaHus. B 3ToM CTpyKType B-11o/oca BO3HMKAET 3a CUeT
OCTATOYHO IVIOTHOCTU aKIeNTOPHBIX IIeHTPOB (aToMbl C) B 6ydepHoii ob1acT
GaAs. ITonocer A, B, 1 B B cIleKTpax OTBe4aroT peKoMOuHauuy 2D-3/1eKTpOHOB
CO CBOOOTHBIMM IbIPKAMU (A-TVHMM) U IbIPKAMU aKIeIITOPHBIX IIEHTPOB (B-/u-
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HUU) (MHAEKCHI YKa3bIBAIOT HOMEP 30HbI pa3MepPHOr0 KBaHTOBAaHMS 2D-3/1eKTpo-
HOB) [36]. UIHTeHCMBHOCTM IMHWIL B, 1 B, HOpPMMPOBaHbI 110 OTHOLIEHMIO K JIMHUN
A, U3SMePeHHOJ B ONMHAKOBbIX IKCIIEPUMEHTAIbHBIX YCIOBUAX. BUIHO, YTO pas-
MellleHye 6-CJI0sT aKIeNTOPOB OJIMsKe K reTeporpaHuiie COMPOBOXKIAETCS YBeTI-
YyeHreM MHTeHCUBHOCTY B-nyHnit. OGHOBpeMeHHO C MHTEHCMBHOCTbIO B-TnHMIA
UX YIIVPEHME U PACTIONOKEeHME B IIIKaJIe SHePTU CWIIbHO 3aBUCSIT OT PACCTOSTHUS
Z,. ismeHeHMe Mo3uiuuy B-IMHnii B CTIEKTPe CBSI3aHO C M3MEHEHUSIMU SHePIUn
CBS3M aKLENTOPOB B 6-CJI0€ IIPY Bapuauuy paccTosuuii Z (3pdexr lltapka [37]).
Ocra"oBuMcs Ha ¢opme CIeKTpa JIOMUHECI@HIINM, OTBeUaloleil nusayJa-
TeJIbHOM pekoMOuHayM 2D-371eKTPOHOB ¢ ABIPKaMM aKLeNTopoB B 6-cyoe (B -
muHuM). C X0opolleil TOUHOCThIO (JopMa CIIeKTpa SIBJISIETCSI CBEPTKOI OgHOYA-
CTUYHBIX IIOTHOCTEN cocTossHmi (TIC) 37meKTpoHOB 1 ABIPOK D, , (E), nX QyHKIMii
pacmpenesnenus f, (E) ¥ OITMY€CKOT0 MaTPMYHOTO /IEMeHTa hepexo,ua [38]:
o
I{hw)~ [ D,(E)D, (hw—E)f,(E)f, (hw— E)dE. (2.1)
0
[Tpu IpsiMOiE M3TyYaTeNbHO peKOMOMHAIVYM 2D-3/1eKTpOHA C aKIeIITOPOM UM-
MYJIbC COXPAHSIETCS 3a CYeT OTOAUM MPUMECHOMY LIEHTPY, 8 MATPUYUHBIN 3JIEMEeHT
repexojia MPakTUYeCKu He 3aBUCUT OT dHepruu. INIOTHOCTb COCTOSTHUI IBIPOK
U UX pacnpezneneHye B 6-CJIoe C JOCTaTOYHOJ TOYHOCTbIO MOXKHO IIPEACTaBUTh
6-dbyHkimeit. B aTux ycimoBusix dopma criekTpa JIoMUHecieHIMK B-1uHum Hero-
CpenCTBEHHO OTPakaeT OAHOUYACTUYHYIO IJIOTHOCTh COCTOSIHMI 2D-3/IEKTPOHOB
TIpY 3aJaHHOM PaBHOBeCHOM 3arnonHenuy f (E)

I(E) ~D/(E)f(E). (2.2)

B oTcyTCTBME MAarHUTHOTO ITOJIST STOT CITIEKTP MMEET IMPSIMOYTOJIbHYI0 (GOpMY, OT-
pakast IMOCTOSIHCTBO IJIOTHOCTY COCTOSIHUI 2D-31eKTpoHoB (D, = m/7h?), a ero
MOJIHAS MPUHA Ha 1oayBbicoTe Tipu T = 0 paBHa sHeprun @epmu 2D-371€KTpo-
HOB. PaHee CITeKTPHI C TaKOM MPSIMOYTOIbHOI (hopMoit Habmomanuch B Si-M/IT1-
CTpyKTypax [27, 28].

BomHoBast byHKIMs 2D-3/1eKTpOHOB B HallpaB/ieHM ) pa3MepHOro KBaHTOBA-
HUSI UMeeT B/

o2 (Z)~ exp[fZ(ZmEO’1 )1/2/h}, (2.3)

rae E, u E; — s deKTMBHbIEe BHICOTHI IOT€HIMANbHBIX 6apbepPOB /ISl OCHOBHOJA
¥ TIepBOi1 BO36YKAEHHOI MO30H Pa3MepHOro KBaHTOBAHMSL. [0 3aBUCUMOCTH
VHTEHCUBHOCTeN uHui B v B) mipu Bapuauum Z; ynaercs poaHaau3upoBaTh
XBOCTbI BOJTHOBBIX (DYHKIIMIA (2.3) 1, B YaCTHOCTH, OTIPEeIUTh BhICOThI 6apbepoB
E; | [39]. BeposiTHOCTD M3/Ty4aTeNbHOMN pekoMb6MHaIVM 2D-371eKTpOHA C AbIPKOI
aKUENTOPHOIO LIEHTPa B 6-CJI0€ W, ONIPeJeIsSeTCsl COOTBETCTBYIOLIMM IIePeKpPbI-
THEM UX BOTHOBbIX (OYHKITMIA:

we~ (022 (Z)u1)

2
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OueBMIHO, UTO NPU YBEeIMIEHUM PACCTOSHUIA Z; BePOATHOCTD U3/TydaTeTbHOM
PEKOMOVHAIIMK TOJIKHA SKCITOHEHIIMATbHO YMEHbBIIAThCS, 8, COOTBETCTBEHHO,
pafyaloHHbIe BpeMeHa 6yayT pactu. Ha puc. 2 nmpeacTraBieHbl 3aBUCUMOCTH
BpeMeHU 3aTyXaHMsl JIOMMUHECLeHI[MM, M3MepeHHble 751 2D-3/1eKTPOHOB 0C-
HOBHOI1 30HBI pa3MepHOT0 KBAaHTOBAHMSI B YUIOBUSIX MMITYJIbCHOTO JIa3€PHOTO
BO3GYXKEHNS B PAsIMUHBIX CTPYKTYpax ¢ Z, = 250, 300 u 350 A. Papyanyontoe
BpeMsI YBEJIMUMBAETCSI, KaK ¥ OKMUIAIO0CH, TOUTH Ha TOPSITOK. VI3 3aBUCHMOCTHU
7(Z,), KoTOopasi onpefe/seTcss U3MeHeHMeM NepeKPbITUSI BOTHOBBIX (DYyHKIMI
3JIEKTPOHOB U IBIPOK, YIAETCSI BOCCTAHOBUTH KOOPAMHATHYIO 3aBUCUMOCTb (Z-
HaIpaBJieHle) BOJIHOBOM GYHKIMM 2D-371eKTPOHOB.

HHTEeHCUBHOCTb, DTH.€D.

7T

T

1 1 1 1 1 |
0 100 200 300 400 500 600 700
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7

Puc. 2. 3aTyxaHue MHTEHCUBHOCTU JTIOMMHecHeHI Y 2D-31eKTPOHOB OCHOBHO ITOJI30HbI pas3-
MEPHOTO KBAaHTOBAHMS TP UMITYJIbCHOM JIA3€PHOM BO30YKAEHMM. 3aBUCUMOCTSIM 1, 2 1 3 OT-
BEYaloT PACCTOSTHMS §-C/10s1 aKIeIITOPOB OT MHTepdeiica Z, = 250, 300 u 350 A cooTBeTCTBeHHO.
Ha BcTraBke — 3aBUCHMOCTD T(Z,).

WTtak, BpeMeHa U3JIydyaTeIbHOi peKoMOUHAK 2D-3/1eKTPOHOB OCHOBHOJA
TIO/I30HBI C IbIPKAMM, CBSI3aHHBIMM B aKLIEIITOPE B §-CJI0e, MMeIoT MaciiTad 1076 c.
BpemeHa u3nydaTesbHO PEKOMOMHAIIMM 3JIEKTPOHOB U3 1-71 BO36YKAEHHOI
TTOI30HBI 13-3a GOJIbIIE TPOTSSKEHHOCTM BOJTHOBOM (PYHKITMM B 9TOM COCTOSI-
HMM OKa3bIBAIOTCS, IIPU IMPOYMX PABHBIX YCIOBUSX, IIPUMEPHO Ha MOPSIAOK 60-
Jilee KOPOTKMMU. DTO KOPEHHBIM 06pa3oM OT/IMYaeT pacCMaTpuBaeMble reTepo-
CTPYKTYPBI OT CIy4ast peKoMOMHaI 2D-31eKTPOHOB CO CBOOOIHBIMY IbIPKAMU
B KBAHTOBBIX IMax, e 7~ 1077 ¢ [40]. IMeHHO [T03TOMY B OIMHOYHOM TeTepoIie-
pexome GaAlAs/GaAs ¢ -c10eM aKIeIITOPOB IeperpeBsl ATIEKTPOHHO CUCTEMBI
B YCJIOBUSIX OMITUYECKOTO IKCIepUMeHTa MeHee 3HaUuTeIbHbI, 4eM B KS1.
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Tenepb OCTAaHOBMMCS Ha BOIIPOCe, KacaloLleMCsl BO3MOXKHOCTEN M3MeHeHUs
KoHLIeHTpauuu 2D-31eKTpoHoB B GaAlAs/GaAs-0nMHOYHOM reTeporepexoze C
MIOMOIIIbI0O POTOBO30OYKIEHMST HepaBHOBECHBIX e—h-1ap B OKPeCTHOCTHM TeTepo-
TPaHUIIBI. DKCIIEPUMEHTATBHO ObIIO YCTAHOBJIEHO [41], UTO €C/Ti C IIOMOIIIbIO He-
IPephIBHOJ IOJCBETKM POXAATh HOCuTeam B cnoe Ga Al As (sHeprust poToHOB
Gonpure WMpUHLI Npsmoi memn Ga Al As 11 3aaHHOrO COCTaBa X), TO MpU
JIOCTATOYHO OOTBIINX MOLTHOCTSIX YIAETCS CYIeCTBEHHO M3MEHUTD CTAIIOHAD-
HYI0 KOHI[eHTpanuio 2D-31eKTpoHoB. KauecTBeHHOE 00BbsICHEHME 3TOTO IKCITe-
PUMMEHTATbHOTO (DaKTa COCTOUT B TOM, YTO HepaBHOBECHbBIE IbIPKY, POSKIEHHbIE
TTOZICBETKOM, IBVKYTCSI B CTOPOHY reTepPOrpaHulibl, IIe peKOMOMHUPYIOT ¢ 2D-
3J7IeKTPOHaMU. B TO ke BpeMs UacTh U3 MHKEKTUPYEMBbIX 3JIEKTPOHOB 3aXBaThI-
BAeTCsl MOHM3MPOBAHHBIMM OCTATOYHBIMM ITOHOPHBIMM IIEHTpPaMM B 06JIacTH
crieiicepa (HeslerMpoBaHHbI c1oii GaAlAs BO6aM3u nHTepdeiica). O6a mpoiecca
MIPUBOJST K YMEHbIIIEHUIO CTallMOHAPHO KOHIleHTpauyuu 2D-3/1eKTPOHOB, U, B
KOHEYHOM UTOTe, caMa KBaHTOBas sIMa. YIeP>KMBaIoLasi 31eKTPOHbI, CTAHOBUTCS
mpe ¥ MeHee Ty60Koii. CylieCTBEHHO, UTO B YUIOBMSIX MHKEKIIMY HepaBHOBeC-
HbIX e—h-T1ap omHOBpeMeHHO C yMeHbIIeHVeM KOHITeHTpaIuy 2D-371eKTPOHOB
3HAUYUTEIbHO (B HECKOJIBKO pa3) BO3pacTaeT UX MOABVKHOCTb. [Tociemuuii pakt
00YC/IOBJIEH TEM, UTO PE3YIBTUPYIOIIEE UNCIO 3aPSSKEHHBIX IIEHTPOB B OKPECT-
HOCTU TeTepOorpaHullbl MpU TMOJCBEeTKe yMeHbIlaeTcs. [IpuBegeHHbIe KauecT-
BeHHbIe COOOPaKeHMST HeIaBHO OBLIM OIMMCaHbl AHATUTHUUECKH B paboTe [42] B
XOPOIIIeM COTJIACUY C SKCIIEPUMEHTAIbHBIMY HAOTIONEeHUSIMMU.

3. MarHuTtoonTnka 2D-3nekTpoHOB
B pexume uenoumcneHHoro KoX

PaccMoTpyuM M3IydyaTeabHYI0 peKOMOMHAINI0 2D-3/1eKTPOHOB B OVHOYHOM
I'TI B monepeyHOM MarHUTHOM I1071e B pexxume 1enouncieHHoro KoX. IMpu Brio-
YeHUM MarHUTHOTO TIOJMSI TNIOTHOCTb COCTOSIHUI 2D-371eKTPOHOB, eCJIN TIpeHe-
Opeyb CIIHOM, IIPeCTaB/IsIeT Hab0p §-(HYHKIMOHHBIX ITMKOB, OTCTOSIIIVX APYT OT
npyra Ha hw_. Kaxkblii ypoBeHb JIaHay BRIDOXKIEH, U €0 €MKOCTb OIIpe/le/IeT sl
MarHMTHON IJIMHOJ. B peanbHbix 2D-cucreMax ¢ 6eCmopsiAKoOM, 13-3a B3aMMO-
JIeVICTBUSI IEKTPOHOB CO CyYaliHbIM MOTEHIMAIOM, BBIPOKIEeHVe CHUMAeTC S
¥ ypoBHM JlaHAay Mpro6GpeTaT KOHEUHYIO mMpuHYy. Hampumep, B crydae Ko-
POTKOAENMCTBYIOMUX paccemBaTteneil ogHouactTuuHas [1C Ha KPbUIbSIX YPOBHEN
JlaHzay onmcheIBaeTCs BolpakeHneM [4]

D(E) ~ exp(—E/2T)?, (3.1)

rae wmpyuHa I' ~ hw_/(pH)?; @ — 371eKTpOHHas MOABMKHOCTD. Pacnipenenenne I1C
OTIpefiesIIeTCsl XapaKTePOM HEOTHOPOAHOCTE!, a TAKKe SKPaHMPOBAHNMEM CO3/1a-
BaeMOro MMM IIOTeHI[Maja, KOTOpoe, B CBOIO OUYepeb, 3aBUCUT OT (pakTopa 3a-
MoJIHeHMsI. ITa MHGOpMaIMst 0COGEHHO CYIeCTBEHHA JIJIST MUKPOCKOIIMYECKOTO
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OTMCAHMSI MATHUTOTPAHCITIOPTHBIX CBOVICTB 2D-3/1eKTPOHOB B IIMPOKOI 06/1aCTH
BapbMpoOBaHMs daKTopa 3aronHeHus. JJOCTOMHCTBA MarHMTOOII TMYECKOTO Me-
TOZA, 0 KOTOPBIX MOWAET peub HMKE, COCTOST B TOM, UTO C €r0 IIOMOIIbI0 MOXHO
HaTU IIOJIHOE SHepreTnyeckoe pacrpeneieHue ogHoyactuuno [1C Hermocpen-
CTBEHHO T1071 ypoBHeM Depmu, Hanbosee MpSMbIM 06pa30M OMIPeeTUTb OHO-
YacTUYHbIE IeJI/ B SHepreTMYeCKoM CIIeKTpe U MX TMOoBefeHye Py Bapuauun
(akTOpa 3amoTHEHMS, @ TaKKe MOAYIUTh MHGOPMAIMI0 0 caMOM CITydaifHOM
MOTEeHIIMa/Ie — ero aMIUIMTYIe U IMHEeHbIX MacIITabax.

3.1. CriexkTpsl MmoMuHecHeHun 2D-371eKTpoHOB
B GaAlAs/GaAs-oguHouHom [Tl B momepeyHOM MarHMTHOM IIOJIe

[Tpumep Takoro criekTpa MokKasaH Ha pUC. 3, TAe OTYETIMBO BUIHBI IAHIAYB-
CKMe pacuieryienus JuHuii A, u B.. Paciiernienus nponopiyoHaabHbl HOpMaib-
HOJ KOMITOHEHTe MAarHMUTHOTO I10Jis. 3aBUCMMOCTU CIIeKTPaJIbHbBIX TMO3ULINIA
pacllerieHHbIX MarHUTHBIM TIOJIEM JIMHUI OT H TIpe[CcTaB/ieHbl B BUEe Beepa
yposHeli Jlangay. [1o aTum fuarpaMmmam JIeTkKo OINpenessiTh JHO 30HbI pasMep-
HOTO KBAaHTOBAHMS U MOJIOKeHMEe YPOBHS depMu B IIKajie SHepTuii (MoKa3aHbl
CTpeJIKaMu Ha pUC. 3).

(—". A\ . *—’\ ng=70,15-10"cm2,
4+ \

\ \ nsy=2,76-10""cm=2,

b .‘.\Q’\{.\ N\ 7s0=7.38:70"en-2

T=1,5K
bew, 98

I lv/\‘/’/\w\ H=4Tn
0 f

I H=5,7Tn,
ﬁl=4'Tﬂ
a 1 |

7,52 1,50 7,48 hew, 3B

1
i

Puc. 3. CriekTpbl TIoMuHecLeHIMM 2D-3mekTpoHoB B GaAlAs/GaAs-oguuoudom I'T1 B meprieH-
IOVKYISIPHOM MarHMTHOM II0JIe, a Takke B rone H = 5,7 T, HaKIoOHeHHOM K 2D-IIJIOCKOCTY Ha
yron 45°.
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JlanmayBckue paciieryieHus Ijs IuHnii A, u B, otimuatorcs. HajimeHHast mo
BeJIMYMHE paclleriennii A -TmHnii 3pPpeKTMBHAas [MKIOTPOHHAS Macca COCTaB-
nget m, = 0,06m,, Torga Kak 1o BeJM4MHe pacuieriennii B,-nmunii nomryueHo
sHavenme 0,067m,, KOTOpoe OYeHb 6J1M3KO MOIXOAMUT K BEJIMUMHE IIMKIOTPOHHO
macchl 2D-3nektpoHoB B GaAlAs/GaAs-ogmnuounom ['T1. Dtu pasmamst 06ycioB-
JIEHBI T€M, YTO B CjIy4yae A -JIMHUI B BeIMUMHY Pe3YIbTUPYIOIIETO paclierie-
HMSI JAIOT BKJIafi CBOOOIHBIE IBIPKM, @ MUMEHHO, TsDKe/ble AbIpku (mf = 0,57m,).
IByMepHbIif XapaKTep 3JIeKTPOHOB, C KOTOPbIMM PEKOMOMHUPYIOT ObIPKU, TOKA-
3bIBAETCSI 110 PACIIEIIEHNIO JIMHNI A, 11 B, B HaKJIoHHOM T1ote. Ha puc. 3 mipoze-
MOHCTPUPOBAHO, UTO pacuieryieHue JMHUI A 1 B 4yBCTBUTENBHO JINIIb K HOP-
MaJIbHOJ KOMITOHEHTE MarHMTHOTO IT0JIs.

3.2. OnTHuueckasi moisipusanus B CIEKTpax

B MarHuTHOM I10J1e TIpU JOCTaTOUHO HMU3KMX TeMIlepaTypax CIIeKTPbI TIOMMU-
HeCLeHLMM CTAaHOBSITCS IOMSIPU30BAaHHBIMMU 13-3a CIIMHOBOIO paclleIlvieHs B
2D-3/1eKTPOHHO U OBIPOYHOI moacucTemax. Cxema pacileruieHuit 1 onTude-
CKMX TIEPEXOMIOB B CJIydyae pPeKOMOVHALIMY C HEMTPAIbHbIM aKI[eITOPHBIM IIeH-
TPOM IT0Ka3aHa Ha PUC. 4, I7e TaKKe MPUBEIEHbI CIIEKTPbI TIOMUHECHEHIINN A -
u BO-HMHMﬁ, u3MepeHHble B reomeTpun @apanes Ojs o - U ¢ T-TIOJISIPUSALIAIA.
BuaHo, uTo B -MHMSA CUITBHO UMPKYJISIPHO MOJMSIPM30BaHa. B cooTBeTCTBUM C
MpaBMUIaMy OTO0pa Ipu o8, JH > kT v ipy TOM yCJIOBMM, UTO 3ace/IeHbl HYKali -
M 37I€KTPOHHBIN U ABIPOYHBIN TOAYPOBHU, CIIEKTPbI CTAHOBSITCSI TOTHOCTHIO
o ~-TIONSIPU30BAHHBIMM (Pe3yJabTaT PEKOMOMHALIMM 3JIeKTPOHA C IPOEKIMeii
crvHa S, = +1/2 ¢ ABIPKOIA, y KOTOPOJi MPOEKIIYS YIIIOBOrO MOMeHTa [, = —3/2).

I ny=49-10"Tcm2

Z | |
750 749 4,48 P, 98

Puc. 4. ITonsipusanust JlOMUHeCHeHIMY 2D-3/1eKTPOHOB B MarHMTHOM I10Jie, M3MepeHHas B
reomerpun dapages.

198



Maznumoonmuxka OeyMeprtx JJIEKMPOHOB 8 YJ/IbIMpPAK8AHMOB80OM npeaeﬂe

CreneHb ].II/II)KYJIHDHOVI IIodapn3anmn, usMepeHHas IIpu pas3/jIMYHbIX MATHUT-
HBIX ITOJIAX U TEMIIEPATypax, XOPOIIO OIIMChIBA€TCS BbIpa>KeHMEM

1—exp(—AE, /kT)
v= ,
1+ exp(—AEs /kT)

rne AE = 21,8, H — 3eeMaHOBCKOe pacIleruieHne MeXIy IbIPOYHbIMY YPOBHSI-
muJ, = -3/2ujJ, = +1/2,a g, — 310 g-baKkTOp ABIPKM Ha aKLENTOPE. ANIPOK-
CUMMPYS 3Ty 3aBUCUMOCTD C TIOMOIIbIO OTHOTO ITapamMmeTpa, KOTOPbIM SIBJISIETCS
&-(akTop OBIPKM B aKLenTope, HalaeHo A g, =1,1.

Crenenb monstpusatyu A -mviann B moisx H < 10 Ta ropasgo meHblie Mo
CpaBHEHMIO C B -mMHUSAMY (CM. pUC. 4). DTOT PE3Y/IbTAT CBSI3aH CO CMEIIMBAHNEM
CIIMHOBBIX COCTOSTHUI JIETKUX U TSDKEBbIX ObIPOK. HakoHell, 3aMeTum, 4To CTe-
TeHb HUPKY/ISIPHON MOASIpU3aliuy He OAMHAKOBA [J151 Pa3JIMYHbBIX JIAHAyBCKUX
YPOBHEI1 1 pacTeT 1o Mepe UX MPUOGIVDKeHMS K YPoBHIO ®epmut. DTO CBSI3aHO CO
CIIMHOBOJA NTosIpu3anuein 2D-3/IeKTPOHOB Ha BepXHeM ypoBHe JlaHzay, KoTopas
HauboJjIee CUIbHA ITPY HEYETHBIX (paKTopax 3aroHeHus v = ..., 5, 3, 1.

(3.2)

3.3. OcuWwuUIsIIUM U yCUIeHMEe 3JIeKTPOHHOro g-daktopa

B cnyuae ogunounoro I'TI GaAlAs/GaAs, Tak ke, Kak 1 B Si-M/II-cTpyKTypax,
B U3JIy4aTeNIbHOM PeKOMOMHAIMM YUaCTBYIOT 2D-3/1eKTPOHBI NIPU TOCTATOUHO
HM3KMX TEMIIePaTypax JIUIIb C OAHONM NMPOeKLMeli CTIMHA, 8 UMEHHO, S, = +1/2
(dbakropsr 3amonHeHus 2m < v < 2m + 1; m =0, 1, 2, ...). [Ij1s1 u3MepeHuit cim-
HOBOT'O paclleIuieHsI MOSKHO YBEJTUUUTD TeMIIePATypy, YTOOBI TOCTATOUHO 3a-
CeJIUTh 3eeMaHOBCKME MOYPOBHY aKIeNTOPHOTO 1eHTpa (/, = +3/2, +1/2). Tor-
Jla B CIIeKTpax MPOsIBUTCS KOMIIOHEHTA C APYroil MpoeKIMel CriHa 37eKTpoHa
§,= —1/2.ImeHHO TaK 1 noctymnany B caydae Si-MATI-cTpykTyp [43, 44]. OnHa-
KO eCTbh M MHOJ CITIOCO6 M3MepeHMs BeJIMUMHbBI CIIMHOBOTO PacIeTIeH sI, OCHO-
BaHHbIN Ha aHaIM3e U3MeHEeHMIt CTIeKTPaIbHOTO TTOJIOXKEHMST IMHUM JIIOMUHEC-
LIeHIIMM B MAaTrHUTHOM T10Jie TIpy HU3KKUX T. YMeCTHO HallOMHUTD, UTO YCUIeHe
CIIMHOBOTO pacuienyienust (1,Ag;, -H) BO3HUKAeT JMIIb 1/ YPOBHEH, 6MM3KUX
K ypoBHI0 ®epmu, MO0 TOIBKO 3/1€Ch MOTYT BOSHUKHYTh 3aMeTHbBIE PA3/INUMsI B
HaceJeHHOCTSIX COOTBETCTBYIOIIMX CIIMHOBBIX COCTOSIHUI (AN = NT — Nl = 0).
Vi3MeHeHMe CIIMHOBOrO paciieruieHust 2D-371eKTPOHOB 3a cUeT 0OMEHHOIO B3a-
MMOJIeiCTBUSI OTIMChIBAETCS BhIpasKeHEM

AE,, ~ Y N -N ¢ AN

win "L N 4N el N, +N,
rae ., , — 0OMeHHbIi uHTerpan. OTCIoaa CIelyeT, YTO yCUIeHHbII §-pakTop
(A8~ AN-H ~1/2) mosskeH OCILM/IMPOBATD [PV BapyUaly 3aroJIHeHMs Mar-
HUTHBIX TTOlypPOBHE (g, MaKCYMasbHO IIPU CTPOTO HEYeTHBIX v). Puc.5,ann-
JIIOCTPUPYET 3aBUCUMOCTD CIIEKTPAIbHOTO MOJI0KEeHUS TIMHUIA IIOMM/HEeCLIeH-
uun (A-KOMIIOHEHTA) IpU Bapualluy MarHUTHOTO nons (uiau v). [lpu v = 3,

= 1,28, -H, (3.3)
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5,7,...,a UMEHHO, BOIM3M ITOJIOKEHMST (hepMIMEBCKOTO YPOBHSI, HAOIIOIAI0TCS
OTKJIOHEeHMSI AE OT IMHETHBIX 3aBMCUMOCTEN, CBSI3aHHBIX C IMKIOTPOHHBIM
paclieryieHyeM. DTY OTKJIIOHEHMSI CBSI3aHbI C YCWJIEHHBIM, 13-3a 3(PdeKkToB
oOMeHa, CIIMHOBBIM paciliell/IieHeM, a UMeHHO, AE = fI/ZMOAgeﬁ-H, U He
MMEIOT OTHOIIIEHMSI K TTlepeHOpMMpPOBKe 1enn. Huke ypoBHST @epMu JiaH-
IlayBCKIMe YPOBHM B 3aBMCUMOCTM OT H CMeIIaroTCsI IMHENHO, ¥ MEKITY HUMU
PACCTOSIHYSI CTPOTO PaBHBbI fiw,. OCLMIIMPYIOLIAst 3aBUCUMOCTb Ag,, OT 1/ 13-
MepeHHas 3TUM MeTOIOM, [T0Ka3aHa Ha puc. 5,0, rae BUAHO, 4TO Ag 4y ROCTH-
raloT MakCMMyMa Ipu HedeTHbIX v = 3, 5, 7, ... Hanipumep, B IpuBeaeHHOI
9KCIIePUMEHT/IbHOM CUTYaLUN Ag U v = 3 Bo3pacraet rmouTiu B 30 pa3 no
CpaBHEHMIO C 0ObeMHbIM 3HaueHyeM g 3/1eKTpoHa B GaAs (g, = —0,4).

£~Ep,M3B
20+
10}
ns=4,36-10""cm~2
T=15K
3
a T 1 T } L
2 4 6 H,Th
4ge
15 T=15K, 5
=4,36-10"cm-2 f}‘\
X
1 \
| \
10 i ! A
I3
b
;A |
)4
P! !
Flnd I |
1
iq o
I
5“1 l's L4 3
8
0 IJ? \6}! LTMJ, 4 v
4 6 H,Tn

Puc. 5. a — 3aBUCUMOCTD LIHTPOB TsDKeCTH IMHMIL TIOMUHEeCIeHIMY (A -KOMIIOHEeHTa) OT Mar-
HUTHOTO 10711 H i dakropa 3anonHenns v, n, = 4,36 - 10" cm~%, T = 1,5 K. E; — THO 30HBI
pa3sMepHOro KBaHTOBaHMUs. 6 — Ocumwuisiiust g-pakropa 2D-3/1eKTPOHOB, YCUIEHHOTO U3-3a
spekra obmena, n, = 4,36 - 10" cm %, T = 1,5 K.
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3.4. CnuHOBasi pejiakcaus
¢ 0TOBO36GYKIEHHBIX 3JIEKTPOHOB M JIBIPOK

B 06cyskmaeMoM MarHMTOONTUYECKOM METOMIE OYeHb aKkTyajbHa Mpobiie-
Ma, Kacawuascs peakcaluyuy 31eKTPOHHO-IbIPOYHOM CUCTEMBI IIPU (POTOBO3-
OYy>KOeHUM TI0 BCEM CTEITeHSIM CBOOOIbI, BK/IIOUAs CIIMHOBBIE. 10 CyTH, HYKHO
3HaTh, KAK COOTHOCSITCS BpeMeHa MEKITOI30HHO, a Takske CIIMHOBOI peak-
caruyu 2D-371eKTPOHOB U IBIPOK B aKIEMITOPHOM IIEHTPE C BpeMeHaMU MU3Tyua-
TeIbHOI peKoMbuHanvu. be3 3Toit nHbopMaI M TPYIHO CYAUTh O PABHOBECUH B
2D-371eKTPOHHO¥ U IBIPOYHOI CCTEMAX, & TAKKE O PEAIbHO TOCTVIKMMBbIX 3JT1€K-
TPOHHBIX TEMITIEPATypPax B YCIOBUSIX OIITUUYECKOTO SKCIIEPUMEHTA.

0,8
H=5,5Tn, Tw=0,8kKe Ye
0,6-
/)
04+
30,2+
X
o]
e
X J | 3 ! i
3050 7,0 2,0 3,0 40 50
2 |H=42Tn, 7,=0,3uc
5 1 ) W H Ve
2 —————tf
g
304
QO pm—ef e —

D
N

1 | 1 -
0 1,0 2,0 3,0 40 S50
Bpemsa, He

Puc. 6. 3aBuCUMOCTb BO BpeMeH! CTeNleHM LVPKY/SIPHONM MOsIpuU3ali JIIOMUHECLeHIUH,
OTIpe/ieNIIeMOi IbIpKaMu (7y,) M CYMMapPHBIM BKJIaZiOM 3JIEKTPOHOB U IIPOK (,).

HemasHo Takas umHdopMmalus 6bl1a MOMTydYeHa ¢ MTOMOIIBI0 MCCIeTOBAHMIA
KMHEeTUKIU UUPKYISIPHO MONSIPU30BaHHOI MarHUTONIOMIMHecieHIuY B GaAlAs/
GaAs-onuaouHoM I'TI B YCITOBMSIX MMITYJIbCHOTO JIa3€PHOTO BO3OYKAEHUS C CY0-
HaHOCeKyHAHBIM pa3pelieHueM [45,46]. MccnenoBanach nsmyyaTenbHas PeKOM-
Gunauyst 2D-37€eKTPOHOB € YpOBHel JlaHgay OCHOBHOJ 1OA30HbI (B -nmHum)
Y 1IepBoJi BO36YXIE€HHOJ MoA30HbI (B, -/HMs). B OCHOBHOJ NO/I30HE YPOBHM
JlaHmay TOJIHOCTbIO 3aIOJTHEHBI, T.€. HACEJIEHHOCTM 00euX CITMHOBBIX KOMITO-
HEHT OIVHAKOBbI, X TIO3TOMY CTEIeHb LMPKYIAPHOI MoasApusaumu B -mHnun
OTpeensieTcs UCKITIOUUTETbHO COCTOSTHYEM ObIPOYHOV CIMHOBOT MOACUCTEMBI.
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B nmonsipusanyio i B, BHOCST BKJIAJ1 KaK IbIPOYHAs], TAK U 9JIEKTPOHHAS OPU-
eHTalM TI0 CIIMHY, KOTOpble, B KOHEUHOM UTOTe, YAaeTcsl pa3aenuThb. Ha puc. 6
MoKa3aHa BpeMeHHAs 3aBUCHUMOCTb CTEIIeHY TIOJISIPU3aLiM, OTIpefiesisieMast IbIp-
KaMy (KpUBas y,) ¥ CYMMapHOTO BKJIaZa B CTeNeHb IMPKYJISPHOI MONApU3aLumu,
BHOCMMOTO 3/IEKTPOHaMM ¥ AbIPKaMu (KpuBas ,). OTUETIMBO BULHO, UTO YKe
MIpY HYJIEBBIX 3a[IepyKKaX JIEKTPOHHAsS CCTeMa 3aMeTHO Monsipu3oBaHa. Habio-
JlaeMOe yMeHbIIIeH/e 5JIeKTPOHHOIO BK/IaZa B CTENIeHb NOIIPU3alyy CBI3aHO C
YCTaHOBJIEHMEM 3JIeKTPOHHOTO CIMHOBOTO paBHOBecus. [Tociie TOTO, Kak KpUBbIe
7, ¥ 7, Ha pUC. 6 CTaau UATY NapauIeIbHO, MOKHO CYMTATh, UTO /I€KTPOHHbIN
BKJIaJ, TIepecTal MEeHSIThCSI.

B KoHeUHOM UTOTE, B MCC/IeNyeMOi CUCTeMe OblIa 9KCIIEPUMEHTATbHO yCTa-
HOBJIeHA cenyolasi Tocaeqo0BaTeIbHOCTh BpeMeH peslakCaliyi: CaMbIM KOPOT-
KM 0Ka3aJI0Ch BpeMS$I MEXIIOA,30HHOJ 3IeKTPOHHOJ penakcaluyy ¢ COXpaHeHeM
npoekiuu cnmua (< 0,3 HC); 3aTeM cliefiyeT BpeMsl yCTaHOBJIEHUST 3JIEKTPOHHOTO
CIIMHOBOT'O paBHOBecus (rmopsiaka 0,5 HC); BpeMsi CIIMHOBOM pelakcaluy JbIPOK
B aKIIeIITOpe COCTaBsIET ~ 2 HC. Bce 3TM BpeMeHa 110 MeHbllieli Mepe Ha [Ba I10-
psifika KOpode BpeMeHM M3TydaTe/IbHOV peKOMOMHAIIMM U3 OCHOBHOI 2D-3imek-
TPOHHOJ MO30HbI. [Ipy TaKOM COOTHOIIIEHUM MEXIy BpeMeHaMu pejlakcalyn
Y U3TyJYaTeTbHOM peKOMOMHAIMK B 2D-37IeKTPOHHOI CHCTeMe YCIeBaeT CJIo-
SKUTbCSI paBHOBecHe. B 3TOM OTHOIIeHUM OAVMHOUHbBIN reTepornepexo, C /-CJIoeM
aKIeNITOPOB KaK 0ObEKT MCCIeI0BaHMIE MMeeT HeCOMHEHHOe MTPeMMYIIecTBO I10
CpaBHEHMUIO ¢ cMMMeTpuuyHbIMU KS, rie BpeMeHa 371eKTPOHHOV (ObIPOYHOI) pe-
JIaKCaIMy ¥ PeKOMOVHAIIMY OTJIMYAIOTCS He CUITBHO.

3.5. MarHUTOOINTNYECKME OCUV/UISIUMM MHTEHCUBHOCTU
PEKOMOMHAIVIOHHOTO WM3JTyYeHUs

[0 cux TIOp peysb 111J1a O MOBeAeHUY ITOTHOTO CIIeKTpa U3JIydaTelbHOl peKOM-
6uHanyy 2D-371eKTPOHOB C (hOTOBO3OYKIEHHBIMY IbIPKAMM, KOTOPBIV OTpaska-
eT 0cobeHHOCTH omHoYacTMuHOI I1C mon ypoBHeM ®epMy B MAarHMTHOM TIOJI€.
BMmecTe c TeM XOpOIIIO M3BECTHO, UTO M3-3a KBAHTOBAHMSI IBVSKEHUST 9JIEKTPOHOB
TepMOAVMHAMMUYECKNE Y KMHETUYECKME BEJIMUMHBI B QYHKIMM MarHUTHOTO TIOJIS
OCIM/UTUPYIOT (Haripumep, saddexr [llyoHnkoBa—me 'aasza). B mpsimoit aHaiorum ¢
3TUM eCTeCTBEHHO OXKIIAaTh, UTO MHTEHCUBHOCTb JIIOMMUHECIIEHIVM, OTBeYaloleit
peroM6uHaIyM 2D-3/1eKTPOHOB BO/IN3Y YpOBHS Depmi, B QYHKIINY MarHUTHOTO
TIOJIST JOJIKHA TaKKe JeMOHCTPUPOBAaTh OCHMIUIMPYIOlee oBeneHe. HegaBHO
TTOSIBUJIOCHh HECKOJIbKO COOOIIEHMIT O TAKOM OTITMYECKOM aHaJIoTe OCLVJIISIINIA
[Ily6umkoBa—mae T'aa3a, KOTOpbIe HAGIIOMAIOTCS B MAarHUTOIIOIEBBIX 3aBUCUMO-
CTSIX MHTEHCUBHOCTY PeKOMOMHAI[MOHHOTO U3TyueHus: 2D-3/1eKTpoHOB [37, 47—
50]. ITpu aTOM MCCIEAYIOT TOBEeHNe MHTEHCMBHOCTY MAaTHUTOMIOMIUHECIIEHITUN
1-i1 BO36YKIE€HHOJi, HepaBHOBECHO 3aTI0OJTHEHHOJi TTOA30HbI B CIYJYassX PEKOM-
6uHanuy 2D-3/1eKTPOHOB €O cBOOGOmHbIMM AbIipKamu (K [47], omuHouHbIii TTI
[48]) u ¢ IpIpKaMM aKLeNITOPHOrO LeHTpa (0AMHOYHbIN I'T] ¢ 6-c1oem akuenTopoB
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[49, 50]). B ycnoBUsIX peKOMOMHAIIMY CO CBOOOTHBIMY ABIPKAMY B 3aBUCUMOCTSIX
MHTEHCUBHOCTY JIIOMMHECIIEHIIMM OT MarHUTHOTO IT0JIsT HaGJTIOAIOTCST OCTPhIe
OCLIVJITVPYIOLIME MTUKY, TOYHO COBIAJAIOIINE C LIeJbIMY (paKTOpaMy 3aIoHe-
HUST 2D-371eKTPOHOB OCHOBHOJ TTOI30HBI. ITOT 3(D(HEKT OOBSICHSIETCS B TEPMMU-
HaX 9KPaHMPOBAHMS KYJTIOHOBCKOTO MOTeHIMaNa (HOTOBO3OYKAEHHBIX ABIPOK
2D-371eKTpOHaMMU.

nHrercubrocrs

HMrrencubrocTo

Mazrurroe none,Th

Puc. 7. a — 3aBUCUMOCTb MHTEHCUBHOCTY PEKOMOMHAIIMOHHOTO U3TyueHust 2D-3/IeKTPOHOB
u3 1-71 BO36Y)KIeHHOJ MO30HbI OT MarHUTHOTO T0JIs ISl C/Iy4as &, < €,,. 06 — 3aBUCUMOCTD
TTOIOKEeHMSI JTAHIAYBCKUX IMYMKOB JTIOMUHECLIEHIIUMY OT MAarHMTHOTO 1osisi. CTpesiky BHU3 — T1e-
peceveHie HYJIEBOTO YpOBHs JIaHIay BO36YKIeHHOI TTO30HbI C YPOBHSIMM JIaH1ay OCHOBHOI
TTO/I30HbI, CTPEJIKY BBEPX — UeTHbIe ()aKTOPBI 3aTIOJHEHMS. 8 — BO3ropaHme CIIMHOBBIX COCTO-
SIHUI TIPY TIOHMKEHUY TeMIIepaTyphbl.
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BMecTe ¢ TeM MarHMTOONTUUYECKNE OCUIWJUISILIMY MOTYT UMETb U APYTYI0 TIpU-
pOLLY, CBSI3aHHYIO CO (JIOXKHOJ KMHETUKOI pelakCalMOHHBIX ITPOLIECCOB B YCII0-
BUSIX (OTOBO3OYKIEHMS. A MMEHHO, TPy HeIlpepbIBHOM (GOTOBO3OYXIeHUM
CUCTeMa HaxOOUTCS, B IIPUHIIUIIE, B HEPABHOBECHOM (XOTS M CTAllMOHAPHOM)
COCTOSTHUM, ¥ Hab/TI0aeMble MHTEHCUBHOCTY JIMHUIA OTIPEHEISIIOTCST He TOJIBKO
TEPMOAVMHAMMUYECKM PABHOBECHBIM paclpeieieHreM YacTUll, HO M KUHEeTUKOMN
penakcaluyuy HepaBHOBECHOV KOMIIOHEHTBI IEKTPOHHOrO rasa. Iloatomy mar-
HUTOIIO/NEBbIE 3aBUCMMOCTY MHTEHCUBHOCTM JIMHUI, OTBEYAIOIINX JTIOMUHEC-
LeHI[MM U3 HEPAaBHOBECHO 3aII0JTHeHHBIX COCTOSIHUI, COIepsKaT B cebe LIeHHYIO
MHGOPMALIMIO He TOIBKO 00 SHEPTeTUUeCKOM CIEKTpe, HO U O XapaKTepe pe-
JIAKCAUIMOHHBIX TMPOLeCcCOB 2D-51eKTPOHOB B KBAHTYIOIIEM MAarHMTHOM TIOJI€.
VIMeHHO Takas CUTyallus pacCMOTpeHa B pabore [49], rae sKCIepyMeHTaTbHO
MCCIIef0BaHbl MArHUTOOCHMIIISILIVY JTIOMYHecLleHII Y 2D-21eKTPOHOB U3 HepaB-
HOBECHO 3arOJIHEHHOI 1-71 BO36YXXIEeHHO1 ITOI30HbI Pa3MePHOTO KBAaHTOBAHMS
B CJTyyae peKOMOMHAILIMM C IBIPKOJ, CBSI3aHHOI HAa akienTope (HeMTpaabHbIii
LIeHTP). MarHMTOOCIWIISIIIAY JIIOMUHECLIEHIIMM U3 1-71 BO3OYKIEeHHOI TTOf30-
HbI ITOKa3aHbI Ha puc. 7,d. H/oke Ha 3TOM ke pUCYHKe MPUBEEH Beep YPOBHEN
JlaHmay, IoTyYeHHbIN 13 00pabOTKM ITOTHBIX CIIEKTPOB JTIOMUHECIIEHIIVY B Mar-
HUTHOM noJie. [Ipexne Bcero, HeTpyLHO BUAETb, YTO OCLWIIMPYIOIIYEe TMKYU He
COBMAAIOT CTPOTO C LIeJIOUMCIeHHbIMU (paKTOpaMM 3aI0IHEeHMsI, KOTOpbIe yCTa-
HaB/JMBAIOTCS B HE3aBUCUMBIX SKCIIEPUMEHTAX C TOV JKe MOACBETKOM 110 MUHU-
MyMaM ITYOHMKOBCKMX OCHMUISILIMIT MarHUTOCOMPOTUBIIEHNUS. BMecTe ¢ TeM
OTYETIVIBO BUIHO OGHO3HAYHOE COOTBETCTBME MeCTa «CPbIBa» CUIHAJIA B ITMKaX
JIIOMMHECIIeHLIMM (TT0KAa3aHO Ha PUCYHKe CTPeJIKaMM BHU3) C TiepeceuyeHneM Co-
OTBETCTBYIOLIMX YPOBHel JlaHIay — OCHOBHOJ NoA30HbI 1 0-ro ypoBHSA JlaHmay
1-71 BO36Y>KIeHHO ITOA30HbI. MeXaH3MOM TaKOTO «CPbIBa», CKOpPee BCero, CiIy-
SKUT yIpyrasi pejakcaluysi HocuTeseil 13 HepaBHOBECHO 3all0JHEHHO M0A30-
HBI B OCHOBHYIO. Bo3MyllleHneM, CMeIBamoIMM BOTHOBbIE (DYHKIIMM Pa3HBIX
TIO/I30H, B 3TOM CJIy4yae MOTYT CJTY’KUTb aTOMbI OCTAaTOUHBIX ITpUMeceii BOIM3U
2D-kaHana. Takast MHTepIpeTanus MOATBEPXKIAeTCsI SKCIIepMMeHTaMy 1O OIl-
TUYECKOMY JAeTEeKTUPOBAHNIO LIMKIOTPOHHOTO pe3oHaHca [51].

OTU MaTHUTOOCUWUISIIIUY UHTEHCUBHOCTY JTIOMUHECIIeHIIM OUeHb UyBCTBU-
TeNIbHbI K TeMrepaType. [Ipy OTHOCUTeNbHO BICOKUX T MK OCUMIISILIUA OTBe-
YaIOT IUILIb YeTHBIM v, & [IPU [IOHVKEHUY TeMIIepaTypbl B MarHUTOOCUMIIISILIMOH-
HBIX 3aBMCMMOCTSIX BbIPACTAIOT ¥ HAUMHAIOT JOMUHMPOBATD MUKU C HEYETHBIMU
daxTopamu 3amonHeHust (puc. 7,8). ITOT 3G dEKT OObICHIETCS YCUMIEeHMEM CITH-
HOBOTO paclIerieHust Ipy TOoHVsKeHnu Temmeparypsl. Tak, mpu T ~ 0,4 K g uH
> kT, m03TOMY BO3HMKAET CyL[eCTBeHHasl Pa3HOCTb HaCeeHHOCTel CIIMHOBBIX
MOypOBHET B OCHOBHOI1 ITOJI30HE, U 3TO, B CBOIO OUepe/ib, TPUBOIUT K 3 HeKkTuB-
HOMY YBEJIMUYEHNMIO CIIMHOBOTO pacIlerieHNs M3-3a YCuIeHs OOMeHHOTO B3au-
MogpericTBus. Takum 06pas3oM, B 06/IaCTV HEUETHBIX V BaKaHCUM (T.e. He3aro-
HEHHbIe MeCTa, Ky[ja pPelakCUpPYIOT 3JIEKTPOHBI) CYLIeCTBYIOT TOJIbKO HA BEPXHEM
CIIMHOBOM YpPOBHE OCHOBHOII ITO30HEI. [ToaTomy adderTnBHas penaxkcaius, a
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MMEHHO, 63 OTIPOKU/IBIBAHUSI CITMHA, MOKET ITPOUCXOAUTD JINIITh JJIsI 3]IEKTPOHOB
C BepXHero CIIMHOBOTO YPOBHS BO36YKIIeHHOJ MTOA30HbI. Penakcauysi ske 1ek-
TPOHOB C HVDKHETO CIIMHOBOTO YPOBHSI CWJIBHO 3aMefjieHa, 4TO IIPOSIBJISIETCS B
3KCIIepMMEHTe YBeIYeHeM MHTEeHCMBHOCTY MarHUToMOMyHeceHIn. Korna
v CTAHOBUTCS MEHbIIIe HeUeTHbIX 3HAUeHMI1, BaKaHCUM [IJIs1 peslaKCaliuy T10SIB-
JISIIOTCSL Y Ha HYDKHEM CIMHOBOM ITOLYPOBHE, M MHTEHCUMBHOCTb Pe3KO Majaer.
MarauroonTuieckyue OCLUWUISIIMY HECYT MHTePeCHYI0 MHGOPMAaLMIO He TOTbKO
0 peJlakCallMOHHBIX IPOLIECCAX, HO M O COCTOSIHUSIX B CIIEKTPE — OLHOYACTUYHBIX,
B peskuMe 1enourciaeHHoro K9X, 1 KynmoHOBCKUX, Tpu ApooHoM KIX.

3.6. DHepreTHyeckuii crnexkrp 2D-3neKTpoHOB
B HAaKJIOHHOM MarHMTHOM IIOJIe

Hak/IOHHBIM [1071€M MM POKO MOJIb3YIOTCS B IKCIIEPMMeEHTax ¢ 2D-3/1ekTpoHa-
MM JJIS1 [eMOHCTPaLU UX ABYMEPHOCTH [4], AJISI U3yUeHUST BAUSHUS CIIMHOBBIX
CTereHe CBOOOAbI HA SHEPreTUUeCcKuii criekTp [16] u mp.

VHTEpecHO pacCMOTPETh ABa MpeAebHbIX Cryuas. IIpemes c1aboro MarHuT-
HOTO IOJIS1 OTBeYaeT CUTyalMM, KOI4a MaruuTHas aiamHa [ = [ /sin'/?a, onpene-
JisieMast o MPOJLOJIbHOM KOMIIOHEeHTe MarHUTHOTO 1osist H = Hsin«, BO MHOTO
pa3s MpeBOCXOAUT JIMHENHbI pasMep KBaHTOBOVA simbl [ (1> 1). B aTOM nipenene
BausiHMe H Ha criekTp 2D-HocuTesneli MOKHO y4ecTb B paMKax Teopum BO3MY-
mwenmit. Tak nmonpaska 6E K sHepruu E n-ro ypoBHSI pa3MepPHOro KBaHTOBAHMS
BO3HMKAET BO 2-M MOPAJKE IO o, 6E, ~ (hw_sina)?x (E;, — E))™', a mooxeHne
ypoBHeit JlaHay M3MeHSIeTCsI INIIIb 38 CYeT BbI3BAHHOI Mapa/yieIbHbIM I0JIeM
annsorponuu 3 dexTuBHOI Maccol 2D-HocuTens. [Ipu nepeceyeHMM COCeTHUX
ypOBHei1 JIaH[ay M3 pasHbIX MO30H, HAIPUMEDP, OCHOBHOI U TIEPBOiT BO30Y-
SKIEeHHOJ, KOMIIOHEHTa MarHMTHOTO IO/l CHUMAaeT BBIPOKAEHMe 3a CYeT pac-
TaJKMBAHUS YPOBHEI:

N,N-1 K0|Z|1>‘ 1/2 :
AE)N ' =L ——L(2N)" hw,_sina. (3.4)
Ay COS

Cyl11ecTBEHHO, UTO B 3TOM IpeJleIbHOM Cydyae IIUKIOTPOHHOe BpalleHue
MMeeT IBYMepHbBIi xapakTep U ompenesseTcs TOMbKO HOPMa/IbHOV KOMIIO-
HeHToJi nonst (w, = eHcosa/m ). B cnabpix nossix BausiHue H Ha paciienie-
HMe ypoBHeit JlaH1ay MccieqoBaaoch C TOMOIIbIO IMKIOTPOHHOTO Pe30HaH-
ca[52, 53].

MuTepeceH npyroii npemesn, Koraa | < [ M caMbIM ObICTPBIM JABMKEHMEM
OKa3bIBaeTCs BpallleHNe 3JIeKTPOHA BOKPYT HAMpaBAeHUs MarHUTHOTO OIS
C 4acToToi w, = eH/m_, onpenensemoii onHoi BenunHoli H. B aToM mpe-
IleIbHOM CjIyJyae 4acTulla He YyBCTBYeT pa3MepHOIro KBaHTOBAHMS U [IBU-
SKeTCsl KJIaCcCUUecKH IO IUKIOoUAEe C OChbl0 BIOMb MOJsl. B TaHHOM pexkume
SHEePr¥s OCHOBHOTO COCTOSTHMSI CABUTAETCSI C POCTOM ITOJIST ObICTpee, 4eM 3TO
MMeeT MeCTO B 06/1aCTy C1abbIxX TOJIei.

205



. B. KykywkuH, B. . Tumogees

0 2 4 6 8 70
70 T T T T 1
Pd
710
/:;@oo-o-o-o-cno Q
E < ’
€0°
L R AAADLAL e — e
S 2-7
I
$ - @ =45
ok’

1500

74390

fsa)
z
L1480
3
] ~
5 1500
& a
1490
Jd
1480 s

MazHutHog rone, Tn

Puc. 8. 3aB1CcMMOCTD ITONIOKEH NS TAaHL,AYBCKUX [TMKOB JIIOMMHECII@HLIMY B HAKJIOHHOM 1071 OT
TIOJHOVA Be/mamHbl H. n = 3-10" cM~%; v — yron Hak/IoHa, a — a = 0. 6 — o = 45°. 6 — 3aBucu-
MOCTb pacIieryieHns: MeXay YPOBHSAMM OT IOJTHOTO ToMst A1 o = 45°. H) ~ 4 Tnu H, ~ 7 Tn.

[BV>KeHMe ke BIOJIb IOJIST MOKHO PacCMaTpuBaTh Kak aguabaTuueckoe, u
HM3KOJeXallasi 4acTh CrieKTpa HocuTenei mpu H — co omipepesnsieTcst mosio-
JKeHVeM YpOBHeli B OMHOMePHOM INoTeHuMane. Pacmerienus E. (o) MeXay
HU3KOIEeXalllMMY YPOBHSIMU He 3aBUCST B 3TOM MpefebHOM CIy4yae OT Mar-
HUTHOTO IOJIS1 ¥ CYLLeCTBEHHO MeHbIIIe MCXOLHOTO MEXIIOA30HHOTO paclie-
wienns E, . Hanipumep, i1 MO@IbHOTO OHOIAPAMETPUYECKOTO CTEIeH-
Horo noteHuyuana U(2) ~ Z¥

E, (a)=cos""Pa-E, | (3.5)
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a J1st TapabonMueckoit ssmMbl [54, 55]

1/2

~E cosa. (3.6)

1 ; 1/2
2 2 212 2
Z(w‘ +E10> —w E cos’a

E

n

(a)=(n—m) %(warEfo)f

EMKOCTB 3Xe Kaskoro YPOBHSI OTIpelesisieTCsI HOpMabHOV KOMIIOHEHTO MOoIs.

OHepreTUYeCKuii CIIeKTP 37IEKTPOHOB B CMJIBHOM Hak/IOHHOM Tone (I < )
MCCIeq0BasICs MeTOOOM MU3TydaTelbHO peKoMOMHAIMK 2D-3/1eKTPOHOB ¢ do-
TOBO30YKIeHHbIMM AbIpKaMu B paboTe [56]. Ha puc. 8 mpecTaBieHbl 3aBUCUMO-
CTU TIOJIOXKEHMSI SHEePI'MM YPOBHEN OT MarHMTHOTO TI0JISI U paclleryieHns] MeXay
YPOBHSIMMU, M3MepeHHbIe € TOMOIIbI0 aHaM3a CIIeKTPOB MarHUTOTIOMUHECIIeH-
¥y, BUgHO, YTO B HAKJIOHHOM TI0JIe TIpM O0bINX H sKcrepyuMeHTaabHbIe 3a-
BUCUMOCTY OTKJIOHSIIOTCSI OT JIMHEMHBIX U BeJIMUMHA pacIieryieHus] MeXIy Co-
CeIHMMM YPOBHSIMU TlepecTaeT 3aByuceTh oT H. UeM 6osiblile yroy HaK/I0Ha <, TeM
MeHbllle BeJIMUMHa OCTAaTOYHOTO paciierieHusi. MOsKHO yTBepKAaThb, UTO, HAUM-
Hasi ¢ HEKOTOpbIX H > Hn , paclueruieHe Mexay YpOBHSAMU Enm ornpenensieTcs
pasMepHbIM KBAHTOBAaHMEM 3JIEKTPOHOB B MOTEHIIMAIbHO siMe BII0/Ib HAIlpaB-
JIeHUSI MarHUTHOTO 1oJs. CyllieCTBeHHO MOUePKHYTh, UYTO TIPU 3aJaHHOI KOH-
ueHTpauyuy 2D-31eKTpoHOB H, He 3aBUCSAT OT YI/Ia HAKJIOHA, a Py (PUMKCMPOBaH-
HOM yr/ie H, 3HauMTelbHO yMeHbIIAOTCS IPY YMeHbLIeHuH 1. B 3akmoueHne
OTMETMM, 4TO SKCIIepUMeHTanbHble 3aBucumoctu E, (o) /E, M E, («)/E, oTyrna
HaKJIOHa MOXKHO C YCITEXOM MCITOJIb30BaTh [IJIsI Ompeene st GopMbl KBAHTOBOIA
SIMBI, yIePsKMBaloIeit HOCUTeNN.

4. MarHMTOONTMKA KBAHTOBbIX >XUAKOCTEM
B pexxume gpobHoro K3IX

OCHOBHOE COCTOSIHI€ KBAHTOBOJ HECKMMAEMOIi SKUIKOCTU B PesKUMeE TP0o6-
Horo K9X omuchIBaeTcs Mpo6HOI BOMHOBOI (DYHKIIME MHOTO3JIEKTPOHHO CH-
CTeMbl, TipeJioskeHHOI JladnuHoMm [8]:

v=[1f(2 -2 )exp *4IIZZ|Z,-|2, (4.1)
0 1

f@) =1z

XOT$1 10 HACTOSILIETO BpeMeH ! He MOTyueHO TOYHOTO aHATUTUUECKOTO peleHnsT
JIIaHHO1 ITpo6JIeMbl, BBIOOP BOTHOBOM (QYHKIMK B Buie (4.1) oKkasascst BIIOTHE
ymauHbiM. CtapToBoii y1st JIadamHa Ipy IMMOCTPOEHMM KOHLIEIIIMY KBAHTOBO He-
CKMMaeMO¥i KUAKOCTH IBWIach paboTa [57]. IKCIIoHeHIMaMbHbIN (hakTop B (4.1)
ctenyeT U3 cO6CTBEeHHbIX QYHKIINMI HMU3IIEro ypoBHsI JIaHIay, KOTOpbIe KJIacCu-
GUIMPYIOTCS IO TPOEKLIMSIM YITIOBOTO MOMeHTa m [58]:

207



. B. KykywkuH, B. . Tumogees

m 2
wm:(27rl§'2'"m!)71/2 4 exp |Z|

) “ar| (4.2)

i mIpemsKCIIOHeHIMaMbHOrO (hakTopa mcronb3yercs: dopma [IkacTpoBa —
TpousBeneHne mapHaix GyHkuuit. CrenenHas ¢opma f ciemyet us (4.2), Tak Kak
TOJIbKO OZHOPO/THBI 0 Z TIONWHOM SIBJISIETCSI COOCTBEHHO (DYHKIIVEN YIIIOBOTO
MOMEHTA. JTO CBOVICTBO rapaHTUpyeT MPUHAAJ/IEXXHOCTD ¢ OCHOBHOMY YPOBHIO
Jlangay. CterneHb MOMMHOMA ONpenessieTcsl MOMHbIM YIJIOBBIM MOMEHTOM, SIB-
JISSIOUIMMCSI XOPOLIMM KBaHTOBBIM UMCIOM, M [IO3TOMY M €CTb 1eJioe HeUeTHOe
ynciio. [lanee, aHaau3upysl JaHHYIO ITPOOIEMY B TEPMMHAX OFHOKOMITOHEHTHO
KJIACCUYECKOi1 1y1a3Mbl, JIadavH TpogeMOHCTPUPOBAJI, UTO BOTHOBbIE DYHKIUN
(4.1) onMChIBAIOT OCHOBHOE COCTOSIHME TIpU v = 1 /m (m = q, Llefioe HeYeTHOe
uncino). Takum 06pa3oM, MpaBUIO HEUETHBIX 3HAMeHaTeseli B Teopuu JladinHa
cenyeT U3 aHTUCUMMETPUUYHOCTY MHOTO3/IEKTPOHHO BOTHOBO YHKIINUM, T10-
CTPOEHHOJ 13 3JIEKTPOHOB C OAMHAKOBO ITPOEKIyeli crivHa. BolHOBast GyHKINS
KBAHTOBO KUIKOCTM MOSKET ObITh, B IPUHIINITE, CUHITIETHON, OGHAKO TOUHbIA
BT TAKOJ BOJTHOBOJ (DYHKIIMM HEM3BECTEH.

DHeprusi OCHOBHOTO COCTOSIHMSI B3aMMOZEICTBYIOMINX 31eKTpoHOB E (N) B
dynrumm noaHoro uuciaa yactui N ipu T = 0 1 GUKCMPOBAHHOM MAarHUTHOM
IojIe JeMOHCTPUPYET «M3/I0MbI BHM3» (“cusps”) pu 3HaueHusx N, OTBeUaIOII X
Ipo6HBIM akTOpam 3aronHeHus n = 1/q. Visnom Ha kpuBoit E(N) o3HavaerT, uTo
B 3TOM MecCTe XMMMWYeCKuit noreHunan p = dE/dN u3MeHsIeTcsI CKAauKOM TIpU
npoxoxeHnu N uepes 3HaueHne N, OTBevalollee 3a0/THEHNIO 1/, 4TO, B CBOIO
ouepenb, CBULETEIbCTBYET O HATMUMY LIeNY B CIIEKTPe:

A=(dE/dN) —(dE/dN),. (4.3)

KynoHoBcKas 111eb OTAensieT OCHOBHOE COCTOsSIHME KBaHTOBOM XXUIKOCTU B
TOuKe N, OT HEMPEePhIBHOTO CMIEKTPa KBA3UYaCTUUHBIX BO30YKmeHuit. ViaMeHe-
Hue N BOIM3Y TOUKU N, IpUBOAMT K POSKAEHMIO 9/IeMEeHTapHBIX BO30OYKIEHUIT —
KBa3M4acTHI| ¢ 3apsipamu —e/q opu N > N, 11 KBa3uIbIPOK C 3apsifiaMut +e/q Ipu
N <N,. OueBMIHO, YTO 3Ta KapTMHA He ¥IMeeT HNYEro 00111eT0 € 06BIUHBIM YIIPY-
I'MM CKaTueM (pacTsKeHMeM) 3JIEKTPOHHOI ¢asbl (Harpumep, 00bIaYHoi pepmu-
SKUIKOCTH). ITo3TOMY B pacCMaTpMBaeMOM Caydyae Py IPOOHBIX v KBAHTOBAS
SKUIKOCTD SIBJISIETCSI HEC)KMMAEMOJt U B ee CIIeKTpe OTCYTCTBYIOT GecieseBbie
(3BYKOBbIE) BO3OYKIEHUSI.

KynoHoBCKas 1menb onpenensiercs BoipakenueM A = Ce?/¢l, rme C — KOH-
CTaHTa, KOTOpasi PACCUMTHIBAIACh B PAMKaxX Pa3aMYHbIX MOJEIbHBIX MTPUOIN-
skeHuit [9, 59-62]. IIpUHSITO CYUTATH TYUIIVMMM U3 BbIUMCIEHWI BbITTOIHEHHbIE
MeTtonom MouTe-Kapio. C momonipio Hux nomydeHo C ~ 0,1 [62]. Takum o6pazom
orpefiefieHHAas! KYJIOHOBCKaS I1leJib COOTBETCTBYET POXKIEHNIO TTapbl HAJIIeIeBbIX
BO30YXXIeHMIT, 6eCKOHEYHO YAAIEHHbIX IPYT OT Apyra. B mpuHIMIIE, MOTYT BO3-
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OY>KIATHCS U CBSI3aHHbIE (9KCUTOHOIOAO6HBIE) Mapbl. TUM BO36GYKIEHWUSIM TOJT-
SKEH COOTBETCTBOBATD CBOJIT COGCTBEHHBIN CIIEKTP. B CIIEKTpe 3TUX BO36YKIeHMIt
MMeeTCs] POTOHHBIM MUHMMYM B ITPSIMOi aHAJIOTUM CO CITIEKTPOM BO30OYKAEHMI
cBepxTrekyuero “He. CoriacHO TeopeTuueckuM pacuetam [61] pOTOHHBI MUHU-
MyM pacIIOIOXKeH Ha MMITy/JIbcax nepenaun ki, ~ 1,4.

COCTOSIHMSI KBAHTOBBIX KUIKOCTEI B peskuMe Apo6Horo KOX momunHsIoTcs
MpaBUIaM MepapXum COCTOSTHUIL. XONAeiTHOM MpeiJIoKeHa Mepapxmuueckas cxe-
Ma [71], cortacHO KOTOpPOJt cOCTOSIHUS p/q ¢ 1 < p < q (p — 1enoe uncio) Gopmu-
PYIOTCSI M3 HOBBIX TTOKOJIEHUII KBa3UYACTUUHBIX BO3OYKIEHMIT MTOJOOHO TOMY,
KaK OCHOBHOe jaduHOBCKoe cocTossHue (4.1) dopmupyercst U3 3JeKTPOHOB.
Takum 06pa3oM, JOUEpPHME COCTOSTHMSI KBAHTOBBIX JKUIKOCTE BO3HUKAIOT 13-
3a KOHJIEHCAlMM KBA3UMYACTUUHBIX BO3OYKIEHUM MCXOOHBIX «POAUTEITBCKUAX»
coctostHUM. CaMy BeIMYMHBI KYJIOHOBCKUX 1IIeJieli 111 COCTOSIHUI C pa3HbIMU
1/q mOMKHBI OMUCHIBATHCS MACIITAOHBIM COOTHOLIeHMEeM (1.3).

TakuM 06pa3oM, OUEBUIHO, YTO IKCITEPUMEHTATbHOE 3HAHVE BEJIMUYVH KYJI0-
HOBCKMX IIlejieli B peskuMe n1po6Horo K3X coBepiieHHO HeEOOXOaUMO AJIsI CpaB-
HEHMUSI C CYIIeCTBYIOUMMU TEOPETUUECKUMU KOHIIEMIMUIMU U UX AaTbHEeRINM
COBepIIIeHCTBOBAHMEM.

Honroe BpeMsl €IMHCTBEHHBIM CITOCOG0M M3MePEeHMS BeTMUMH KYJTOHOBCKUX
1ieseit 6bUT aKTUBALMOHHBIN MarHUTOTpPaHCopT [11, 63-66]. C TOMOIIbIO 3TOTO
MEeTO/[1a, 10 CYILECTBY, M3MEPSUTUCH IIeJIU TOABMKHOCTY B pexkuMe npobHoro KX,
KOTOpbIe OUeHb UyBCTBUTEIbHBI K 6€CTIOpsAKY. [Ipy 0ueHb HU3KUX TeEMITepaTypax
(T < 1 K) 3TOT MeTO[, CTAIKUBAETCS C MMPO6IeMamMM, CBI3aHHBIMM C TTPBIKKOBO
MIPOBOAVIMOCTBIO C IIepeMeHHO IJIMHOI MPbIXKKA, a TakKe ¢ 3 derTaMu CUTb-
HOI1 jokanmu3anuu. CoBepiieHHO 0YeBUTHO, UTO HY>KHbI He3aBUCKMbIe METOMbI
M3MepeHus KyJIOHOBCKMUX Iiesieit. [IoaToMy B 9TOM paszeie 6yayT pacCMOTPEHbI
BO3MOYXHOCTY MarHMTOOIITMUECKOTO MeTO/la B PellleHN 3TOi 3afaun.

4.1. OCOGEHHOCTH CIEKTPOB MarHUTOJIOMMHECIeHIINN
npy IPOOHBIX v

OnTuyeckre sKCIEPUMEHTHI C 2D-371eKTpOHaMU B pexkuMe fpobHoro KX
BIlepBble ocyilecTBieHbl B Si-MITI-cTpykTypax [67]. B aTuxX skcrnepmumeHTax
HaOII0IAIOCh CKAUYKOOOpa3Hoe ToBeleHe JIMHUY JTIOMUHECIIeHIIUM B IIKaJIe
SHEePruii PU MPOXOKAEHMNM Yepe3 NpoOHbIe 3HaueHust v = 8/3, 7/3 u 1o Benu-
YJHEe 3TUX CKAUKOB CJie/IaHbl OI[eHKM COOTBETCTBYIOIINX KYTOHOBCKUX IIeJe.
OpHako B cinydae 2D-snekTpoHHOrOo rasa B Si-M/II-cTpykTypax mpu HU3KUX
TEeMITepaTypax M CUIbHbIX MAaTHUTHBIX TMOJISIX U3/TydaTe/bHAsT pEKOMOUHAIUS
I3 HIKHETO TI0 CIIMHY COCTOsIHMS (S, = —1/2) He HabmonaeTcs 13-3a IPaBui
oTbopa, ¥ IKCIIePUMEHTATbHO BeCTM HAOII0eH s B YIbTPAKBAHTOBOM ITpefie-
Jie C IOMOIIbI0 MAarHUTOOTITUKY He yAaeTcsl 10 MPUHLIUITMAIbHBIM MPUUYMHAM.
B cnyuae GaAlAs/GaAs-TTI Takux orpaHMYEHMIT HET, TaK KakK g-(}HaKkTop seK-
TPOHA OTpUIIATEseH.
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B sTom pasgene pacCMOTpUM MarHUTOONTHYECKME M3MepeHMs, BbIIIOIHEH-
Hble B GaAlAs/GaAs-0IVHOYHOM TeTeporiepexofie mpu ApoOHbIX (pakTopax 3a-
nonHenus v = 2/3, 1/3, 4/5,3/5,2/5,1/5,1/7 n 1/9, rae Taxke 6b110 00Ha-
PY’)KEHO CKauKooOpa3Hoe ToBeieHMe JIMHUM MarHUTOMOMUHeceHn [24, 25].
OTH MCCaea0BaHNS BHITIOTHSIIMCH Ha BICOKOKAUeCTBEHHBIX 00pasiax, B KOTO-
PBIX TIOABVKHOCTD 2D-3/1eKTPOHOB IIPY OCBELIeHUM CoCTaBsna ju, > (1 —3)-10°
cM?/B-¢, a IIJIOTHOCTD 3JIEKTPOHOB MOIVIA BapbMPOBATHCS C IMTOMOLIBIO CHEeLK-
aJIbHO MOI0O6PAHHOI CTAlMOHAPHOI 1oicBeTKY B uHTepBase (0,5 —2)- 10" cm 2.

//
Fw=E£p,m3B -~
20F ;- _ A
/50“7,48-598) // ._.o-
// o'.‘ ?
// o 7/3
77 0t
7ot}
Ve °® * 2/5 a
0+ //o".1
/-‘.
} Y s
23
45
1
0. 20 H,Tn

ny=2,02-10"cm-2

o1y
~
7=25K
02r
2/5 “ZK
0,3 r f K
7/J
0 5 (
70 20 H,Tn

Puc. 9. a — 3aBUCUMOCTDb 3HEPreTUUeCKOro MOIOKeHUs MMKa JIIOMMUHEeCIIeHIMY, OTBevalolieli
peKoMOMHAIMM IEKTPOHA U3 HYDKHETO CITMHOBOTO COCTOSIHUS, OT BeIMUMHBI H (9HEPTUS OT-
CYMTaHa OT IHA 30HbI pasmepHoro kBaHntoBauus; T = 0,47 K, n = 2,02- 10" cm?%). 6 — DHepre-
TUYeCKYe TIOJIOKEeHUS TIMKa 3TOM JKe JIMHUYM OTHOCUTENbHO ITYHKTUPHOM MPSIMO pUC. a Ipu
Bapuaiuu H. CTpesikamy yKa3aHbl IPOGHbIE (aKTOPbI 3aIIOJTHEHNS.

Ha puc. 9 mokasaHo nmoBefeHye MMKOB JIAHIAYBCKUX JIMHUIA B CIIEKTpe Mar-
HUTOIOMUHECIIEHIMY TIPY Bapyalyuy MarHUTHOTO 1o, 151 hakTopoB 3aron-
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HeHMs v > 2 KapTuHAa MMeeT MPUBBIUHbBIN BU, Beepa ypoBHeii Jlangay. OnHako
npu v < 2, KOT[Ia B CIIeKTPe OCTAeTCSI O HA JTUHMUSI, TOSBIISIIOTCS CYIIeCTBeHHbIe
ocobeHHOCTN. HanbosbIe OTKIIOHEHUST OT IMHEIHO 3aBUCMMOCTY BO3HUKAIOT
B 00JIaCT MEeXKAY v = 2 ¥ v = 1. DTU OTKJIOHEHMS CBSI3aHbI C yCUJIEHMEM CITMHOBO-
'O pacuierieHus B pe3y/abTaTe 0OMEHHOTO B3aMMOI€/ICTBUS SJIEKTPOHOB C O M-
HaKOBOI1 MpoeKIMeii ciimHa (3ddeKT yeumenns g-dakropa). [Ipu manbHeem
yBeJIMUeHUM MarHMTHOTO TIOJSI TIOSIBJISIIOTCSI HOBBIE TOTIOMHUTEIbHbIE CKaUKU
CTIEKTPaJIbHOTO TONOKEHMS LIeHTPa TSDKeCTY IMHUY fiw B OKpecTHOCTH v = 4/5,
2/3,3/5,2/5u1 1/3. AMInuTyna ckaukoB pacTeT Py MOHMKeHUY TeMIlepaTyphbl.
Cama BemMYyMHAa CKAYKOB Majia B CpaBHEHMM C OCHOBHBIM MAacIITaboM 3Hepre-
TUYECKOTO CIIEKTPA, KOTOPBI 3a4aeTCs LIMKIOTPOHHO sHeprueli. [IosTomy Ha
puc. 9,6 3Tu ke pe3ylIbTaThbl MIPEACTABIEHbI 32 BHIUYETOM OHO3JIEKTPOHHOTO
BKJIaJIa, CBSI3AHHOTO C SHepruei HypKaiiero yposHs Jlanaay. [locie Takoit mpo-
1emypsl CKauky hw npu v =4/5,2/3,3/5,2/5 u 1/3 BunHbI 6071€e IBHO. YMECTHO
OTMETUTH, YTO B OKPECTHOCTU v = p/q Takke Hab/oaeTcsl HeOObIIoe yInupe-
Hue (=~ 10 %) mMHuM, KOTOpoe, TeEM He MeHee, He 3aTparuBaet ee popmy. Kpome
TOTO, UMEETCSI JOCTATOYHO Pa3MbITasi 0COOEHHOCTH B OKpecTHOCTH v = 1 /2. TIpn
yBeIMUeHnM TeMmepaTypsl Ao 5 K Bce ckauku rpu pakTopax 3aIrogHEeHMs C He-
YETHBIMU G MCUE3AI0T, TOTAA KaK 0COOEHHOCTH MpU v = 1 /2 cOXpaHsIeTCs BIVIOTh
1o 25 K. Ciabast 4yBCTBUTENIBHOCTD 3TOI 0COGEHHOCTH K TEMITEPATYPe aHAIOTUY-
Ha TOMY, YTO Hab/II0AaeTcsl B MAaTHUTOTpaHCIopTe [68, 69]. B yacTHOCTH, 13 Mar-
HUTOTPAHCIIOPTHBIX UCCIeOBaHMI cnenyeT [69], uTo ocobeHHOCTM TpK v = 3 /2,
3/4,1/2 n 1/4 umeroT 0611yI0 TPUPOAY, HE CBSI3aHHYIO ¢ ApobHbIM KIOX.

3aBucumocTtb AE oT H CTAaHOBUTCS IPU MTOHMKEHMM TEMITEpaTypbl 60s1ee OT-
pHUIIATeNbHOI, YTO CBSI3aHO C 3(PdeKTOM CUJIbHOI JTOKAIM3alMKU B MaTHUTHOM
rosie JTa 3aBUCUMOCTb MOXKET ObITh MCIIONIb30BaHa IS aHa/IM3a 6ecriopsiika B
cucTeme.

Ha cepuu 06pasiioB ¢ MEHBIIMMYM KOHIIEHTPAUUSIMU 2D-3/IEKTPOHOB yIaeTCs
MIPOJIBUHYTHCS ellle TTyoike B YIbTPAKBAHTOBYIO 06/1acTh (v < 1). Ckaukoobpas-
HOe TTOBeIeHle [[eHTPA TSDKeCTY JIMHUM JIIOMUHeCcHeHIu ipu v = 2/3,1/3,4/5,
3/5,2/5,1/5,1/7u1/9 wimoctpupyet puc. 10. 9Ty pe3yabTaThl IOTHOCTHIO BOC-
MIPOM3BOISITCS TIOCTIE TEPMMYECKOTO IIUKIVMPOBAaHMS. 3aMeTUM, UYTO CTOJIb SIBHbIE
ocobenHocty nipu v = 1/7 u 1/9 B peskume npo6Horo K3X Boobie Habmona-
IOTCSI BIIEPBBIE, @ C TOMOIIBI0 MArHUTOTPAHCIIOPTHBIX M3MepeHMT 0CO6eHHOCTH
npu v = 1/9 He 06HAPYKMBAIOTCS. DTO HATVISITHO AEMOHCTPUPYET, uTO 3 eKTs
CUIBbHOI JIOKaAM3alMy B ropasio MeHblileli Mepe OrpaHMUMBa0T BO3MOKHOCTHU
MarHUTOOTITMYECKOTO MeTOo/la, B OT/IMUMEe OT MarHUTOTpaHCIopTa. 3/ech Xe,
Ha puc. 10, conocrasinsiorcst 3apucumMoctu AE (H), usMepeHHbIe [J151 TpeX pas3-
nmyHbIX Temmepatyp. [Ipu 0,4 K HabmomaeTcst ckaukoobpasHoe ToBefeHue s
Bcex 0OHapykKeHHBIX Apobeit v = 1/q BIUIOTH 10 1/9, omHako He OOHApYKeHbI
Kakue-n1b60 oco6eHHOCTH B okpectHOCTM 1/11. TIpu T = 1,2 K ckauyku nipu v =
1/7 m 1/9 ucue3aroT, HO COXPAHSIIOTCS B OKPECTHOCTH APYTUX IPOOHBIX v = p/q
C MEHbBIINMMA q.
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Puc. 10. [ToBefeHye LeHTPa TSHKECTU JIMHUY JTIOMUHECHEHIUY w, OTBEYaIoIeil peKOMOMHA-
LMY 3JIEKTPOHA U3 HIKHETO CITIMHOBOTO COCTOSIHUS, B QYHKIMY MarHMTHOTO mosist. AE = hw —
—(1/2) ho,.

HakoHell, 0CTaHOBMMCS Ha OY€Hb aKTyaJIbHOM BOIIPOCE, CBSI3aHHOM C peaJlb-
HOI1 3/7IeKTPOHHOVi TeMIIepaTypo¥i B yCIOBUSIX ONIMCAaHHbBIX IKCIIEPUMEHTOB, KOTO-
pble BeIYTCsI C UCIIOIb30BaHMEM CTA[MOHAPHOTO (HOTOBO36YKIeHMsI. OTBET O6bLI
TIOJTyY€eH C TIOMOIIbIO aHATM3a IMUPUH JIVMHUI ITYOHUKOBCKMUX OCHVIIISILIUY TIPO-
JIOJIbHOTO MarHMTOCOTIPOTUBIIEHNS, UTPAIOIINX POJIb BHYTPEHHET0 37IeKTPOHHO-
ro TepmomeTpa. [IpogosibHOEe COMPOTUBIIEHE U3MePSITIOCh OMHOBPEMEeHHO (in
situ) ¢ MaTHUTOOITHKOI. Hampumep, Mpu CTaliOHapHOM (DOTOBO3OYKIEHUN
aproHOBBIM JIa3€POM ITOJIHOJ MOIIHOCTBIO OKOJI0 1 MBT M TemImiepatype GaHM
40 MK, anekTpoHHas TemIiepaTypa Bo3pacrana, Ho He rpeBbimaaa 100 mK. Takum
00pa3oM, B MCITOIb30BAHHBIX CTPYKTYPaxX YAAETCS BECTU MarHUTOOIITUYECKIME
MCCIeq0BaHMs MPU TeEMITepaTypax CylecTBeHHO Hike 1 K. DTo cBsI3aHO € 0OUeHb
60/MBIIMMY BpeMeHaMy U3JTy4aTeIbHOl peKoMOMHanu 2D-3/1eKTPOHOB B 3TUX
CUCTeMax.

4.2. Teopuss MarHUTOMIOMUHecHeHIMM 2D-371eKTpoHOB
B pexxume apo6Horo KIX

Tenepb OCTAaHOBMMCS Ha MHTEePIIpeTAlM OIIMCAaHHBIX BbIIIE€ 3KCII€PVMEH-
TaJIbHBIX PE3YJ/IbTAaTOB. PaHee, mpn O6CY)K,E[€HI/II/I Pa3pbIBHOIO ITOBeAEHMS LIEHTPA
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TSDKECTY JIMHUY MaTHUTOTIOMMUHeCeHIyY B Si-M/ITT-cTpyKTypax mpu APOOHbIX
(daxTopax 3anoaHeHMs], TPeIoNarajaoch [67], YTo 9TU pa3pbIBbl HEIIOCPEICTBEH-
HO CBSI3aHbI CO CKaUKaMM XMMITOTeHIMaia IIpy KOHeHcaluyu 2D-3/1eKTPOHOB B
KBaHTOBYIO TAGIMHOBCKYIO JKUIKOCTb: Aw = Ap = qu. OTcroga 1o CrekTpasib-
HOMY CKauky Aw MOXXHO HENOCPeACTBEHHO OIpPeAeJUTb KYTOHOBCKYIO IIIe/b,
COOTBETCTBYIOIIYIO JaHHOI pobu 1/q. Takasi rumore3a OCHOBBIBAIACH HA TIPe]I-
TTOJIOKEHMM, UTO KaK HauaJbHOe COCTOsTHME N 3JIeKTPOHOB 10 PEKOMOMHALIUN,
TaK U KOHeYHoe cocTostHue N —1 9JIeKTPOHOB MOCe PeKOMOMHAIIUY SBJISTIOTCS
OCHOBHBIMMU. VIHBIMM CJIOBaMU, ITPeATIOIaraaoch, YTO B3aMMOAeCTBYIONAs CU-
crema 2D-3/1eKTPOHOB afyabaTUUeCKy OTCIIESKMBAET ITPOLECC U3ITyYaTeTbHOM
PEeKOMOVMHAIIMY C aKIIEITOPHBIM [IEHTPOM. JTa IUIIOTe3a ySI3B¥Ma B TOM OTHO-
IIeHUN, YTO TTOC/Ie aKTa peKOMOMHAIIMIM BO B3auMogeiicTByoIeii cucreme N —1
9JIEKTPOHOB MOSIBISIIOTCS pasHble BO3OYKIEHMS, ¥ TTOCTeIYIoNIast MX pesiakcalius
B OCHOBHOE COCTOSTHME TT0CJ/Ie TAKOTO «BCTpsixMBaHMs» («shake-up process») Tpe-
6yeT IOCTaTOYHOT'O BPEMEHM.

HepnasHo noctpoena Teopus [70], aHann3upyronias poLecc u3aydaTeabHOn
peKOMOMHALIMYM B3aMOZEICTBYIOLIE CUCTeMBbI 2D-3JIEKTPOHOB C IbIPKAMM aK-
LIENITOPHOTO LIeHTpa. AHA/IN3 KacaeTCsl MOBeIeHNSI TepBOr0 MOMEHTA JIMHUM JTI0-
MUHecUueHuyu M, ipu Bapuauyuy GaKkTopa 3aroIHeHNs] B OKPeCTHOCTY APOOHbIX
3HAYEHUI v:

M, = [1(E)EdE/ [1(E)dE

HeIoCPeICTBEHHO COBIIAIaeT C IIEHTPOM TSDKECTU JIMHUM w. [JIaBHBIN OTBET Te-
OpUM COCTOUT B TOM, UTO M, (v) OTpaskaeT MoBe/ieHMe CPeIHEeN SHePTMM B3auMO-
IeliCTBYIOIIVX 3JIEKTPOHOB, & He XMMUYeCKOTO TToTeHIIMaIa.

Teopus ucnonb3yeT ciaeAyolye MofeabHble TpefCcTaBleHus. JIeKTPOHHAas
IUVIOTHOCTb CYUTAETCS OLHOPOSHO, a aKLeIITOPHBINA LIEHTP MCXOAHO HeTpaab-
HbIM. PaccTosiHue Z ) MpMMEeCHOTO IIeHTpa OT 2D-TUTOCKOCTY M MarHUTHast /-
Ha [, HAMHOTO MPEBbINIAIOT MIMPUHY JIEKTPOHHOTO CJIOSI U PaiNYC IIPMMECHOTO
uenrpa (Z,, I, > rimp). B KOHEUHOM COCTOSIHMM MOTEeHLMaJl IPUMECHOT0 1LIeHT-
pa — OTTaJIKUBaTeNbHbIN KynoHOBCKUIL. [Ipu T = 0 a5eKTpOHHAas cucTeMa HaXo-
IUTCSI B OCHOBHOM i-COCTOSTHUM ; €CJIU 3TO COCTOSIHME BhIPOXKAEHO, TO TIpeirosia-
raeTcsl, YTO BCe COCTOSIHUSI PaBHO 3acesieHbl. MarHUTHOE T10JIe CYUTAeTCS CTOMNb
CUJIbHBIM, fiw > €% /el , 4TO CMeIBaHueM pasIN4YHbIX yPOBHel JlaHnay MOXKHO
npeHebpeusb. Ha gpyrom s13pike rmapamMeTp cMelIMBaHMS ypoBHeli JlaHmay A\ =
= (e*/ea)/hw, = (1/2v)r (a = (7n ) '/* — MeXUaCTUYHOE PACCTOSIHUE, I', = a/d,;
GOpOBCKMii paauyc a, = <h*/me*) cauraeTcs paBHBIM HYJIIO. DTO S5KBUBAJIEHTHO
paccMOTpeHuIo cuTyauun, Korga r, — 0. KBaHTOBBIN M3/TydaTe IbHbI IIePexon
IPOMCXOAUT B TOUKe I, 2D-C10s1, Hamboee 6/1M3KO PACIIOIOKEHHOM K IIpUMec-
HOMY IIeHTpY. PacueTsl BeyTcs YnCaeHHO B cpepuyeckoit reometpuu [71, 72].
Taxkum 06pa3oM, Bce ypaBHEHMS 3aMMChIBAIOTCSI IS OMHOPOIHOI CYCTEMBI C KO-
HEYHBbIM UMCJIOM YacTull (peaabHO B pacueTax 6 u 7 YaCTUIL).
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I/ITaK, HOpMI/IpOBaHHbIﬁ HepBbe/i MOMEHT JIMHUYM MAariHnMTOJIIOMMHEeCIeHII N
paBeH
M, =E —<Hf> (4.4)

ab’

rae E; — sHeprust OCHOBHOTO COCTOSTHUS N B3aMMOZe/CTBYIONINX YaCTHII. Hf —
raMWJIbTOHMAH CUCTEMbI B KOHEUHOM COCTOSIHMM, & UMeHHO — sHeprust N — 1
9JIEKTPOHOB C KOOPAMHATAMU T ,... T, | B 2D-C/10€, B3aMMOAeMCTBYIONINX MEXKTY
0601 ¥ C OTTAIKMBAIOLIMM KyIOHOBCKMM LIEHTPOM I,. YcpeiHeHue B (4.4) BefieT-
Cs1 110 BOJTHOBBIM PYHKLMAM ¢ (T, ... T,) BCEX COCTOSTHMIA ov, IPMHAJIeKALIMX [-My
YPOBHIO IIPY YCJIOBUH Iy, = I . 33 BBIYETOM SHEPTUit OCHOBHOTO YPOBHs JlaHaay u
MIPUMECHOTO [IeHTPa MOMEHT [ePBOTO MOPSIIKA UIIN LIEHTP TSPKeCTY IMHUM Mar-
HUTOTIOMUHECIIEHIIUN COMIe P>XKUT JIMIITb SHEPTUI0 KyIOHOBCKOTO MEXUYACTUYHOTO
B3aumogelicTBus. Ternepb ypaBHeHMe (4.4) MOXKHO 3aIUCaTh B BUIE

M, = [ (v (|5, —8]) -V (5, ~ | s (3, — 7)) dp =
=2EN""— [V(3, - 7| g (|, — 7]} dp-

VHTerpupoBaHue BeeTcs 1o Bcemy 2D-cro10, a §(p) — mapHasi Koppemsinm-
OHHas QYHKITUS:

g(|ﬁN *ﬁNAD E( Alz
[&(p)dp=N-1, (4.6)

rae g, — BhIPOXXIEHue i-ro ypoBHsl, A — momanb 2D-cos, g = r/ e.

Ecnu noteniman V(r) KOpOTKOAEICTBYIONINIL, BTOPOE CJIaraeMoe B BbIpaske-
HuM (4.5) MOSKHO MPOCTO OMYCTUTD. EC/T BOCTIOMB30BaThCS OMpeie/ieHeM XUM-
noreHuuana y = 0E,/ON, TO € IIOMOIIBIO (4.5) JIETKO IOTYYUTD BbhIPaKeHMe [JIsl
KYJIOHOBCKOJA 111eJTn:

=(v/2q)6(0w/0v) = (H/2q)6(0c/0H ). (4.7)

TakuM 06pa3oM, GYHKINS EHTPaA TSHKeCTU JIMHUU w (V) «OTCIEKMBAET» Cpe-
HIOIO SHEPTUI0 KyJIOHOBCKOTO B3aMMO/IeCTBUSI MEeXY YaCTULLAMU U IeMOHCTPU-
PYeT M3JIOMBI («CusSps») Ipu APOOHBIX v. Cuiia 9TUX U3JI0MOB («cusps strengthy),
oTpefesisieMasl Kak pa3pbIB MPOU3BOAHO 0w/ dv, TIO3BOJISIET TIOMYUUTDb BEIUUN-
HBI 11IeJIein Aq.

OpnHako Ha caMmoM gene V(r) — BanbHOIENCTBYIOIIMIA KyTOHOBCKUI TTIOTEHIN -
aj, 1, B IPUHIIMIIE, BTOpOe claraeMoe B BbIpaxkeHUM (4.5) cienyeT yIYUTHIBATh.
VHTepecHO OTMeTUTD, uTO Tipu Z — 0 w = 0. ITO 03HavaeT, yTo ecinu 2D-3ek-
TPOHBI U ITPUMECHBIN LIeHTp (I CBOOOAHAS IbIpKa) KOIJITaHAPHBI, 06a ciarae-
MBbIX B (4.5) KOMIEHCUPYIOT APYT APYTa, M HUKAKMUX 0COOEHHOCTEN B IIOBEAEHUN
w (v) BO6IM3M IPOGHBIX v HE NO/KHO OBITh.

Ha KOHe4HBIX pacCTOSHMAX Z, HeCOOCTBEHHbIN BK/Ia/ B BeIMYMHY M3/I0Ma B
dbyHKUMY w (v) He Maj. O61ee BhIpakeHye IS CUITbI M3J7I0Ma Cenylolee:

(4.5)

dr dry
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e
ov

ol 3
=282 (v -l W dp. 4.8)

B passnoxennu Boipaskenusi (4.8) npu Z; > | ujeH ~Z;' OTCYTCTBYET U3 YCIOBUS
HOPMMPOBKM, & Ipu Z; < | pasioxeHne MpornopuoHanbHo Z2.

C ITOMOIIbIO TTAPHOII KOPPEISIIIMOHHON QYHKIIMY PACCUUTHIBAETCS BTOPOI
(HecoOCTBEHHBI) WwieH B BbIpaxkeHUM (4.8) Kak QYHKIMS h, M B MpeaeabHbIX
CJIy4dasix Ajisi Hero rnoixy4eHo

5(0w/ov) ~18A—37¢(1/Z,) mna Z,> 1,

~0,77(Z, /1) pna Z, < 1. (4.9)

Orciofia ciiemyeT, YTo HeCOGCTBEHHDIN BRI, B 06I1iee BhIpaskeHMe ISt CUITbI 13-
JIOMOB 6BICTPO YOBIBAET IIPY YIAJIE€HUN IIPUMECHOTO LIeHTpa OT 2D-II0CKOCTH,
T.e. ¢ pocToM Z,. [I03TOMY Ha I0CTaTOYHO GOMBIINX PACCTOSHUSIX Z, TIpoLieypa
06paboTKM 3KCIIepMMeHTaIbHBIX 3aBUCUMOCTelt M, (V) C Lie/bIo OnpefeneHns Be-
JIMYYH IeJ1eii CUIbHO YITPOIIaeTcsl.

4.3. KyJIOHOBCKME IIeM B YCIOBMAX Apo6Horo KIX

Ceituac paccMOTpUM, KaKMM 00pa3oM M3 IKCIIePUMEHTATbHbIX 3aBUCUMO-
CTeji LEeHTPa TSUKeCTY JIMHUY JTIOMUHECHeHIMM WA ee TIepBoro MomeHnTa M, (v)
OIpeneNsIIoTCST BeIMYMHBI 111eJIeli B COOTBETCTBUM B 3aK/IIOUEHNUSIMU TEOPUA.

C uenpio aHaMM3a 3KCHePUMEHTAIbHBIX 3aBUCUMOCTEN AJ151 BCeX U3MepeH-
HBIX CIIEKTPOB JIIOMMHECIEHIIMY PACCUMTBIBAINCH HYIeBOi (M), mepBblii (M,),
BTOPOJi (M,) 1 TpeTuii (M,) CIieKTpaibHbie MOMEHTHI [73-75]:

1

M, = [I(E)dE, MlzﬁfI(E)EdE,

M? :MLfI(E)(E—MI)ZdE,
0

1
M? :WII(E)(E—Ml)ZdE.

Bce akcriepuMeHTaIbHbIE TaHHBIE TTPY GUKCUPOBAHHBIX SHAUEHUSIX MarHUT-
HOTO MOJjIs1 06pabaThIBAIMCh C IOMOIIbIO KOMIIbIoTepa. HarmoMHuM, 4TO M, M,
M, u M, XapaKkTepu3yIT MHTErpaJbHYI0 MUHTEHCUBHOCTb, IEHTP TSKECTH, IUPU-
HY U aCUMMeTPUIO TMHUY JTIOMIUHeCLieHITY. TOUHOCTh, C KOTOPOJi openensiach
Be/JIMYMHA IIepBoro MmomeHTa M, 6b11a He Huoke 0,01 m3B. Ha puc. 11,a cpaBHuBa-
eTcs nosesieHye M (H) ¢ KapTMHOJ IIYOHMKOBCKMX OCLU/UISAIMMA MarHATOCOIIPO-
TUBIIEHMS B 06pasiie ¢ 60/1b110¥ ToABMKHOCTBIO (1,2-10° cm?/B-¢) [73-75]. Bug-
HO, YTO MUHMMYMBI p  COBIIJAIOT C U3/I0MaMy BHU3 («cusps») GyHkuym M, (H).
Bosee oTueTIMBO 3TOT GaKT IPOU/UTIOCTPUPOBAH Ha puc. 11,6, rme cpaBHUBAIOT-
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Cs1 3aBMCUMOCTH OT H 1151 ueTbipex MOMeHTOB M|, M,, M, 1 M, c MUHUMYMOM p,_
B OKPeCTHOCTH v = 1/3. BUHO, UTO MUHUMYM p_ U U3IOM BHM3 GyHKUmu M, (H)
npu v = 1/3 coBnafaoT, I03TOMy 3Ta (DyHKIINS CKOpee OTpaskaeT CpeIHIO SHep-
10 2D-371eKTPOHOB, UeM ee XMMMUUYECKMII ITOTeHIMA/T. 3aMeTUM TaKXKe, 4YTO U3-
nom BBepx (pyHkumyu M (H) 6113KO0 OAXOOMUT K MakCUMyMY p, . B psazie cydaes
OIHOBPEMEHHO CO CIIEKTPOM M3Ty4aTebHOM peKoMOuHAIMK 2D-371eKTPOHOB C
aKIeMITOPHBIM LIEHTPOM MCC/IeAOBATNCH CIIEKTPBI, OTBEUAIOIIie peKOMOMHAIIN

co cBO6OAHBIMY JbIpKaMK. OfIHAKO B 3aBUCUMOCTSIX M, (1) STUX CHIEKTPOB OTCYT-
CTBOBAJIM M3/I0MbI IIPU IPOOHBIX .

0 a
-5k =, 2/3 25 13 2/7 5
"'.. l S N
7S g
N 3
o\\ s
< s :
g N S
\ B
=20
~25 A1 1 1 { | I

0
0 2 4 6 8 10 72 14
MaznutHoe none, Tn

1]
Mo
Oooco
o °°°°°°°°°°°°% T=330mK
@ c“’00%,':,
-3 M ooo
2 1 L
é_ .."'lco.. YN o°o
- I.
Q:. : %
™ .'.l' 000000
:4: M, qoUBeCntotag 888
- ton o
EQ DSuopnoond 7/5
M3z
AM‘““M‘“
1 1 1 1
& 8 70 72 74

MaeHutroe none, Th

Puc. 11. a — CooTBeTCTBME MEXAY ITYOHMKOBCKMMY OCIVULISIIIVSIMY MarHUTOCOITPOTUBIIEHUST
u 3aBucumMoctbio momenta M (H); T = 0,6 K. 6 — IloBegeHe MOMEHTOB M, M,, M, u M, nuavin

MarHUTOMIIOMMUHECIIEHIIMY B OKpeCTHOCTU v = 1/3. CIIoHas IMHUSI — MarHUTOCOIIPOTHBIIe-
Hue; T = 330 mK.
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Ha puc. 12 mokasaHbl OJHOBPEMEHHO LIYOHMKOBCKME OCLMUISIUVK p ,
MOMEHT IIepBOro mnopsaxka M (H) B GyHKUMM MarHUTHOTO IO/ ¥ €r0 IIPOU3-
BofiHas dM,/dH, usmepeHHble B 0Opaslie ¢ KOHLeHTpauueii 2D-3/1eKTpoHOB
n,=2,4-10" cm2 npu T = 100 MK B 06;1acTyt pakTOpOB 3anonHenus v = 8, 6, 4,
3,2,1n2/3[76]. Hanmmune nsnomos BHu3 Gyukuym M,(H) Hanbonee 0T4eTIMBO
TIPOSIB/ISIETCSI B COOTBETCTBYIOIIMX CKauKax Mpou3BogHoii dM, /dH. Ha puc. 12 stu
CKauKJ BO3HMKAIOT IIPY LeJIOUNCIEHHBIX (haKTOpax 3aIllojHeHust v = 2,4, 6, 8, 10
(UMKJIOTpOHHBIe 1enn), v = 1, 3, 5 (11eu, CBSI3aHHbIE CO CIIMHOBBIM paclieryie-

HueMm) M nipu v =4/5,2/3 1 3/5 (KyloHOBCKMe 1ienu IPYU APOOHBIX V).

/Tpodonvroe
conpoTubnenue, oTH.ed.

25343 71 2/3
T Y

1 1 1 1 I Il ) 1

0 2 4 6 8 10 712 74 716 718
7
<
N 6
5
Hs 6
Q
E 3
g 2
R
x 7
Q
N
S 0
-7 1 ! l | IS | 1 1
0o 2 4 6 8 10 712 14 16 78
7r +7/2(e/my)
<
£ I I
? 4/5 2/33/5
x 0 8
N
AN
/2 (et/my)

1 1 1 | I | L

|
2 4 & 8 70 712 14 16 18
MaznutHoe nane, Tn

Puc. 12. ITepsbiit MoMeHT M, (6) 1 ero pou3BofHasi (6) B GyHKIMM MarHUTHOTO 1oyst H cpaB-
HMBAIOTCSI C KAPTUHOM MIYOGHMKOBCKMX OCUM/UIAINM (a). YKa3aHbI 11e/I0YNCIeHHbIe 1 IPOOHbIe

(baKkTOpBI 3aMTOTHEHUSI.
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B pexxume nenouncineHHoro K9X cpenHsis sHeprusi 371eKTPOHOB OIpeersieTcs
UX pacnpepeneHyeM 1o ypoBHaMm JlaHzay. B aToM pexkyime Takske BULHBI M3/I0MbI
BHM3 B GyHKUMM M (H), KOTOpbIE TOSB/ISIOTCS IIPU YETHBIX LIEJIbIX V. DTU U3JI0-
MBI OTIpeIeNISTIOT CKauKooOpa3Hoe MoBe/leHMe XMMIIOTeHI[Maa Py repeceyeHnn
ypoBHeli Jlanznay. B wiydae muaeanpbHOV KapTUHBI IVICKPETHBIX YPOBHel JlaHay B
OTCYTCTBYE 3/IeKTPOH-37IeKTPOHHOTO B3aumogpericTBus v ipu T = 0 K HeTpyznHO 110
BeJIMUMHe CKauyKa Pon3BoaHON dM, /dH onpenennThb caMmy LUMKIOTPOHHYIO IEIhb:

Ag =hw, =vé(dM, /dv)=Hs(dM, /dH). (4.10)

O6paTuM BHMMaHMe, UTO ypaBHeHUs (4.7) 1 (4.10) cOBIaAAIOT C TOYHOCTHIO
o KoadduiyenTa 2. 3TOT Ko3pduieHT B ypaBHeHUM (4.7) AJIsI BEIMUMHBI Ky-
JIOHOBCKOV/ 1enu B Apo6HOM KOX mosBisieTcst M3-3a IapHOTO XapakTepa e—e-
B3aMMOJEeiCTBUSI.

ITpu v = 2 u KocTaTouHO HU3KMUX T jerko yb6eauThbes (cM. puc. 12), 4To cka-
40K dM, /dH nipakTU4eCcKy COBIAJaeT C BeJIMYMHOI eh/m_, KoTopas He3aBUCUMO
orpeJiesisieTcs 0 JaHAAyBCKOMY pacllelljieHMI0 B ONTUUeCKKX crekTpax. [Ipu
OOJTBINNX IIeJIBIX YETHBIX v BO3HUKAIOT OTKJIIOHEHMS 13-3a VIIUPEHMS YPOBHEI
JlaHmay ¥ OTHOCUTEIBHO OGOJIBIIOTO MMCKPETHOTO Ifara MarHMTHOTO TIONSI B
3KcrepumMenTe [76]. C pocTOM TeMIiepaTypsl B 061aCTH IMKIOTPOHHBIX IIesei
dM, /dH ymeHbIIaeTcs 110 aMIUIATY/Ie ¥ MOHOTOHHO ylupsercs. Takas Temiie-
paTypHasi 9BOJIIOLMS «M37I0Ma BHU3» B M (H) u npoussopHoit dM (H)/dH co-
BepIIeHHO eCTeCTBEeHHA U BbITeKaeT 13 (pepmumeBCcKoi GYHKIMM pacripefesieHmsl.

Ha puc. 12 ckauku nponssopHoi dM,(H)/dH cBsi3aHbl Ipy v = 1 CO CIMHOBBIM
pacuierieHueM, a mpu Ipo6HbIX v =4/5,2/3 1 3/5 — ¢ COOTBETCTBYIOIUMMA KYy-
JIOHOBCKMMM IiesisiMu po6Horo K9X. ITponusBomHbIe dM1 /dH pacCcunThIBAIOTCS
YVCIEHHO M3 HEMTOCPeCTBEHHO M3MepsieMbIX 3aBucumocTeit M, (H).

OrmpeneneHHble IO OMMCAHHOJ Mpolleaype KyJIOHOBCKMeE 1IN U UX 3aBU-
CMMOCTY OT BEJIMYMHBI MAarHUTHOTO TT0JISI TPOMJUIFOCTPUPOBAHbI Ha puc. 13 ajist
v=p/3,p/5, p/Tn1/9.KpyKku COOTBETCTBYIOT BeMIMHAM A , HEIOCPEICTBEH-
HO OIIpe/Ie/IeHHBIM 10 BeJIMUMHEe CKaukKa Ipou3BoaHoii dM (v)/dv ¢ TOMOIIbIO
MIpUOMVKeHHO (hopMyib (4.7). KpecTukamu IoKas3aHbl Te JKe LIeIy, HO CKOp-
pPeKTMPOBaHHbIE C TOMOUIBIO IPOLeAYPbI, ONMMCaHHOM B [70], C yueTOM KOHEYHO-
rO pacCTOsSIHUA Z; aKIeNTOPOB OT MHTepdelica. DKCIiepyMeHTalbHble 3HaUeHMs
CPaBHMBAKOTCS C TEOPETUUECKMMU 3aBUCUMOCTSIMU Aq oT H [62, 77], KOTOpbIEe
TpeJiCTaB/IeHbl CIVIOMHBIMU JIMHMUSIMU. [I[YHKTUPOM MOKa3aHa amnipoKCcumaliys,
JIydiile OMMChIBAOIIAsI 3KCIIepuMeHT. HarmoMHUM, 4YTO B TeOpeTUYecKux pacue-
TaxX BeJIMYMHA KyJTIOHOBCKUX 1eiell peaylupyeTcs: IpU yueTe KOHEeUHOM IMPUHbI
2D-271eKTpOHHOrO KaHaja, a TakkKe Ipy cMelBaHuy ypoBHeii Jlannay [78]. Ha-
KOHell, 3[TeCh 3Ke IJIs CpaBHeHMs IIpMBeleHbl JaHHbIe, TTOTyYeHHbIe C TTOMOIIbI0
aKTUBALMOHHOTO MarHUTOTPAHCIIOPTa (TEMHBIE U CBeT/Ible KBaJApaThl 3aMMCT-
BOBaHbI 13 pabor [11] u [66]). Cornacue oNTUYECKNUX U TPAHCIIOPTHBIX U3Mepe-
HUI HaMJTydIIee 1 BIIOJTHE YIOBIETBOPUTEIbHOE B 06/IaCTH CUTbHBIX MAaTHUTHBIX
nosneit (H > 10 Tn), a mpu MeHbIINX H JaHHbIEe PacXomsTCs CUAbHO. [IpuunHa
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pacxoskIeHuii B 9TOM 06/1aCT MarHUTHBIX T10J1eii CBSI3aHA, ITO-BUAVIMOMY, C TEM,
YTO B MATHUTOTPAHCIIOPTHBIX M3MEPEHUSIX OTIPeIeISIOTCS eIV TOABUKHOCTHA.
Korma Taka I1ie/ib COIoCTaBMMa C IMMPUHOI YpOBHS JIaHay, MarHUTOTPAHCIIOPT
3HAUYUTETbHO 3aHMKAET UCTUHHYIO BEJIMUMHY LIEJIN.

0 5 7w 15 20 25 30
Maznurnoe none, Tn

Jor 078y 161 0.05
b
251 »-1/3,2/3 | v-2/5,3/5
20 076y 72 9,078
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1/ i DO | 1 i 4] % | ! 1 | |
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8r 70~ 0,035
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S ’ 5020
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Qo 2t // ++d9
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g o
Lk op | 11 al ] ]
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Puc. 13. 3aBucumocTy KyJoHOBCKUX mieneit KXK mpo6Horo K9X oT BeIMUMHBI MarHUTHOTO
riossi. CUMBOJIBI OOBSICHEHBI B TEKCTE.

HeTpuBuanpbHbIM OKa3bIBaeTCs MOBeNEHNE BeJIMUYMHBI KYJTOHOBCKOJ 1Ienn
MIpM U3MeHeHNM TemnepaTypbl. Ha puc. 14,a mokasaHa BeJiMuyHa MIPOU3BOAHOM
dM (H)/dHnpu v = 2/3 1 3 /5, u3MepeHHas TP/ Pa3IM4YHbIX TemIepaTypax. Cka-
YOK MPOM3BOIHOM TTPAKTUUYECKM He MeHSIeTCsI BIUIOTh JI0 HEKOTOPOI KpUTude-
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CKOJ1 TeMIlepaTypbl. 3aMeTUTb 3TOT 3 (EKT C MOMOIIbI0 aKTUBALIMOHHOTO Mar-
HUTOTPAHCIIOPTA HEBO3MOKHO I10 IPUHIUITKAIbHBIM NTpuuynHam. Ha puc. 14,0
NpeJCcTaB/eHbl TeMIIepaTypHble 3aBUCMMOCTY SHEPIrUii KyTOHOBCKUX Lene oist
v=12/3,3/5,1/5n 1/7, usmepeHHble 10 cujie NPouU3BOAHbIX 6(dM (H)/dH) B
paMKax OTIMCAHHOM BBIIIe TTPOLeyPhL. BUaHO, UTO Kaxkaasi IpoOb MMeeT CBOIO
XapakTepHyl Temreparypy T., HauMHasl C KOTOPOJi COOTBETCTBYIOLIAs ILE/b
KOJITancupyeT. AHAJIOTMYHOE TTOBeieHMe HAO/I0Naloch paHee KaueCTBEHHO B
cnydae apo6Horo K9X B Si-M/II-crpykTypax. TepMuuecKuii KoJuiarc Haboaa-
eTCsl TAKKe B CJIyyae CIIMHOBOTO paciueruieHus (v = 1). Mexxay BeIM4uHOIM 1enn
A(T = 0) 1 KpUTUYECKOI TeMIIePaTypOil OTCYTCTBYET MIPOCTOE SMIUPUIECKOE
cooTHoIeHue. [Ijis 06bsicHeHMs 3Toro s¢dekTa B pexkume apobHoro K93X, mo-
BUIVIMOMY, CI€yeT YUUThIBATh MOIHYIO AUCIIEPCUIO CIIeKTPa KBa3MIaCTUUHBIX
BO30YXXIEHUIA, BKJIIOUAsi €70 POTOHHYIO YaCTh.
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Puc. 14. a — IToBenenne nponssogHoit dM,/dH («cusps strength») ot TemnepaTypsl. 6 — Tem-
TepaTypHbIe 3aBUCYMOCTM KyJIOHOBCKUX IHeneit mist v = 2/3,3/5, 1/5u 1/7.
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4.4. MarHUTOONITUYECKME IKCIIePUMEHTBI
B pekume apoo6Horo K9X B Apyrux rerepocmucreMax

B paborax [79-81] nccnemoBanach MarHUTOMIOMMUHeCIeHINS 2D -3/1eKTPOHOB
co cBOGOIHBIMMU AbIpKamMu B oqnHOYHOM GaAlAs/GaAs-ITI BICOKOTO KauecTBa
(momBMKHOCTY 2D-3/1EKTPOHOB B 3TUX CTPYKTYPaX IPY MOACBETKe ObLIV TOPSIAKA
107 cm?/B-c). 3yyanuch OCHMIUISLIMM UHTEHCUBHOCTY B QYHKIIMM MAarHUTHOTO
T0JIsI, COOTBETCTBYIONIVE PEKOMOMHALIY 2D-97IeKTPOHOB M3 OCHOBHOM (JINHUS
E,) 1 BO36yXIeHHOJ (inHuA E|) MIOA30H pa3MepHOro KBaHToBaHus. O6Hapyxke-
HO, YTO MUHUMYMBI [/Isl IMHUY E; I MAKCUMYMBbI JiJist TMHUA E| B OCUMIIIAPYIO-
IIMX 3aBUCHMOCTSIX MHTEHCUMBHOCTY MarHUTOMIOMMHECLIEHIIMY OTBEYAIOT L[eTbIM
v B PeXMMe LIeJIOUMCJIEHHOTO U IPOOHBIM v B peskuMe apooHoro K9X. Takoe oc-
IUUTUPYIOIIee MOBeieHNEe OObICHSIETCS B TEPMUHAX 9KPaHVPOBAHMS S7IEKTPO-
HaM¥ POTOBO3OYKIEHHBIX CBOOOIHBIX IBIPOK, & TAKKE HECKMMAeMOCThIO (ep-
MU-KUIKOCTU. ITU OCHWIIISINU, 6€3YCIOBHO, SIBSIOTCS MHAMKATOPOM CUJIHHO
CKOPPEeIMPOBAHHBIX 3JIEKTPOHHBIX COCTOSIHMI B peskume n1pobHoro KI9X. OmHako
BPSIIL JIV STY OCLWIISILIMY MOYKHO MICIIO/Ib30BATD JJI51 U3MEePEeHMI BeIMUMH KyJIO-
HOBCKUX IIIeJIe.

B peskume npobHoro KOX ucciemoBanach m3iyyaTenbHass PeKOMOMHAIUS
2D-3/1eKTPOHOB CO CBOGOIHBIMM IBIPKAMM B JIETMPOBAHHBIX aCMMMETPUUHbBIX
GaAlAs/GaAs-0onMHOUHBIX KBaHTOBBIX siMax [82, 83]. B 3Tux skcrieprmeHTax
0oOHapy)XeHO paclieluieHne JMHUI TIOMUHeCLeHIIMM B OKPECTHOCTH v = 2/3,
KOTOPO€ IPSIMO He CBSI3aHO C COOTBETCTBYIOLIEl KyJIOHOBCKOI 11eNblo, a caMa
MpMpoJa pacilielyieHysI 10 KOHIIA He SICHA.

Hakonel, oueHb MHTepPeCHBI SKCIIEPMMEHTHI 10 Pe30HAaHCHOMY 3/IeKTPOH-
HOMY paccesiHuio cBeta 2D-snmektpoHamu [84]. B aTux criekTpax o6HapykeHO
HeyIpyroe paccesiHue CBeTa, KOTOpOe CBSI3bIBAETCS C SHEPIUSIMU Iepelauu B
006J1aCcTh POTOHHOTO MMHMMYMa CITeKTpa KBa3M4aCTUUYHBIX BO30ykaeHuit. Ecin
IaHHbIe HAOMIOeHNs, 8 MIaBHOe — MX MHTEePIIpeTauys IOATBEPISTCS, TO pe30-
HaHCHOe paccesiHye cBeTa 2D-3/1eKTpoHaMM MOXKeT 0Ka3aThCs ellle OJHUM OIl-
TUYECKMM MHCTPYMEHTOM M3MepPEeHMS CIIEKTPa KyJIOHOBCKUX L1eNeli B pesxume
npo6Horo KoX.

5. MaruuToonTuyeckme HabnAeHUS KpUCTanansaumm
2D-3nekTpoHOB

B aTOM paszesie 0CTaHOBMMCS HA MHTEPECHOM BOIIPOCE, CBSI3AHHOM C HabJI0-
IeHueM KpUcTanm3auyum 2D-3/1eKTPOHOB B YIBTPAKBAHTOBOM IIpefiesie Cpei-
CTBaMM MarHUTOONTHKM. Hac GymeT mpeskae BCero MHTEPECOBATh, KAK KOHKY-
PUPYIOT MKy 0007 OCHOBHBIE COCTOSIHVST KBAHTOBBIX JKUAKOCTEN B pEsKUME
npobHoro K9X 1 BUTHEpOBCKOTO KPUCTA/UIA U KaKMM 06pa3oM B CBSI3U C 3TOi
KOHKypeHIIMeli BhIIIIAUT ha3oBasi [uarpaMma fepexojia KpUcTaul—KUIKOCTb.
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5.1. TeopeTuyeckue acIeKTbl MPOGIEeMbI

[Toutn 60 1eT TOMY Ha3az Burnep npepckasan [6], YTO B c1y4yae, KOra SHeprust
KYJIOHOBCKOTO B3auMo/ieiicTBusI (V) 3HaUMTeNbHO MPeBOCXOAUT KMHETHUECKYI0
sHepruio (K), cucrema 37eKTPOHOB JTOKHA 00pa30BaTh YCTONUYMBYIO KOHOUTY-
paiuio ¢ JaaTbHUM MOPSIAKOM. B TpexMepHOM (iiydyae pelieTkol ¢ HauMeHblIlei
COOCTBEHHOIT SHEPTHMElT 0Ka3bIBAeTCSI Kybuueckast 06beMHOIeHTPUPOBaHHasI, a
IJIST IBYMEPHOTO CIy4vasi — reKcaroHajbHasl.

5151 2D-571eKTpOHOB B OTCYTCTBME MAarHMTHOTO IOJST pa3anyaloT Kiaccuye-
CKMIi ¥ KBAHTOBBIV ITpefAesbl, KOTAa MOXET IPOMU30MTH TaKash KPUCTaIU3ausl.
Knaccmnueckuii crydait (i 0671acTh MaJIbIX TUIOTHOCTEI) OMpeiesnsieTcsl Hepa-
BeHCcTBaMu h?/m*a* << kT < e?/za (m* — acpderTmBHASI Macca MeKTPOHA, d —
MeX4aCTUUHOe paccTosinye). B aToM mnpenerne ¢ba30Bblii epexof, SKUIKOCTb—
3/1IeKTPOHHbII 2D-KpucTasi mpoucxoauTt, koraa otTHomenne (V) /(K) = e*(wn)"?/
ekT > T ~ 102 VimeHHO Takasi KpUCTLIM3aLus 2D-3/1eKTPOHOB B KIIaCCUUECKOM
IpUOMMsKeHMM OOHAPYKeHa U MCCIeIoBaHa B 9KCIIePUMEHTAX C 3/IeKTPOHAMU Ha
noBepxHocTy He [85, 86]. B pe3ynbrare aTux uccieqoBaHmii onpeneneHsl Gaso-
Basl rpaHuMiia Iepexona B miockoctu (n, T ), Kmaccuyeckas reMmrepaTypa IiaB-
nenus T, = eX(wn)'?/ T <k, Bennumuna napametpa I', .

KBaHTOBbI TIpenen (M 06J1acTh GOMBIINX KOHIIEHTPAIMi) peasn3yeTcs B
ycnoBusx, korpa kT << h*/m*a* << e?/ca. B atoit o6nactu orHoueHue (V) /(K)
aHanmsupyercs B GyHKIMM 6e3pa3sMepHOro rnapamerpa r, = a/a,. Tak Kak Kop-
pensuyonHas sHeprus (V) ~ n'? a kunerudeckas (K) ~ n, 2D-BUrHePOBCKMIi
KPUCTAJIT OKa3bIBACTCS YCTOWUMB B 06/1acTu r, > I’ , T.e. KOrja IJIOTHOCTb 3/1eK-~
TPOHOB He IIPeBbIIIaeT HeKOTOPOJ I'PaHMYHONM BeIMUMHBI N, <Ny, = (Fﬁﬂra;)f
B aTom pexkume dasoBas guarpaMma uMeeT TOUKY OKOHUaHMSI Ha OCY KOHIIEHT-
pauwmii. YmcneHHbie pacyerst garor s ', ~ 33 [87]. Eciu MpUHATH 3TO 3HAUYEHMe
I',,, TO KBAHTOBbIN PEXMM KPUCTAIUIM3ALNY 17151 2D-3/1€eKTPOHOB Ha ITOBEPXHOCTH
rejMs HacTynaet rpu n, ~ 10" cm %, a gaa 2D-anekrponos B GaAlAs/GaAs-re-
Teponepexoze — npu n,, ~ 10° cm 2. Peann3oBaTth yKasaHHbIE YCIOBUS B JaHHbIX
cucTeMax He ynaertcs. [Io3ToMy B OTCYTCTBME MarHUTHOTO T10JIS BUTHEPOBCKas
KpUCTa/UTU3anyst 2D-3/1eKTPOHOB B KBAHTOBOM PEXXVMME He Hab/II01aIach.

Cutyauus paguKaJbHO MEHSIeTCS B CMJIBHOM IIOMEePeYHOM MarHUTHOM
Tiosie. DNIeKTPOHBI Telephb TEPSIIOT MIPEKHME CTeIeHM CBOOOIbI U UX IBUKEHME
npuobpeTaeT GUHUTHBIN XapaKTep IO MMKIOTPOHHBIM OpOUTaM C pasMepaMu
(2N + 1)'l,. B kBanTOBOM Ipegene (v < 1) 2D-3/1eKTPOHBI B pe3y/bTaTe Koppe-
JIILIMOHHOTO B3aMMO/IECTBYSI TIOHMKAIOT CBOIO CPEHIO YHEPTUI0 6e3 KaKMX-
b0 3aTpaT Ha SHEPTUIO0 KMHETUUECKYI0. TakuM 06pa3oM, CUJIbHOE MarHUTHOE
TI0JIe CO3JaeT MPeANoUTUTeNbHbIE YCIOBUS 151 MIPOCTPAHCTBEHHOTO YIIOPsSiLove-
HUSI 3NIEKTPOHOB, WJIM, UHBIMU CJIOBAaMU, CTUMYJIMPYET BUTHEPOBCKYIO KPUCTA-
JIU3a1uio.

[Jisi 3KCIIlepuMEeHTOB B KBAaHTOBOM IIpefiesie CyIlleCTBEHHO 3HATh KPUTH-
yeckue (aKkToOphbl 3aM0JIHEHUS v/, HAUMHAasl C KOTOPBIX KpUCTajIMueckas dasa
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3JIEKTPOHOB CTaHET YHEPreTUUeCKN 6osiee BBITOAHOI, YeM KBAaHTOBASI JKUIKOCTb
B ipo6HOM KIX. DPa30BYI0 rpaHUILY MEKAY BUTHEPOBCKUM KPUCTAJIIIOM U KU/ -
KOCTBIO0 MOYKHO IOJTHOCTBIO OIMMCATh C IIOMOIIbIO TPeX MapamMeTpoB: GakTOpOM
3aI0/IHeHNs v, 6@3pasMepHOIi IVIOTHOCTBIO I, ¥ 6e3pasMepHOIi TemMIlepaTypoi
I' = kT/(€*/ec). B stux Tpex usmepenusx (v, I, r,) pasoBas quarpamma nepexoga
IOJDKHA MMETD BU, TOTIOJIOTMYECKHM CJIOSKHOT ITOBEPXHOCTH. B 0671aCTV GOJTBIINX
IUIOTHOCTE IIapaMeTp I', MOKeT pacCMaTPUBATLCS KaK SKBMBAJIEHT IIapaMeTpy
A, XapaKkTepusyllemMy cMelBanue ypoHei Jlangay A = (€/ca) /hw,_ = vr /2.
IMomasasioliee Y1CI0 MUKPOCKOIIMUECKUX PACUETOB IHEPTMM OCHOBHOTO COCTO-
SIHMSI BUTHEPOBCKOT'O KPUCTAJI/IA OTHOCUTCS K Ipeenty 7, — 0. OTu pacyeTsl JaloT
nJs v 3HaveHnst B uHTepsane 1/5 u 1/10 [35, 88]. B paborax [89, 90] yuTeHsbI
KOppeIoHHbIe 3(GEeKThI B YCIOBUSIX CMEIIMBaHMSI MKy YPOBHIMM JIaHIay
" MTOKAa3aHo, UTO CTaOMIIbHOCTb BUTHEPOBCKOTO KPUCTAJIIA TIPU 3TOM BO3pacTaer.
Cama ke ycToiiumMBas Kpucrajimdeckas dasa BosHukaer npu v, = 1/3. Hanpu-
mep, 0J1s1 AbipouHoro 2D-kanana GaAlAs/GaAs r, ~ 20.

[ToHMXeHMe pa3MePHOCTU CUCTEMBI TPUBOIUT K TIOSIBJIEHMIO HOBBIX CBOJCTB
2D-kpucTasia u ocobeHHocTeil caMorod ¢Gas3oBoro repexoa SKUIAKOCTb—2D-Kpu-
CTaJII 110 CPAaBHEHMIO C OPAMHAPHBIMIU TpexMepHbIMM 06bekTaMu. CBoiicTBa 2D-
KpUCTaJIIa BIiepBble paccMaTpuat [ariepsc v mokasa, uTo Mpu 160l KoHeu-
HOJi TeMIlepaType aMIUIUTY/Ia HyJeBbIX KoaebaHuit, Uau cpefHeKBagpaTUUHOe
OTKJIOHEeHMe YaCTULIbI OT PABHOBECHOT'O ITOJIOKEHUSI B pellleTKe, YBeTNIMBaIOTCS
JjorapuMUIECKA C YBeJIMUEHVEM pa3Mepa CUCTEMbI. DTO O3HAYaeT, YTo 2D-Kpu-
CTaJIJT HEOTPAHMYEHHBIX PA3MEPOB HEYCTONUMB. ITY IPOOIEMY YIAETCS PEIINTh
B paMKax JIBYX Pa3aMyHbIX TOIXOM0B.

Bo-TepBbIX, KaK C1eIyeT 13 MOJIeTbHBIX UMCIEHHBIX PACYETOB, CTAOMIIbHOCTD
IBYMEPHOTO KPUCTa/I/Ia PaCTeT, eC/IV OH pa30MBAETCs Ha IOMEHBI, TPUYEM, UeM
MeHbllle pasmep 2D-nomeHa, TeM BbIIe ero TemIeparypa rasieHus [91].

Hpyroit mogxon 6611 pa3BuT B pabotax Kocrepnuua u Taynecca [92, 93] (cm.
TaKoke 0630p [94]). VI3 aTux paboT ciemyet, uTo B 2D-cirydae He MOXKET ObITb AaJTb-
HEro Mopsika B 0ObIYHOM CMBIC/IE, OOHAKO BO3MOKHO BBECTM KPUTEPMUIA, ITO3BO-
JISIIOIINI OTIMYUTD XXUAKYIO a3y OT KPUCTALIMUECKON. A UMEHHO, B SKUIKO
(ase MO3UIMOHHBII MOPSIIOK MCUYe3aeT IKCIIOHEHIIMATbHO, B TO BpeMs KakK B
IBYMEPHOM KPMCTajie 3TO ITPOUCXOOUT Topas3ao MeajieHHee — MOPSIIOK Tepsi-
eTCs1 KaK cTereHHast QyHKUMS pacCTOSTHMS. B oT/iume oT opaAMHapHOTO TpexMep-
HOT'O Mepexofa XXUAKOCTb — KPUCTAJII, KOTOPBIN SIBSIETCSI IIePexoi0M I1epBOro
poza c oTpeneneHHO dHepruer maasiaeHus, B 2D-ciaydae Teopust mpenckasbi-
BaeT HeIlpepbIBHbIN Mepexo] U3 HU3KOoTeMIlepaTypHoit da3sl ¢ KBa3UIaIbHUM
MO3UILMOHHBIM TIOPSIKOM B BBICOKOTEMITepaTypHYIO pasymnopsiioueHHyio dasy.
CaM nepexo[i XapaKTepu3yeTcsl CUHTY/ISIDHOCTSIMU B 9HEPTUM U TETIOEMKOCTH.

CormnacHo koHuenuuu Henbcona-Tanprepuna [95, 96] raBnenne 2D-Kpu-
CTa/u1a TIPOUCXOOUT B Pe3yabTaTe AMUCCOIMAIMM CTPYKTYPHBIX HedeKTOB, B
YaCTHOCTH, AUCIOKAIIMOHHBIX map. Cam (dha30Bblii Mepexof MPOUCXOAUT B IBa
STara M XapaKTepu3yeTcs AByMsI KpUTUUECKMMU TemniepaTypamu: T Jijis epe-
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xona 2D-KpuUCTaia — rekcaTuueckast skUAKOCTb C OPUEHTAIMOHHBIM MOPSAKOM
(«<hexatonic phase») u T ,, Bblllle KOTOPOJ OPMEHTALMOHHDII ITOPATOK B XKUIKOM
(aze mponagaer.

OnHMM 13 HamboJIee MOAXOASIINX 00BEKTOB MCc/ieToBaHuii 2D-3/1eKTPOHOB
B CWJIbHOM MAarHMTHOM I10jIe B peKMMe BUTHEPOBCKOV KPUCTANIU3ALUNA SIBJISI-
eTcst ONMHOYHBIN TeTeporiepexos GaAlAs/GaAs. B 3Tux cTpyKTypax ¢ TOMOIIbIO
COBEpIIEeHHBIX TEXHOJOTUI yaeTcsl MOMYUYUTh IByMepHbIe KaHaJbl C TOIBUXK-
HOCTbIO 31eKTpoHOB 10° — 107 cm?/B-c mpu KOHLleHTpanusax 2D-HocuTeneii
n,= 10" — 10" cm 2. B HeJlaBHO BBIIIOJIHEHHBIX 3KCIIEPUMEHTaX, Pa3HOOOpas-
HBIX ¥ He3aBUCUMBIX 10 CBOEMY METOAMUYECKOMY TTOAXOAY, B KOTOPBIX MCCIie-
JOBAIMCh PaAMO4acTOTHOe nornoueHne [18, 19, 97], HenuHeHbIIT MarHUTO-
TpaHcmopt [20, 21, 97-99], 3aTyxaHue MTOBEPXHOCTHBIX aKyCTUYECKNX BOJH [23],
LMKJIOTPOHHBI pe30HaHC [26], a TaKke MarHUTOONTHKA [24, 25, 81], monyueHsbl
apryMeHTMPOBaHHbIE CBU/IETEIbCTBA, UTO TaKasl KPUCTA/IU3ALMS TIPOUCXOAUT.
Himske paccMOTpuM, Kak MPOSIBJSIETCS TaKasi KpUCTA/UIM3al sl B MAarHUTOOIITH -
YeCKMX IKCIepUMeHTax.

5.2. CekTp JIIOMUHECHEeHIIN
B PeXMMe BUTHEPOBCKOI KPMCTa/UIM3aIUm

B pab6orax [24, 25] 6bu10 06HapPY>KEHO, UTO B CIIEKTPAX M3/TyUaTeTbHO PEKOM-
6uHaIMy 2D-3JIEKTPOHOB C ABIPKAMU B §-CJI0€ aKIIIITOPOB B CJTyUae OOMHOYHOTO
GaAlAs/GaAs-retepomniepexozia MOSIBJISIETCSI HOBAs IMHMS (TaK Ha3biBaeMas S-
qvianst) ipu v < v, u T < T . OTHOCUTEIbHASI MUHTEHCUBHOCTD S-TIMHUY PACTET IIPK
yMeHbllleHn haKkTopa 3aromHeHNs.

Ha pwuc. 15 moka3aHbl HOPMMPOBAHHbBIE 110 MHTEHCUBHOCTU CIIEKTPbI JIIO-
MMUHEeCIIeHLIMM, M3MepeHHble B Pa3HbIX MArHUTHBIX MOJISIX HAa OOHOM U3
00pa3sIloB C KOHIIeHTpalueii 2D-3/1eKTPOHOB IPU CTAIMIOHAPHOV MOJCBETKE
n, = 5,4-10" cm~2 [IoMMMO OCHOBHOJA, paHee M3BeCTHOV L-MHum, COOTBETCT-
BYIOIIle/I peKOMOMHALIMM 3JIEKTPOHOB B XKUAKOW (asze 13 HMKHEro CIIMHOBOTO
COCTOSTHMSI, B CIIEKTPE MOSIBJISIETCSI HOBAS S-TMHUSI TPU IOCTVDKEHUY OTIpe/ieieH-
HbIX 3HAUE€HUI1 MarHUTHOTO TOJIsl. DTa JIMHUS BO3pacTaeT Mpu yBeanueHun H n
rpu hakTopax 3anoaHeHus v~ 0 1 1 JToMUHUPYET B criekTpe. JInHuS S cMeleHa
B CTOPOHY MEHBIIIMX SHEPrHUii, pacillelieHre MeXay JMHUSIMU S u L cocTaBsier
1,4 m3B. CylieCTBEHHO, UYTO OLHOBPEMEHHO C IOSIBJIEHVEM JIMHUM S B CIIEKTpe
HauMHaeT CWIbHO MafaTh MHTErpagbHas MHTEHCUBHOCTD JTIOMUHECIeHIIUN B
9TO¥ 061acTi. DTO UUTIOCTPUPYET PUC. 16, rIe MoKa3aHbl 3aBUCUMOCTY MHTET-
PaJIbHOI MHTEHCUBHOCTU JTIOMUHECIIEHIIVI, & TAK)Ke OTHOIIIeHV e MHTeHCUBHO-
creit S/L B 3aBucuMMOCTM OT BenuunHbl H. [lafieHye MHTerpajbHOM MHTEHCUB-
HOCTM JTIOMMHECIIEHLIMM Y BO3TOpPaHue JIMHMUM S HAaCTyIlaeT Py OJHOM U TOM XKe
BeJIMUMHe MarHUTHOTO 107151 H . Vi3MmepeHus, BbIIIOJTHEHHbIE Ha 00pasiax ¢ pas-
JIMYHBIMM KOHUEHTPALMSIMU N_ IPOAEMOHCTPUPOBAIN, UTO H_pacTeT JIMHEHHO
C YBeIMYEHMEM N .
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Takum 06pa3om, OMMCaHHbIE SIBJIEHUS B UCC/IEAOBAHHOM [IMana30He KOH-
LleHTpaLuii He 3aBUCAT OT N_ M Hab/II04al0TCs B 0671aCTV (PaKTOPOB 3aII0IHeHMS
v <v_=0,26. BasKHO OTMETHUTH, YTO MHTEHCUBHOCTb JIMHNUM S PE3KO YMEHbIIAET-
csi BokpectHocTM v=1/5,1/7 1 1/9, rme NpoucxXonuUT KOHAEHCalys B KBAHTOBYIO
SKUAKOCTb. OMTHOBPEMEHHO ITPU 3TUX Ke IPOOHBIX 3aTIOTHEHMSIX BO3TOPAETCS MH-
TerpajbHas JIIOMUHECIIEHIINS 3a CUeT YCUIeHUSI MUHTeHCUBHOCTU JIMHUM L.

Jluaus S oueHb UyBCTBUTENbHA K TemnepaType. [Ipu T > 1,4 Ku H = 26 Tn
OHa ucyesaet B criekTpe. OZTHOBPEMEHHO C 3TUM MHTerpajabHasi MHTEHCUBHOCTD
JIIOMMHECLEHIIMY YBeIMYMBAeTCs M BO3BpalLlaeTcs K M3HaYaAbHbIM BeJIMUMHAM,
usmepeHHbIM Ipu H < H_. Kputnueckas TemrepaTypa CMIbHO 3aBUCUT OT (hak-
TOpA 3aII0JIHeHMS: B 00/1aCTH v < v, OHa BO3PACTaeT Py yMEeHbIIEHUN v, OHAKO
npy ApobHbIX v = 1/5,1/71 1/9 T, pe3ko ymeHbIIaeTCs.

[TosiBieHMe HOBOJ S-IMHUM B CIIEKTPaX, KOTOPOEe CONPOBOXKIAETCS OLHOB-
peMeHHBbIM pe3KMM yMeHbIIeHMEeM CUTHala MHTerpaabHOi JTIOMMUHEeCLIEHIINH,
CBSI3BIBAETCS C TIOSIBJIEHMEM KPUCTA/UINUeCcKoi ¢ha3sbl B CUCTEMe B3aMMOIEeiCT-
BYIOIIMX 3JIEKTPOHOB. B paMKax Takoi MHTepIipeTauuy TMHuUM S 1 L oTBevaroT
M3JIy4aTeNbHO peKoMOMHAIMY 2D-31eKTPOHOB U3 KPUCTATNYECKOI U XKUIKOA
a3 coorBeTcTBeHHO (1pM ¥ = 1/5, 1/7 u 1/9 xBaHTOBBIE (HEPMU-KUAKOCTH).
CoBur iMHMM S B CTOPOHY MEHBIIMX SHEPIuii 10 CpaBHEeHMIO ¢ L 03Havaer, 4To
OCHOBHOE COCTOSTHME KPUCTALTNUeCKOo (pa3bl okas3biBaeTcst HysKaiimm. Vicues-
HoBeHye yuHuu S mpu v = 1/5,1/7 u 1/9 yka3biBaeT, UTO NPU TaKUX JPOOHBIX
3aroJHEHMSIX OCHOBHBIM COCTOSIHMEM CUCTEMBbI, TEM He MeHee, OKa3bIBaeTCs
KBaHTOBas XUIKOCTb. HaKoHell, pe3Koe yMeHbllleHe CUTHa/Ia MHTeTpaJibHO
JIIOMMHECIIEHITUN SIBJSIETCS CJIeICTBMEM CUJIbHO JIOKaAM3aluy 3JeKTPOHOB B
YCIOBMSIX KpUCTLIMU3aUUN. [leJiICTBUTENbHO, B MArHUTHOM I10JIe pa3Mep BOJIHO-
BbIX (DYHKI[MIT 3JIEKTPOHOB U IBIPOK, IPUMHUMAIOIUX YUaCTUE B PEKOMOMHALIVM,
B 2D-ns1ockoCTH onpepenseTcsi MarHUTHOM JIJIMHOM. B rTeprieHIuKyIsSIpHOM Xe
HarmpaB/JIeHNM MaTHUTHOE TT0Jie MaJio MeHsIeT BOJIHOBbIe MYHKIIMY PEKOMOVHM-
pytonux yactuil. OueBUAHO, YTO C pOCTOM H repeKpbITHe BOTHOBBIX (YHKIINIA
CUJIBHO JIOKAIM30BaHHBIX JIEKTPOHOB U ABIPOK yMeHbIaeTcs. Jlokanmusaius
3JIEKTPOHOB B IAHHOM CJTy4ae MMeeT COOCTBEHHOE MTPOUCXOXKIEHME. ITO CIeIy-
eT U3 TOTO, YTO IIPY U3MEHEHUM KayecTBa CTPYKTYPbI BeIUUYMHA KPUTUUECKOTO
dbaxTopa 3anonHenus v, He MeHseTcs. Habmogaemoe sBieHne CBA3bIBAETCS C
BO3HMKHOBeHMeM 2D-KpucTaia, KOTOPbIV IMHHUHTYETCS HA HEOTHOPOLHOCTSIX
CIy4aifHOrO MOTEeHIMAaIa.

5.3. JleiicTBMEe 3JIEKTPUYECKOTO IIOJISk

OcTraHOBMMCS Ha BAVSHUM 37€KTPUUYECKOTO I10JIs1 Ha CBOCTBA S-IMHUM, 11O~
SIBJISIIONIENICST B PEXMME BUTHEPOBCKOV KPUCTALIM3AIMY. BbIJI0 06HApPYsKEHO
TOpPOroBOe yCujaeHue MHTeHCUBHOCTYU 3TOM JIMHUM, KOTOPOEe COTTPOBOXKIAIOChH
TTOSIBJIEHMEM JOTIOTHUTEILHOTO IITyMa U3-3a HEeCTabMJIbHOCTM CUTHAJIA JIIOMM-
HeCIeHI[MK B6/M3Y ropora [74]. Yka3aHHbIe 0CO6€HHOCTY OOBSICHSIIOTCSI CPBIBOM
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3aNMHHUHTOBAHHOTO JIEKTPUUYECKMM TT0JIeM BUTHEPOBCKOTO KpucTasia. Kpome
TOTO, U3MEHSIS 37IeKTpUIeCKoe ToJjie, MOKHO BbIJEeTUTh S-TMHUIO HEe3aBUCUMO OT
OCHOBHOTO CMT'HAJIa JTIOMMHECIIEHIIMM U TaKUM 00pa3oM MUCCIen0BaTh ee CBOi-
CTBa. BbIIO yCTaHOBJIEHO, UTO TJIaB/IeHMe BUTHEPOBCKOTO KPUCTasIa OCyLeCTB-
JISIETCS B [IBE CTYTIEHU U MOKET XapakTepu30BaTbCs ABYMSI KPUTUUYECKUMU TeM-
neparypamu T, u T,

Ha puc. 17,a mokasaHbl CIEKTPHI JIIOMUHECLIEHI[UY, U3MepEeHHbIe B OIMHOY-
HOM TreTeporiepexojie ¢ KoHIleHTpamyei 2D-31ekTpoHoB 5,5-10'° cM~% B Maramr-
HoM 1iosie 16 Tn (v = 0,135) mipu pa3iInuUHbBIX TSIHYIIKUX HANpsskeHUs X — V= 0wu
V =5 mB (anexTpuueckoe rone 2-10-2 B/cm). B criekTpe toMyHeCcHeHIIMM TTPU
V = 0, IOMMMO OCHOBHOJ JIMHUMU L, OTYET/INBO HAOIIOJaeTCsI CABMHYTAas B 06-
JIaCTh MEeHbINNX SHePIruii MuHus S. B y1aboM 3/1eKTPUUeCKOM I0jie CIIeKTP U3-
MEeHSIeTCSI: MHTEHCUBHOCTb JIMHUY S 3HAUMUTEIbHO BO3paCTaeT, B TO BpeMsI Kak
MHTEHCUBHOCTD JIMHMUM L OCTaeTcst MpakTUUeCK HeM3MEeHHOI. DTO 06CTOSATE b-
CTBO MO3BOJIMJIO BBIIEINUTD S-TMHMIO B AV depeHIIaTbHOM CIIEKTPE JIIOMUHEC-
LIeHLIMU TIPY MOOYJISIUIMM 3JIEKTpuYeckoro rmojst. Ha puc. 17,6 mmokasasbl gud-
(epeHIMATbHbIE CITIEKTPBI, IIOTYUeHHbIE IJIS1 Pa3JIMYHBIX aMIUTUTYH, MOTYIISIIIAN
HaTmpsKeHMsT, B KOTOPbIX BUAHA TOABKO S-TMHUSL.

5 B=16Tn,
7=80MK,
. v=0,135
E:
| @ A=16Tn, £
@ 'l‘ T=80MmK, o
£ v=0,135 g
$ 3
S y [ JMB
3 ¥
§ V=ome E W
X
R v=0 N 2me
-‘W“-
X
1 1 i {
8200 8220 8240 8260 8200 8220 8240 , 8260
Anuna 801HbI, A LA una 8onHs1, A

Puc. 17. a — Cniextp momuHecueHuyuy npu H = 16 Tn u T = 80 MK, u3MepeHHbIii B OTCYTCTBME
Y IIPY HAJTMYMY TIPUIIOSKEHHOTO 37IeKTPUUeCKOro HanpsskeHms. 6 — IuddepeHnanbHble CIieK-
TPBI IIOMUHECL@HIIMY [P MOLY/ISILIUM 1eKTPUUECKUM I10IEeM.

Ha puc. 18 nipencrasiieHa 3aBUCUMOCTb MHTEHCUBHOCTU S-JIMHUM OT aMILIN-
TY[bl HAIPSDKEHMSI. DTa 3aBUCMMOCTb MM€EET [TOPOTOBbBIN XapaKkTep: P Hampsi-
SKeHUU, TIpeBbIlIaiieM 2 MB, HabmogaeTcss pe3kuii poCT CUIHAJIA JTIOMUHEC-
eHI . OTMEeTVM, UTO BOIM3M ITIOPOTOBOTO HaTpstKeHMs AuddepeHIatbHbIii
CUTHAJT JIIOMUHECLIEHIIMY CTAaHOBUTCS OUeHb HeycToitunuBbiM. Ha puc. 18,6 mo-
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Ka3aHo TOBe/ieHNe YPOBHS IITyMa CUTHaJa JIOMUHEeCIeHIIMH, M3MEePEeHHOT0 KakK
CpeIHEeKBaIpaTUYHOE OTKJIOHEHME OT eTr0 CpeIHel BeTMYMHbI, B 3aBUCMMOCTY OT
MIPWIOKEHHOT'O HAIPSDKEHMST. BUIHO, UTO YpOBEHD IITYMOB 3HAUMTENIbHO BO3pa-
cTaeT B6;M3M ropora. I[Toporosoe roBeieHe CUTHAIA Y YPOBHSI IITyMa JTIOMMUHEeC-
IIEHIIVY TTOJTHOCTHIO KOPPENIMPYET C HeIMHENHbIM ITOBEJIeH/eM BOJIbT-aMIIEPHBIX
XapaKTepUCTHK [21], a TakKe reHepalnyein sIeKTpUUeCKUX IIyMOB BOIM3Y ITopora
Y UHTEePIIPETUPYETCS] B TEpMIUHAX IeMIMHHMHTA BUTHEPOBCKOTO KPUCTAJLIA JJIeK-
TPUYECKUM I10JIeM. B maHHOM ciydyae AeNMVMHHMHT BUTHEPOBCKOTO KpUCTaslia
MIPUBOIUT K YBEJIMUEHUIO CUTHAJIA JIIOMUHECIIEHITUN. DTO OOBSICHSIETCS TEM, UTO
pexoMbOuHaI s 2D-3/1eKTPOHOB B 3aITMHHMHTOBAHHOM BUTHEPOBCKOM KPUCTAJIIE
MeHee 3(pderTuBHA. B CMJIBHOM MarHUTHOM I10JIe pa3Mep BOJHOBOM (PYHKUINM
2D-351eKTpoHa paBeH MarHUTHOI AyiMHe. [IbIPKY, yY4aCTBYIOIIME B PEKOMOVHAIINN,
TaKKe JIOKa/IM30BaHbl (60OPOBCKMII paauycC akLenropa a, ~ 40 A). Takum o6pasom,
MIpY YBEJIMYEHUY MArHUTHOTO ITOJISI TIePEKPBITHE BOMHOBBIX (DYHKIIMIA TOKaIN-
30BaHHBIX B 2D-TIJIOCKOCTY 3JIEKTPOHA U AbIPKM YMEHBIIAETCS, UTO IIPUBOINUT K
CWJIBHOMY TIaZIeHUIO CUTHAJIA TIOMMUHecHeHI[MI. CpbIB BUTHEPOBCKOTO KPUCTaJIIA
INEKTPUYECKUM TTOJIEM IIPUBOIUT K ABVKEHUIO 3JIEKTPOHOB, UTO YBEJTMUMBAET Be-
POSITHOCTh peKoMOMHa1uK. HecTabuIbHOCTh CUTHAJIA JTIOMUHECIeHIMN BOIM3U
TIOPOTOBOTO HATIPSIKEH NS, CKOpee BCEero, CBsi3aHa C HaJuuMeM B MCCeIyeMOoi CU-
cTeMe GOJIBIIOrO UMcIa KPUCTAIMYECKUX JOMEHOB, pasMep KOTOPBIX MeHSIeTCs
BO BpeMeHM. [T0CKOIbKY MTOPOroBOe HAIpSKeHME MOKET 3aBMCETh OT pasMepa
JIOMeHa, TO HabJoJaeMble HECTAOMILHOCTM BOIM3M TTOPOTOBOTO HAIIPSIKEHMS
He SIBJISTIOTCS YOVBUTEIbHBIMI. B IIPSIMOT aHA/IOTMM C JETTMHHMHTOM 3JIeKTpUYe-
CKMM IT0JIEM BOJTHBI 3apsIIOBOJ IFIOTHOCTY B paCCMaTPMBAeMOM CJTyyae MOKHO
OIIEHUTH I10 TOPOTY JJIMHY KOTepPeHTHOCTU WIN JTMHENHbBIN pasMep 2D-momeHa.
O1u otleHKM AatoT: L < 1MKM (unciio 2D-371eKTpoHoB B fomeHe < 10%).

B8=167n, °
T=80MK, ° %
. w | v=0,135
1=} o [»]
5 e o °
£ 3 ° e,
Q o q
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:
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~ Q
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x t o ©° &
] 1 1 ] 1 1
1) 7 2 J 4 5 0 7 2 J 4 5
Hanpsiorcenue ,MB Hanpssicerue,MB

Puic. 18. 3aBuCMMOCTb MTHTEHCUBHOCTH (@) ¥ YPOBHS IIyMa (6) S-TMHUY TIOMUHECIIeHIIVN, 3a-
MMCaHHOI B A depeHIMaNbHbIX CIIEKTPAX C TOMOIIbI0 MOOY/ISLINN 3JIEKTPUUECKOTO TTOJIS.
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5.4. Kputnueckass Temieparypa

Ha puc. 19 nipencraBieHa TeMiepaTypHasl 3aBUCUMOCTb MHTEHCUBHOCTU S-
JIMHUM, M3MepeHHas ipu H = 16 Ta (v = 0,135). 13 3TOT0 pMcyHKa BUAHO, YTO
ITOMMMO OTMeUeHHBIX paHee TIOPOToB 0 HAIPSTKEHMIO U (aKTOPy 3aII0THEHUS
yIMeeTcsl TemMIieparypHbiii nopor — npu T, = 0,35 K, mpu KOTOPOM MHTEHCUB-
HOCTb JIIOMUHECIIEeHIIMY pe3Ko yMeHblaeTcsi. OqHako S-IMHUS He ucue3aeT
nonHocThio ipu T= T, , a ocTaercs B criekrpe BioTh 10 T, = 1,2 K. 9t HaObJII0-
IleHUsI CBUAETEeNIbCTBYIOT O TOM, UTO IJIaBJieHMe BUTHEePOBCKOTO KpyMCTaslia Impo-
MCXOIOUT B AiBa Talla. JIByXCTyreHYaToe IjiaBjieHne 2D-KpucTasia 6bII0 mpej-
CKa3aHO B TeopeTndeckux paborax [95, 96], cormacHo kotopeim npu T, JOIKEH
IIPOVCXOIMTH TePEX0] KPUCTAJI— KUIKMI KPUCTA/L, a ipu T, — Iepexoz Kuz -
KUt KpUCTa/I— KUAKOCTh. HabmomeHne apderra TemMHHMHTA 3/IeKTPUYECKUM
nosiem B o6nacty remnepatyp T, < T < T, IpOTUBOPEUNT MOJE/IM IIJIaBJIeHMS C
MIPOMEKYTOUHOI (Pa30it SKUIKOTO KPUCTAJIA, TaK KaK 3alTMHHUHTOBATh KUK
KPUCTAT HeJb3S. [Ipyroe BO3MOXKHOe 00bsICHeHMe HAOGMIOIeHNS IBYX KPUTH -
YeCKUX TeMIrepaTyp OCHOBAHO Ha MOJIE/IbHBIX UMCIEHHBIX pacueTax 3aBUCUMO-
ctu T, or pasmepa 2D-kpucraiia [91]. CortacHO 3TOMY pacyeTy KpUTudIecKas
TeMIlepaTypa miaBjaeHus 2D-KpucTasiia yMeHbIIaeTCs C yBeluueHneM pasmMmepa
Kpucraia, [losromy sHauenne T, MOKeT OTBEYATh TEMIIEPATYPe TUIABIEHMs
JOMEHOB C MaJIbIM YMCJIOM 3JIeKTPOHOB (nopsiaka 10). MarHMTOOITHKA KaK JIO-
KaJIbHBI/l METOM, MOXKET ObITh YYBCTBUTENbHA K CBOMCTBAM MOTMUKPUCTAIIIOB C
OYeHb MaJIeHbKMMM Pa3MepaMu.

720r
§I00FF-o"=2 =035,
£ a0l AT
§ 50 : "g%%
g i ‘?‘q‘ﬁo.&o T
‘E;, 40 T2y “\ c2
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1 1 i 1 1 i
g 200 400 600 600 17000 7200 7400 1600 7800
Temnepartypa MK

Puc. 19. TemnepaTypHas 3aBUCMMOCTb UHTEHCUBHOCTH S-IMHUM, U3MEPEHHAas B YCJIOBUSIX MO-
OYIALMM S7IeKTPUIecKuM mojieM. Buannt asa nopora T, u T,.

NiBe kputryeckue Temnepatypbl T, u T., HabMOAaNIUCh B HE3aBUCUMMBbIX Mar-
HUTOOIITUYECKMX IKCIIEPUMEHTAX MO0 peKOMOMHAIMM 2D-3/1eKTPOHOB CO CBO-
O60OHBIMM TBIPKAMM B ONMHOYHOM TeTepoIiepexojie, rae oOHapy>keHa aHaJIOT MY -
Hasl S-IMHUA ¥ M3yYeHBl ee TeMIlepaTypHble CBoicTBa [81].
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5.5. KuHeTuKa CIeKTPOB JIOMMWHECIeHIIVN.
®dazoBas AMarpaMMa BUTHEPOBCKOTO KpMCTa/Lia

V3yueHue pa3pelieHHbIX BO BpeMeHU CIIEKTPOB JIOMUHECLIEHLIIUM TIPU UM-
ITyJIbCHOM BO30YKIEHUYM OTKPBIIO BO3MOKHOCTD Pa3Ie/IUTh BO BpeMEHM CIeK-
TPBI, CBSI3aHHbIE C KUAKO (L-TMHMUS) U KpUCTAIMUecKoi (S-muHus) dasamu
[100]. BO3MOKHOCTB TaKOTr'o pa3zeeHns BO BpeMeHM CBsI3aHa C TeM, UTO U3/Tyva-
TeJIbHbIe BpeMeHa PeKOMOMHALIMY JIEKTPOHOB M3 XKUIKOM ¥ KPUCTALIMIECKO
a3 oTnuaroTcs 6osee, ueM Ha MOPSIOK.

Ha pwuc. 20 mokasaHbI CIIEKTPbI IIOMUHECIIEHIIMM JIJIST 00pa3iia ¢ KOHIIeHTpa-
umeii 2D-31ekTpoHoB 5,3+ 10'°cm 2, usmepeHHbIe B nojie 16,4 Tin npu T = 45 mK.
BepxHuii crieKTp Ha PUCYHKe ITOJTyUeH B YCJIOBMSIX HEIIPEePhIBHOTO (pOTOBO30Y-
SKIEHUSI M COOepsKUT ABe TUHUK — S U L, oTBeuarole KpUCTaIMueCKo U KU -
Koii (pazaM COOTBETCTBEHHO. IBOIOINS CIIEKTPOB, M3MEPEHHBIX C Pa3IMYHbIMU
3aJep)kKKaMy, MokaszaHa BHMU3Y Ha pucyHKe. [Ipu 3agepkkax At = 100 HC B cIieKT-
pe noMuHUpyeT auHus L, a mpu At = 500 HC B CITEKTPE 0CTAETCS TOJIBKO S-JTMHMSI,
COOTBETCTBYOIIAS KPUCTAJUTNIECKOiT (ase.

L

H=16,4Tn,

] 7=45 mK
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Puc. 20. CrekTpbl JIIOMMHECHEHIMM B o6pasile C KOHIeHTpauueir 2D-37eKTpOHOB
n,=5,3-10' cm~?, u3sMepeHHble npu craiyoHapHoM (CW) 1 MMITY/IbCHOM BO30OYKI€HMM C pa3-
JINYHBIMU 3a/lepXXKaMMU.

W3yyaTesbHbIE BpeMeHa B SKUIKOM U TBEPAOH (a3ax MOXKHO U3MEPUTD IO
BPEeMEHHO 3aBUCUMOCTY MHTEHCUBHOCTY MHTETPAIbHOM (HOTOMIOMIHECIIEH-
Uy npu pasandHbix H (puc. 21). Ins H < 2 Tn MHTeHCUBHOCTb MafaeT S9KCIIOHeH-
LIMaIbHO ¢ BpeMeHeM 7 = 220 HC, COOTBETCTBYIOIIVIM PEKOMOWHALINY 3JIEKTPO-
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HOB 13 XUAK0# (a3bl. [To Mepe Bo3pacTanusi H mosiBiisieTcsl IMMHHOBPEeMeHHO
XBOCT PaAMallMOHHOTO 3aTyXaHMs, CBSI3aHHBI ¢ peKOMOMHAaIIMeli 3JIeKTPOHOB
13 TBepmoit dasbl. M3myuaTenbHble BpeMeHa, COOTBETCTBYIOIIE 3TOMY XBOCTY,
MpeCcTaBIeHbl HAa BCTaBKe B puc. 21 B GYHKIMM MarHMTHOTO ITo/s1. HaumHast ¢
v =1, 7 BO3pacTaloT MOHOTOHHO, a 3aTeM CJIeLyIOT SKCIIOHEHIIMaJbHOMY 3aKOHY:

r=r,exp(H/H,)=7,exp(A/v), (5.1)

rae 7, — Bpems pekomb6uHauyy npu H = 0 T, a unciaeHHbli KO3GhuLmeHT
A =~0,3.
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Puc. 21. 3aTyxaHue MHTEHCUBHOCTY PEKOMOMHALIMOHHOTO U3JTydeHus 2D-3/1eKTPOHOB ITPU UM-
MY/IbCHOM BO30Y)KeHMM B QYHKIMM MarHMTHOTO 1osist. Ha BcTaBke rokasaHa 3aBUCHMOCTb pa-
AMALIOHHOTO BpeMeHy peKoMOuHanuy oT H 11 KoHueHTpanmii n, = 5,3-101°1 1,77 10" cm 2.

OKCIOHeHIIMATbHAS 3aBUCUMOCTD T OT H CBsI3aHa C MePeKPhITYEM BOTHOBBIX
(yHK1UIMIT 37EeKTPOHOB U IBIPOK B 2D-TToCKOCTU. [leiicTBUTENbHO, BOJIHOBAS
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(yHKI1IMS TOKaMM30BaHHBIX 3IEKTPOHOB B 2D-cjioe ompepensieTcsi MarHUTHOM
IJIVHO: 1) ~ exp(— x* / 413), I, > Fimp (pagmyc akienrtopa). Hambosnbiiiee BO3MOX-
HO€e PacCTOsSIHME B IVIOCKOCTU MEXAY aKLe[ITOPOM M 3J€KTPOHOM COCTaBJIsieT
d = (k/n)"?. OTcroma BepOSITHOCTb HAlTM 3/1eKTPOH U JbIPKY B OHOM MecTe B
2D-MJI0CKOCTY paBHA

w=w, exp(—dZ/ZIO):wO exp(—k/v), (5.2)

B COIVIaCUM C 3KCIIOHEHLMaAbHbIM IoBeaenuem 7(H).

KoHKypeHLIMsT MeKIY SKUAKOV M TBEPIOii (ha3aMu ITPOSIBJISIETCS B TIOBEIEHUA
MHTEHCUBHOCTU JTIOMUHECIIEHIMM, KOTOpast OTpakaeT MapiiaabHble O ITUX
(as. CieKTphI Kaxkmoii 13 9TUX (a3 MOTYT U3yJaThCsT HE3aBUCUMO ITOAO0POM CO-
OTBETCTBYIOIIEl BpeMeHHOI 3amepskku (At = 100 He mis skunkoit, At = 1500 He
I7s1 TBeproii dasbl). DTO WUTIOCTpUpyeT puc. 22. st skuakoii dhasbl CUrHaAI
JIIOMMHECIIEHIIMM TTOCTOSIHEH BILIOTH IO KPUTUMUYECKOTO (haKTopa 3aIlOTHEHUS
v, = 0,26, a sarem mazaet B obnacti v < v. [uku ipu v = 1/5u 1/7 cBunerenb-
CTBYIOT 00 YCTOMUMBOCTY KBAHTOBBIX JKUIKOCTE ITPU ITUX IPOOHBIX v. 1715 TBEp-
Io¥t (a3bl CUTHAIT JIIOMMHECIIEHIIMY TIOSB/ISIETCS OKOJIO v = 1, a 3aTeM CUIbHO
Bo3pacraeT npu v < v. OCHMUIALNMA UHTEHCUBHOCTH C YeTKMMY MUHUMYMaMu
npuv=2/3,2/5,1/3,2/7,2/9,1/5,2/11 u 1/7 o4eHb HAIOMMHAIOT UTyOHMUKOB-
CKYe OCHVJUISIIIMY MarHUTOCOIIPOTUBIIEHMSI B peskuMe apobHoro KoX.

A4t =7500Hc,
T=0,04K

£ £
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s | 7=0,04K g |
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1 1 | | 1 1 1 ! ] 1 - 1 | L
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Puic. 22. VHTerpanbHasi MHTEHCMBHOCTD M3/Ty4aTelbHOM peKOMOMHauuy B GYHKIMM MarHuT-
HOTO I0JISI, MI3MEepeHHast IJIs1 IMHUY KUAKOM Basbl (¢ 3amepskkoit At = 100 HC) (a) M TMHUNA
TBepaoit daswl (¢ 3amepskroit At = 1500 Hc) (6).

Kitouom K MOHMMaHMIO TTOBeeHNsI MHTEHCUBHOCTU JIIOMMUHECLIEHIIMMN, CO-
OTBETCTBYIOIIEl TBepmoil ¢ase, SIBISIETCS ee TeMIlepaTypHasl 3aBUCUMOCTh
(puc. 23). B atoit 3aBucumoctu nipu T < 200 MK o6Hapy>KMBaeTcsl ITOPOroBoe
NoBefleHye (Ha PUCYHKe 3TV OPOTU IIPU v, V,, I/, YKa3aHbl yepToukamu). O6b-
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SICHEHME COCTOUT B CJIeAyIoleM: B 06;1acTy v < 1 CUTHAaJT TIOMMHECIIEHIIUN CO-
OTBETCTBYET CMJIbHO JIOKQJIM30BAaHHBIM 3/IEKTPOHAM ¥M3-3a MarHUTHOTO BbIMO-
paxkuBanus. [Ipu T = 200 MK HaumMHaeT MOSABISATHCS KpuUcTaumueckas dasa
3IEKTPOHOB B 00/1aCTH v, > v > 1, U V; > v M CUTHAJI JIIOMMHECIeHIYM TI0POro-
BbIM 06pa3om BospacraeT. [Ipu T = 40 MK kpuctayyindeckas: paza oXBaThbIBaeT
Gosee MMPOKYIO 06/1aCTh (PaKTOPOB 3aI0JHEHNUS v < I/, & IePeXOIHOe MOBeleHNe
OCTaeTCst TOIBKO Ipu v = 1/5 1 1/7. B oT/IiMume oT CUTyaluy MarHMTHOTO BbIMO-
PaKMBaHMS 9JIEKTPOHOB Ha HEOTHOPOIHOCTSIX CIyUaifHOTO ITOTeHIIMasia (Heco6-
CTBEHHBIN MIPOLeCC OGHOUYACTUYHOI JIOKaIn3anumn), B cinydae 2D-3/1eKTpOHHOTO
KPUCTasIa CUTIbHAS JIOKAIM3aIs MMeeT COOCTBEHHOE ITPOUCXOKIEHME.
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Puc. 23. VlHTerpajbHasi MHTEHCMBHOCTD M3/Iy4aTEIbHOM pPeKOMOMHALM 2D-37IeKTPOHOB 13
TBeproit dhasel (MHMS S) B GyHKIMM MarHUTHOTO 1oJis1. [Ioporosoe ycyieHne curHasa JIIoMu-
HeCLeHLIMY YKa3aHOo YepTOUKaMM IIpK v, v, U v;. Ha BCTaBKe TI0Ka3aHbl fieTajiy TeMIIePaTypPHO-
r'O NTOBeJleHNsI MHTeHCUBHOCTM 3TOM 3Ke JIIOMMHECIeHIMM B OKpeCcTHOCTH v = 1/7.

C rmomMo1uipio aHa/M3a MHTEHCUBHOCTHM JTIOMUHECIIEHIIVU, COOTBETCTBYIONIEN
KPUCTALTMYECKOI U SKUIKOI dhasam, ymaeTcst ToCTPOUTh (ha3oByIO AyarpaMmmMy
IJIS1 BUTHEPOBCKOTO KPUCTA/LIA. [IJIT 3TOTO M3MepsIeTCs MHTEHCUBHOCTD JTIOMMI-
HeCIIeHIIMM KaK QyHKIMSI TeMIlepaTypbl (CM. BCTaBKY B puc. 23). B okpecTHO-
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CTY OPOGHBIX v TaKMe 3aBUCHMMOCTY IeMOHCTPUPYIOT IIepexXomHoe TTOBeIeHye:
ocTpble mopory Bomu3u v = 1/5 u 1/7 u 0TCYyTCTBME MOPOTOB CTPOTO TIPU ITUX
IIPOOSIX.

PesynbTupytomias dasoBas quarpaMma Ajisi BATHePOBCKOTO KpMCTasIIa IoKa-
3aHa Ha puc. 24. KpeCTukM COOTBETCTBYIOT KPUTUUECKMUM TeMIepaTypaM IjiaB-
nenust (T,), U3BMEPEHHbIM B PAa3IMYHbIX MAarHUTHBIX MOJISAX. KpyskKy OTBeYaroT
3HAYeHMsIM v/, B3SATHIM U3 PUC. 23. OTMETHUM, UTO TeMIIepaTypa mepexona Kug-
KOCTb — KpUCTa/IJT Ha (a30BOi1 AMarpamMmMe oKas3ajaach HMKe KIacCUIecKoii TeM-
nepartypsl 1iasiaenus (T, = 420 MK) 17151 aHHO 3/IEKTPOHHOM KOHIIEHTPaLN.
HeoO6bruHbIN By, (ha30BOI AyarpaMMbl CBSI3aH C 0COOEHHOCTSIMU EPEXOTHOTO
TOBeIeHNsT KPUCTA/II—KBAHTOBAS SKUIKOCTb—KPUCTAT B OKPECTHOCTY OPO06-
HbIX v = 1/5 1 1/7. TIpu 3TUX APOOHBIX 3aITOTHEHMSIX KBAHTOBBIE KMIKOCTY OKa-
3BIBAIOTCS 60JIEe YCTOMUMBBIMY, UeM KpycTa/Inueckast pasa. HakoHelr, coracHo
MarHMTOOTITMYECKMM M3MepeHUsIM (pa3oBast TpaHuUI[a BUTHEPOBCKOTO KPUCTaLIa
6epet Hayvaso npu v, = 0,26, TOrga Kak I10 JaHHbIM HeJIMHE iHOr0 MarHUTOTPaH-
CIopTa ¥ PafgMovacTOTHOrO mortouenns v, ~ 0,22.

400~
ng=5,3-10"cm-2 ,
1700 — x/
. /
z V,=0,26 75 1/7 xl
Y ]
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%200 - / x\ R,
§ -
QL x’ \ I
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0 | ! [ 1 ] i !
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Maznutroe nose, Tn

Puc. 24. ®a3oBas rpaHuiia BUTHEPOBCKOTO KpucTasia. KpecTMky 0TBeYaloT M3MepeHMsIM T1e-
pexopa npu GUKCUPOBAaHHOM H, KPYsKKU — M3MepeHUsM Npu GpukcupoBaHHoii T.
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6. 3aknyeHue

TakuM 06pa3oM, B HACTOSIIIIEM 0630pe Ha IIPUMEpPEe U3Ty4aTeabHO! PeKOM-
6uHaiuy 2D-371eKTPOHOB ¢ POTOBO30YKIEHHBIMM IbIPKAMM ITPOaHAIM3MPOBaA-
HbI BO3MOSKHOCTY MarHUTOOTITMYECKOTO ITO/IX0/ia B 9KCIIEPMMEHTA/IbHOM M3yue-
HUM SHEPIUM OCHOBHOIO COCTOSIHMSI CMJIBHO CKOPPEIMPOBAHHbBIX ABYMEDPHbIX
9JIEKTPOHOB B YJIbTPaKBaHTOBOM Ipefesie. MeTon okasasicst 9pGheKTUBHBIM MIpK
M3YUEeHUM KYJIOHOBCKUX IeJieit U Iayl JOTIOTHUTEIbHbIE CTeIIeH) CBOOGOIbI [IJIst
MCCIeJOBaHMIi B PesKMIME BUIHEPOBCKOI KpucTam3aui. JJaHHast 06/1acThb 1C-
C/1eIOBaHMIT, paBHO KakK ¥ BECh KOMILIEKC MTPOGJIEM, CBSI3aHHbBIX C KBAHTOBBIMM
SKUIKOCTSIMM B pekuMe IPOOGHOro KBaHTOBOrO 3¢ deKkra Xosia U KpUCTaIIm3a-
1Meil ByMEePHBIX 3JIEKTPOHOB, elle [ajieKa OT 3aBepIIeHHOCT) 1, KOHEUHO 3Ke,
OymeT pa3BMBAThCS. 3aBepiiast 0630p, YMECTHO OUEPTUTD KPYT BOIIPOCOB, HaMb0-
Jiee IPUHIUITMATbHBIX U MTePCIIeKTUBHBIX JIsg OYIyIINX MCCIeqoBanuii. Maruu-
TOOIITMKA B COUETAHUY C TEXHUKOI HEPABHOBECHBIX KOPOTKOBOJIHOBBIX aKyCTH-
yecKuX (POHOHOB MOKET ObITH YCIIENITHO MCIT0JIb30BaHa JJIsI IPSIMbIX HAOTIOIeH I
MMO3UIIVIOHHOT'O Aa/IbHETO MOpsiAKa 2D-3/1eKTPOHOB, a TAKKE B M3YUEHMUM CaMord
(dasoBoro nepexoma 2D-KpUCTA/I—KUIKOCTb. [[piMeHeHne MeTOI0B KOpPeJIsi-
LIMOHHO ONITUKYU MOXKET OKa3aThCs 3G HEKTMBHBIM IIPU MCCIETOBAHNUIX KBA3M-
YaCTUYHBIX BO30YKIeHM B pexkuMe apooHoro KI9X, a Takke COCTOSIHUS TUTIA
«3JIEKTPOHHOE CTEKJ/IO», BOSHMKAIOIIETO B YCJIOBUSIX CYIIbHOM JloKanusauuu 2D-
3JIEKTPOHOB Ha (QUIYKTyalMsIX CIy4aifHOrO MOTeHIMaa.
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3JIEKTPOHHbIE KOPPENALWOHHbBIE ABNEHUA
B NONYNPOBOMHWUKOBbLIX CTPYKTYPAX HU3KOW
PASMEPHOCTU U HAHOCTPYKTYPAX"

B.B. Tumodeen

1. BeeneHue

Hanbomee sspkue 21eKTpOHHbIE SIBJIEHNST B MOTYITPOBOAHMKOBBIX CHCTEMAaX
HM3KOI pa3MepHOCTH CBSI3aHBbI C 37IeKTPOHHBIMU KOPPeISUUsIMU. B Takux cucre-
MaXx IIPOCTPAHCTBEHHbBIE OTPaHNYEHMS, WJIX KBAaHTOBbIV KOH(atHMEHT, TPUHYX-
JAI0T YaCTUIbI HAXOAUTHCS Ha 60siee OIM3KMUX PACCTOSTHUSIX, yCuauBast 3 derTb
00MEeHHOTO U KOPPEeJSIIIMOHHOTO B3auMoecTBus. [Ipy MOHVKeHUY pa3MepHO-
CTU B 3JIEKTPOHHBIX CUCTEMAX C CUIbHBIM B3aMMO/IEiiCTBMEM BO3HUKAIOT ITPUH-
IUITMAJbHO HOBbIE KaJIMOPOBOUHBIE TOJIS (HApuMep, KaanOGPOBOYHOE IT0JIe
Yepna-CariimoHca). IMeHHO 371eKTPOHHbBIE KOppesIiUuM B HU3KOpa3MePHbIX MM0-
JIYTIPOBOJTHMKOBBIX CUCTEMAaX JieXKaT B OCHOBE HOBbIX SIBJIEHUI U TIpeIoTpeiesis -
10T BO3HUMKHOBEHME B HUX HEOKUAAHHBIX, ITOIUaC 9K30TUYECKMX, JJTIeKTPOHHbBIX
das. B cucTeMax ¢ ofHOMePHBIM KBAHTOBBIM KOHGMAHMEHTOM TaKMMM IIpUMe-
pamMu MOTYT CTYXKUTb ABYMePHbIN (2D) 271eKTpOHHBIN Ta3, TOMENIeHHbIN B CUJIb-
HOe MoTepeyHoe MarHUTHOe T0Jie; MPOCTPAHCTBEHHO pa3je/ieHHble IByMepHbIe
371eKTPOH-3IeKTPOHHBIE U IeKTPOH-TIIPOYHbIE CJIOU ; SKCUTOHHBIE KOMILIEKCHI,
HeliTpajbHbIe U 3apsDkeHHbIe, B KBAHTOBbBIX SIMaX; ByMepHbIe SKCUTOHHbIE 110-
JISPUTOHBI B MMKPOpPE30HATOpax. B cucremMax ¢ IByMepHBbIM KOH(aHMEHTOM,
MY B KBAHTOBBIX HUTSIX, TIOSIBJISIETCST HOBBI KBAHTOBBIN 00BEKT — JIATTUH/KE -
POBCKasl JKUIKOCTh; OMHOYACTUUHBIA SKCUTOH B KBAHTOBOW HUTU — GIU3KUIA
aHaJIoT IMaMarHMTHOTO 3KCUTOHA B 9KCTPEMaJIbHO CMJIbHOM MarHUTHOM ITOJI€.
B ciyuae TpexmepHOTo KOoH(baltHMeHTa BO3HUKAIOT MCKYCCTBEHHO MPUTOTOB-
JIeHHbIe aTOMHbIE ¥ MOJIEKY/ISIpHbIE 06BEKTHI, TOYUMBIIINE PACIIPOCTPaHEHHOE
Ha3BaHMe KBaHTOBBIX TOUueK. KBaHTOBbIE TOUKM MOTYT 06pa30BbIBATh U OoJee
CJIOSKHBIE MOJIEKY/ISIpHBIE cMcTeMbl. C 3STUMMM 06beKTaMU CBSI3aHbI CAMbIe TTOCTeT -
HJMe MTPOPBIBBI B JIA3€PHOI TEXHOIOTUY Y Ha HUX BO3JIaraloT OOJIbIINe HaJeKIbI
B OTHOIIEHUM TPAKTUUECKUX MPWIOKEHUIT B 9JIEKTPOHNKE, MHGOPMATHUKE U B
HOBOJ1 pa3BUBAIOIIECcs 06J1aCTY — CITMHTPOHMKE.

B 3T0Ii iporpeccupyoieii 06acT GyHAAMEHTAIbHO HayYHbIe OTKPBITHUS
TECHEMIIMM 00pasoM MepervieTeHbl C TEXHOJOTUYECKUMM TOCTVKEHUSIMMU.
B cBoto ouepenp, MMeHHO QyHIaMEeHTaIbHO HayYHbIE OTKPBITUS CTUMYITUPOBATIN
peanu3annio ITPUHIUINATLHO HOBBIX UAEN ¥ 00eCcIeuyIy ITPOYHbIN hyHIaMEeHT

" Yenexu pusmnyeckux Hayk. - 2004. - T. 174, bin. 10. - C. 1109-1116.
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IUTSI HACTOSIIIMX ITPOPBLIBOB B 00/IACTY TEXHONIOTUM (TIPUMEPAMU MOTYT CITYSKUTh
MeTOZbI CeJIEKTUBHOrO (MOLY/IMPOBAaHHOIO) U [le/IbTa-JIerMpoBaHus B reTepo-
CTPYKTYpax; SIBJI€HMUSI CAMOOPraHM3aly [IPU POCTEe KBAHTOBBIX TOUEK Ha rete-
porpaHuuax ¥ MHoroe apyroe). MoxKHO cipaBe[i/IMBO yTBEPKAATh, YTO OCHOBHbIE
IOCTUKEHMS] B HAHOTeXHOJIOTUM «HACKBO3b ITPOTIUTAHbI» UI€SIMU, BO3HUKIIMMU
B pe3ynbrare GQyHAaMeHTaTbHBIX MCCIeIOBaHNI. B cBO€iT COBOKYITHOCTY U B3a-
MMOCBsI3U (yHIAMeHTaIbHO HayYHble ¥ TeXHOJIOTMUYeCKye NOCTVDKeHUS I1aB-
HbIM 06pa30M U OIPeIesIsSioT CEeroaHs 1 OYIyT ONpeaesaTh B GvsKaiineM Oymy-
IeM COCTOSTHVE TBePIOTeTbHO MeKTPOHUKY U MHPOpMaTUKI. ApryMeHTaMu
B [10/1b3Y 3TOr'0 YTBEPKIOEeHMS MOIYT CIY)KUTb MHOI'Me IpuMepbl. OCTaHOBUMCS
Ha OJHOM M3 HMX, CBSI3aHHOM C I BYMEPHbIMM 3/IeKTpoHamMu. [IpyHIMIIManbHO
HOBbIE SIBJIEHVSI, OTKPBIThIE B TeUeHMe NocaefHel yeTBepTy XX BeKa B CuCTeMe
CWJIbHO B3aMMO/IEICTBYIOIMX JBYMEPHBIX JIEKTPOHOB, CTAJIM BO3MOYKHBI 61ar0-
Jlaps BIeYaT/ISIOLEeMY ¥ HEYKJIOHHOMY ITOBBILIEHHIO KauecTBa M CTPYKTYPHOTO
COBEPIEeHCTBA COOTBETCTBYIOUIMX HU3KOPA3MEePHbIX TOTYITPOBOJHUKOBBIX 00b-
eKTOB. Ha pucyHKe 1 ripefcTaBieHa cepusi HOBBIX SIBJIEHUIA, TTOCIE00BATEIbHO OT-
KPBITBIX IO Mepe BO3pacTaHusI MOABMKHOCTY ¥ JJIMHBI CBOOOZHOTO ITpobera 1By-
MEePHBIX 3JIEKTPOHOB (60jIee ueM Ha Tpy MopsiaKal) B 9Tux cucreMax. PekopaHbie
BEJITUMHBI 5JIeKTPOHHOV MTOABVDKHOCTM B GaAs-reTepoCTpyKTypax B HaCTOsIee
BpeMs cocTastioT 3 x 107 cm? (B €)'}, a AyiMHBI CBOGOAHOTO ITPOGera TOCTUTAI0T
100 mxm. B mpaBoM BepxHeM yITly PUCYHKA OTMeUeHbl SIBJIeHMS, CBSI3aHHbIE C
OTKPBITVEM HOBOTO KJIacca KBa3M4aCTHULL B CTPYKTypaXx C 60/bIIOI 3/1eKTPOHHOM
MOJIBVSKHOCTBIO — KOMITO3UTHBIX ()@PMIMOHOB, O KOTOPBIX MOMIET PeUb HIKe.
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Puc. 1. TlowteqoBaTeabHOCTh OOHAPYKEHHBIX KOPPESIIIVOHHBIX SIBJIEHUI B CUCTEME CUITBHO
B3aMMOJIeJCTBYIOUIMX IBYMEPHbIX 3JIEKTPOHOB 110 Mepe yBeauueHMs 3JIeKTPOHHOM MOABVIK-
HOCTH.
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2. KomMno3utHble ¢epMMOHbI

KoH1ieniyio KOMIO3UTHBIX GepMIUOHOB, BIIEPBbIe MpeIIokeHHY0 kK. [Ikeit-
HoM (J.K. Jain) [1, 2], MOKHO U3JIOKUTD pa3nuUIHbIMM criocobamu. OmHAKO Bce
OHM CBOJISITCSI B KOHEYHOM UTOTe ¢ (eHOMEHOIOTMYeCKOi TOUKY 3peHNs K ciie-
oyiouieMy: cuctema N CHMIbHO B3aMMOZECTBYIOUIMX 9I€KTPOHOB B JOCTATOUYHO
CUJILHOM TIOTIEPEYHOM MarHUTHOM Tosie B TpaHcdopMupyeTcs B cucTemMy ¢1abo
B3aMMOJIECTBYIOLIMX KOMITIO3UTHBIX (pepMMOHOB B 3¢ (DeKTUBHOM U Gosiee cia-
60M MarHUTHOM Tojie B* KOTOpOe omuchiBaeTcs: hGopmysnoi

B*=B—-2pN¢,, (1)

rae ¢, = h/ec — KBaHT MarHUTHOTO IIOTOKA, a 2p — YeTHOe 1eJioe uncio. Pas-
HOILIEHHO MOXHO TaKke CKa3aTbh, YTO 3JEKTPOHbI MpU ¢aKTope 3armoaTHEeHUs
v KOHBEPTUPYIOTCSI B KOMITO3UTHBbIE (epMMUOHBI ¢ (AaKTOPOM 3aIlOTHEHMS
v*= N¢,/|B¥, Tak 4TO v M1 v* CBSI3aHbI MEXIY COO0J COOTHOLIEHMEM

s

v

- 2
v 2pv 1 @

31ech 3HaK MMHYC COOTBETCTBYET CUTyalluu, Korma B* HarnpaB/ieHO aHTUIIa-
pa//ieIbHO MarHUTHOMY T10J110 B. Ha pucyHKe 2 moka3aHa TUIIMUYHAsI KapTUHA
IIYOHMKOBCKMX OCHVIJUISIIIMI [MAarOHAIbHO KOMIIOHEHTHI MAarHUTOCOITPOTHUB-
JIeHNSI B OKPeCTHOCTU ¢daKkTopa 3armoyiHeHus v = 1/2, WLTIOCTPUPYIOIIAas 11o-
pasUTEeNIbHYI0 CMMMETPUIO B PACITOIOKEHMM CeMeiicTBa Apo6eil C HeueTHbIMU
3HaMeHaTe sIMU B TIOJTHOM COOTBETCTBUM C BbIpakeHMeM (2) TIpU YCIOBUU, UTO
nesioe yucio p = 1.

MukpocKonmueckast KapTHa BO3HMKHOBEHMSI KOMITO3UTHBIX (PEpMIMOHOB
COCTOUT B ciaenymolleM. HauHeM ¢ pacCMOTpeHMsI B3aUMO/JIe/iCTBYIOIIUX IBY-
MepHBIX 3JIeKTPOHOB B MTOMEPEeYHOM MarHUTHOM mosie B. CBSKeM € KaskIbIM
9JIEKTPOHOM O6eCKOHEUHO TOHKMIT COJIEHOM T, He MMEeIOIINii MacChl M HECYIIIi
2p KBAHTOB MarHMTHOTO TOTOKa, KOTOPbIMi HampaB/ieH aHTUIIapasaeibHO
nosyito B (p — 1enioe 4uciio). OTa mpoieaypa U NpUBOAUT K BO3HUKHOBEHUIO
KOMITO3UTHOTO (hepMMoHa. 3aMeTUM, UTO TaKasi KOHBEPCHS COXpaHSIeT 3HaK
MMHYC, OOYCJIOBJIEHHBI/I OOMEHHBIM B3aMMOJIENICTBMEM OBYX (EpPMMOHOB,
160 CBSI3aHHOE COCTOSTHME 7IEKTPOHA C ABYMS KBAHTAMM MarHUTHOTO ITOTOKA
camo 1o cebe saBisgeTcs hepMruoHoM. COOCTBEHHO OTCI0a U IIPOUCXOIUT CAMO
Ha3BaHMe — KOMITO3UTHBIN dhepmimoH. CylleCTBEHHO 3aMeTUTh, UTO TIpU Ta-
KOJi KOHBEPCUM OCTaeTCs He3aTPOHYThIM (asoBblil hakTop AapoHoBa—-boma
ILJIST JIFOOBIX 3aMKHYTBIX TpaeKTOpuit. JleliCTBUTENbHO, BO3SHMUKAIOIIMI IIPU Ta-
KOJi KOHBEPCUM TOTOJHUTEIbHBIN (a30BbIii HaKTOpP, CBSI3aHHbBIN C IIOTOKOM
¢ = 2p¢,, paBeH exp{27ip /¢ } = 1. IHbIMU CJIOBaMM, 3aXBaT JIEKTPOHOM YeT-
HOT'O Y)C/Ia KBAaHTOB ITIOTOKAa — COOBITHE, He HAbM0gaeMoe ¢ MUKPOCKOITYE-
CKOVi TOUKU 3peHUS.
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Puc. 2. lllyBHMKOBCKME OCUWIISIIMY MarHUTOCOIIPOTUBIEHNSI B OKpeCTHOCTM (aKTopa 3a-
nonHeHus v = 1/2 (13 pabotsl Kukushkin et al. [3]). Kaskablit 371€KTPOH B OKPECTHOCTM 3TOTO
mosyiesioro bakropa 3aro/yiHeHMs 3aXBaThIBaeT [[Ba KBAHTa MarHUTHOIO MOTOKA (TIOKa3aHO
CXeMaTUYeCKU CTPeIKaMy CIIpaBa).

CoryacHO COBpeMEeHHBIM MPeICTaBIeHMSIM B U eaIbHOV IBYMEPHO CucTeMe
BO3HMKAeT HOBOE KaMOpoBOUHOE T10j1e [4]. [I03TOMY raMmIbTOHMAH CUCTEMbI
2D-3/1eKTPOHOB, B3aMMOIENCTBYIONIMX C KaaIMOPOBOUHbIM mojeM YepHa—Caii-
MOHCAa, MOXXHO 3aIlicaTh B CIeAYIOLIeM BUE:

re
2x(r,—r))

T

MarsauTHoe IoJe, CBI3aHHOe C STUM KaJMOPOBOYHBIM ITOTEHLIMAIOM, PABHO
b(r)=rota(r) 2N¢>Z(5(r—r ) 4)

B npubIvsKeHUM CpeIHero mos

b— (b) =2pé,N

rge ¢, = hc/e. Takum 06pa3oM, Mbl JIETKO TIPMXOAMM K BhIpaskeHmIo (1).
Bo3HMKaeT ecTeCTBEHHbBIN BOIIPOC: UTO JKe B KOHEUHOM UTOre IpuobperaeT-

Cs1 BBeJIeHVEeM KOHIIEIMIIMM KOMIIO3UTHbIX (epMMOHOB? A IprobpeTaeTcs ciie-

Iyiolee: B paMKaxX MPUOIMKeHMs CPeIHero MoJisl 3aXBauyeHHbIe JIEKTPOHAMU
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KBaHTBI IIOTOKA B pe3y/bTaTe yCpeqHeHMs MO IUIOUIANM CO3[al0T MarHUTHOe
none -2pN¢,. Otciona B ypaBHeHuu (1) rmojydaercs ocTaToOYHoOe 1oje B* (umn
IekpeMeHT 1osis). Takum 06pa3om, KK bl 31eKTPOH 3aXBaThIBaeT YeTHOE YNC-
JIO KBAaHTOB MarHMTHOTO TMOTOKA 2p 13 BHELIHETO MPUI0KeHHOTO0 MarHUTHOTO
TIOJISL Vi CTAHOBUTCSI KOMITO3UTHBIM (DEPMIMOHOM, KOTOPBII pearnpyeT TOJIbKO Ha
oCcTaTOYHOe 1oJje B*,

O6paTuM BHMMAaHMe Ha OYEHb CYI[eCTBEHHOE OOCTOSITENbCTBO, CBSI3aHHOE
C TAaKMM KaJIMOPOBOYHBIM ITPe0Opa3oBaHyeM (KaaMOPOBOUHBIM TPe0Opa3oBa-
HueM YepHa-CaiimoHca). MHOTOUAaCTMUHOE OCHOBHOE 3JIEKTPOHHOE COCTOSIHIME
pu v < 1 CUIBHO BBIPOXKAEHO B OTCYTCTBME B3aMMOZEICTBMS, TaK Kak Bce pas-
HOOOpasHble 9JIeKTPOHHbIE KOHPUTYpaIMK Ha HYDKaieM ypoBHe JlaHmay oT-
BEUaloT OIHOI 1 TO¥1 ske sHepruu. OMHAKO B pe3y/IbTaTe KaTMO6pOBOYHOTO MTPeo6-
pa3oBaHMs BEIPOKAEH e OCHOBHOTO COCTOSIHMSI KOMITO3UTHOTO dhepMuoHa mpu
v* > 1 cyliecTBeHHO YMeHbIIaeTCs Jaske B OTCYTCTBMe B3aumoneicTsus. Ilpu
LIeJIOUMCIEHHbIX 3HAUeHMSIX ¥ OCHOBHOE COCTOSIHME CTAHOBUTCSI MPOCTO He-
BBIPOXKIeHHbIM. CHSITIE BBIPOKIEHMS JaeT MOJIHOe OCHOBaHMe paccMaTpUBaTh
KOMIIO3UTHBIE (ePMMOHBI KaK HEB3aMMOZECTBYIOIIME KBa3UIaCTUIIbL. B pam-
KaxX TaKoro MpUOIVKeHMs KOMIIO3UTHbIE (DepMMOHBI 3aMOHSIOT COOCTBEHHOE
depmu-mope, korga addekTruBHOE MarHUTHOe 1nosie B* = 0 (wiu 1/v = 2p) [4].
Korma spdhexTrBHOE MarHMTHOE TT10JIe OTJIMYHO OT HYJIS (T.€. IeKpeMeHT B* = 0),
MIPOMCXOOUT KBaHTOBaHMe JlaHAAYy KOMIIO3UTHBIX (EepPMMOHOB M BO3HMKAET
CBSI3aHHBIN C 9TUM KBaHTOBaHMEM II€JIOUMCIEHHBIN KBAHTOBBI 3¢ dekT Xosaa
HEB3aMMOJIE/ICTBYIONIMUX KOMITO3UTHBIX (hepMMOHOB. TakMm o6pas3om, Ieyo-
YMCIEeHHBI KBaHTOBBIN 3 deKT Xomia HeB3aMOIeiiCTBYIOMX KOMIIO3UTHBIX
hepM1oHOB B 3pPEKTMBHOM MarHUTHOM TI0JIe SKBUBAJIEHTEH IPOOHOMY KBaH-
ToBOMY 3¢ dexTy Xos1a CMIbHOB3aMMOZeCTBYIOLUIMX IBYMEPHbIX 3IeKTPOHOB B
TIOJIHOM TI0TIepeYHOM MarHMTHOM II0JTe.

OcTaHOBMMCS Ha ONITUUECKOM AeTeKTUPOBAHUU LIMKIOTPOHHOTO Pe30HaHca
KOMIIO3UTHBIX (hepMIOHOB — METOIe, KOTOPBIN ITO3BOJIM/I CAMBIM ITPSIMbBIM CITO-
co60M U3MePUTh 3PDEKTUBHbIE MACChl TUX KBA3MUACTHLI, @ TAKKe IIPOCIeIUTh
3@ 3aBUCUMOCTBIO 3TUX MAacC OT BeIMUMHbI MEKUACTUUHOTO B3aMMOJeiCTBUS
(TouHee, OT TIOTHOCTU 2D-27eKTpoHOB) [3, 5]. IIpu mocTaHOBKe Takoit 3amaun
Cpasy ke BO3HMKAeT BOIIPOC, CBSI3aHHBIN ¢ TeopeMoii KoHa, KoTopasi riiacurt: B
TPaHCISLMOHHO-MHBAPUAHTHBIX CUCTEMaX 37eKTPOMarHuTHOe U3JIyueHue B3a-
MMOJIeliCTBYeT TOMBKO C IIEHTPOM Macc UCCIeAyeMOi CUCTeMbI U He 3aTparnBaer
ee Ipyrue BHYTPeHHMe cTereHy cBo6obl. [T0aToMy 3¢h(eKThl MesKUaCTUIHOTO
B3aMMO/IEICTBYSI, KOTOPbIE TOJDKHbBI Hanbosee CYITbHO TIPOSIBIISITHCS Ha 6OTBIINX
MMITY/IbCaX TIepejauy, He MOTYT COracHO TeopeMe KoHa 06HapyskMBaTbCst BOJIN-
3u K = 0. Oty nipobnemMy ymaeTcs: IpeofoyieTh, eCau TeM UM MHBIM CII0COO60M
HapyUIUTh TPAHUISIIMOHHYI0 MHBAPUAHTHOCTD, UTO TMO3BOJIUT HAOIIOAATD 1V -
KJIOTPOHHbIE ITePeXo/Ibl Ha TOCTATOUYHO OOIBIINX MMITY/IbCAX Tepemaun (MHOTO
606BIINX CBETOBBIX). B OIMMChIBaeMbIX HIDKE KcIepuMeHTax KyKkyikmuHa u co-
aBTOPOB [3] 3TO JOCTUTAETCS C IIOMOLILIO MICIIO/Ib30BaHMS JIEKTPOMArHUTHOTO
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MU3JIy4yeHUsl TUrareplieBoro guarnasoHa, FeHepupylollero Mbe30aKkyCcTuyeckue
BOJIHBI B UCC/IEAYEMBIX CTPYKTYpPax.

[Tpexkme o6paTM BHMMAaHMeE Ha TO, UTO B 2D-3JIEKTPOHHOI CUCTEME KOHEeU-
HOTO pasMepa B IIOTIEPEUHOM MAarHUTHOM I10JIe TTIPOVICXOAT IrMOpUIM3aLsT I -
KJIOTPOHHO U TIJIa3MEeHHO MO/, (QHAJIOT aIbBEHOBCKMX BOJIH B TPEXMEPHBIX CH-
cTeMax). DTa rMOpUAN3aIys IPUBOIUT K ONIpee/IeHHOM 3aBUCUMOCTM YaCTOThI
pe3yAbTUPYIOLIEro MarHUTOIIa3ME@HHOTO pe30HaHCa OT BeJIMUMHBI MAaTHUTHOTO
T0Jisl, KOHIIeHTpauyu 2D-3/1eKTPOHOB U pa3mMepoB CTPYKTYypbl. Hampumep, s
JIVICKA IMaMeTpPOM d 4aCTOThI BEPXHEN M H/SKHE MarHUTOIUIa3MeHHbIX MO, 1a-
IOTCS BBIpQ)KeHEM

2
w, w,
w;MR::l: §R+ W§+[ CR]’ (5)
I7le we, = eB/m* — IMKIOTPOHHAS YacToTa, a

2 2
wf) _ 37 Ne (6)
4m* e d

— IUTa3MeHHast 4acToTa 2D-3/eKTPOHOB ¢ IIOTHOCTBIO N, €., =(1+¢,)/2 — 30-
dbekTUBHAS [UIEKTPUUECKAs TIPOHUIIAEMOCTb 1 m* — 3bekTrBHas Macca.

ny = 1,09 x 10" cm~2

I/IHTCHCI/IBHOCTB, OTH. €.
N
O
=
=
=

6 7 8 9 10 11 12 13
MaruutHoe noJe, Tiu

Puic. 3. IMKIIOTPOHHBIN pe30HAHC KOMITO3UTHBIX (DePMIMOHOB B OKPeCTHOCTH (haKkTopa 3aron-

HeHus v = 1/2 (13 paboTtel KykymikuHa u gp. [3]).

OnTuveckuit MeTO[, JeTEKTUPOBAHMSI TAKOTO TMOPUIHOTO PA3MEPHOTO MarHm-
TO-TIJITA3MEHHO-IIVMKJIOTPOHHOTO pe30HaHca, pa3paboTaHHbI KyKYIIKMHBIM C
coaBTOpamu [3], oKa3aJcsl IOYTU HA ABa MOpsIKa 6ojee YYBCTBUTETbHBIM 10
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CpaBHEHUIO C METOAOM JIeTEKTUPOBAHMSI MOT/IOIIeHMS] MUKPOBOJIHOBOTO U3JTy-
YeHMS B pekuMe IIMKIOTPOHHOTIO pe30HaHca C IIOMOIIbI0 00BIYHOTO 6oToMeTpa.
O6paTnMCs K ONITUUECKOMY AETEKTUPOBAHUIO [IMKIOTPOHHOTO Pe30HAHCA KOM-
MO3UTHBIX (hepMMOHOB B OKpeCTHOCTH daKTopa 3anonHeHus v = 1/2. CooTBeT-
CTBYIOIIMi€ pe30HAaHCHbBIE TIMKM, CUMMETPUUYHO PACIIOIOKeHHbIE OTHOCUTETHHO
(akropa 3anonHenust v = 1 /2, wmocTpupyeT puc. 3. BumHO, YTO IpK yBeMMUeHUA
YaCcTOThl MMKPOBOJHOBOTO MU3JTyYeHUSI PACCTOSTHUE MeXy NMKaMy BO3pacTaeT
JIMHEHO. 3aBUCUMOCTb TTOJIOKEHMS TTMKOB B QYHKIIMM IeKpeMeHTa MarHMTHOTO
rosist B* cymmupoBaHa Ha puc. 4. UTo6bI MOTYEPKHYTh CMUMMETPUYHOCTD Paciio-
JIOSKeHUsI pe30HAHCHBIX MTMKOB, AeKPEeMEeHT MarHMTHOTO I0JIS1 BHIOpaH B KauecTBe
a6cmyiccnl. CefyeT MOAYepPKHYTh, UTO SKCTPATIONSINS IMHEHOM 3aBUCUMOCTH
Pe30HaHCHBIX YaCTOT OT BEJIMUMHBI fleKpeMeHTa MarHUTHOTO T0JIsI B TOYHOCTHU
OKa3bIBaeTcs B Touke B* = 0 (v = 1/2). 9TO 06CTOATENHCTBO HEOTIPOBEPKUMO
JIOKa3bIBAaeT, UYTO HAO/I0HaeMble Pe30HAHCHI CBSI3aHbI HEITOCPEACTBEHHO C M-
KJIOTPOHHBIM JBVKEHMEM HOBBIX, «OJ€ThIX» B3aMMOJECTBMEM KBa3U4acTuLI,
a MUMEHHO — KOMIIO3UTHBIX pepMMroHOB. OmpeesieHHas Macca KOMITO3UTHBIX
(bepmMIMMOHOB OKa3aaach IMOYTHU Ha MOPSIIOK TsDKeIee Macchl aeKTpoHa B GaAs.

40
35 L T=04K
ny = 1,09 x 10" cm 2
30
= 25
—
—~
< " .
§ 20 0.. ..b
g [ e
515 b @ .
B mep = 1,04mq
101 Lv=1/2 "
5 -
wcF = eBer/mcr
O 1 .'1. 1
7 8 9 10 11

MarunutHoe noJe, T

Puc. 4. JIu"eitHasi 3aBUCUMOCTD YaCTOTHI IIMKJIOTPOHHOTO PE30HAHCA KOMITO3UTHBIX hepMu-
OHOB B QYHKUMM MarHUTHOTO TOJISL. JIMHeliHbIe SKCTPATOSIUY 3aBUCUMOCTel pe30HaHCHO
YaCTOThI OT MOTIOXKUTEIbHOTO ¥ OTPULATeIbHOIO IeKPEMEHTOB MarHUTHOTL'O I10JIS1 [TIepeceKaloT-
cst ipu hakTope 3amonHeHust v = 1/2 ¢ BBICOKOI TOUHOCTBIO (13 paboTsl KykynikuHa u ap. [3]).

N3-3a Mex4aCcTUIHOTO B3aMMO/AeICTBUSI Macca KOMITO3UTHBIX YACTULL YBEIUYUN-
BAETCS C POCTOM IIJIOTHOCTY MJIM BeJIMUMHBI MATHUTHOTO HOJIsT (puc. 5). [Ijis ume-
QJIbHOI IBYMEPHOJi CUCTEMBI COTIACHO YMCIeHHbIM pacuetam ., /m, = 0,079B".
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3KCHep]/IMEHTaJ'IbeIe Ha6J’[IO,I[EHI/IH Ka4eCTBEHHO COIMIaCyKTCS C TEOPETUYECKIM -
MM IpencTtaB/JI€eHUAMMN, XOTS KOJIMYECTBEHHO Pe3y/IbTaThl SKCIIEpMMEHTAa 1 JaH-
Hble TeOpuM Pa3HATCSI BeCbMa 3aMeTHO.

2,0
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v=1/4 o®
1,5 -
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v=1/2 l Xl
g /L"
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5 b /,.’
N /./.‘
-e°
P )
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/
/
| |
0 0,5 1,0 1,5

IMnotHOCTH, 101 cMm—2

Puc. 5. 3aBucumoct 3pHeKTUBHOI MaCcChl KOMIO3UTHBIX GEPMUOHOB OT 3JIEKTPOHHOI TIOT-
HOCTM Ipu dakTopax 3aronHeHus v = 1/2 u 1/4 (n3 pa6ors! Kykymkuna u gp. [3]).

Cnemyet Takke o6paTUTh BHMMAaHKMe Ha OJHO CYIIECTBEHHOE OOCTOSITENb-
cTBO. EC/IM KYJIOHOBCKME IIEIV, M3MepsieMble C MOMOIIbI0 aKTMBAIMOHHOTO
MarHuMTOTPAHCIIOPTA, COOTBETCTBYIOT OOIBIIMM MMITY/IbCAM Tepefady, To Ipu
OTITUYECKOM JTeTEeKTMPOBAHUM IIMKIOTPOHHOTO PE30HAHCA M3MEPSIIOTCS COOT-
BeTCTBYyIOIIMe 1ienu Bomm3u K ~ 0. [Tpu temmneparypax T > 1 K KOHCTpyKIust
KOMITO3UTHOTO (pepMIMOHA pa3pylIaeTcst aKTUBAIIMOHHBIM 06pa3oMm [5].

BMecTe ¢ TeM OCTaeTCst OTKPBITHIM BOITPOC O TOM, B KaK0Jii Mepe KOMITO3UTHbIE
(hepMIMOHBI MOSKHO pacCMaTpPMBaTh KakK HEB3aMMOZEMCTBYIOIME YaCTUIIbI. [leI0
B TOM, UYTO MOZEIb CPeIHEro I0Jis, HA KOTOPOi CTPOUTCS KOHIEIIIMS KOMITO-
3UTHBIX (DepMUOHOB, OTHIOND He Ge3yrpeuHa. KoHeuHOe B3aMMOeliCTBIE MEXTY
KOMIIO3UTHBIMU (PepMIMOHAMY AO/KHO ITPUBOIUTD K ITOITPABKaM B y3Ke YCTaHOB-
JIEHHBIX CBOICTBAX U, UTO 60jiee MHTEPECHO U CYIIEeCTBEHHO, K BOSHMKHOBEHUIO
HOBBIX CKOPPEIMPOBAHHBIX 3JIEKTPOHHBIX COCTOSIHUI B caMOii CCTeMe KOMIIO-
3UTHBIX (hepMIMOHOB. HemaBHO mpu M3yueHMM APOOHOTO KBAaHTOBOTO 3dexTa
Xosma AByMEPHBIX 3JIEKTPOHOB B CTPYKTYpaXx, OTIMUYAIONIMXCS OUeHb OO0
9JIEKTPOHHOV MOABMUKHOCTBIO (0Koji0 107 cm? (B ¢)~! u 6osiee), B AuaroHaJIbHOI
KOMIIOHEHTEe MarHUTOCOIIPOTHUBIIEHMSI ObIIM OOHAPYKEHBI C/1abble APOOHBIE CO-
crostHyst ipy paxkropax 3anonHenust v =4/11,5/13,7/11,4/13,7/17u 5/17 [6].
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DTU MOC/Ie0BATEeIbHOCTY Apo6eii ¢ HeUeTHBIMYM 3HAMeHaTeIsIMY He YKIaJabiBa-
IOTCSI B CTAHIAapTHBIE CcepyabHble 3aBUCMMOCTHM 11€JI0UMCIIEHHOIO KBAaHTOBOTO
addexta Xonma KOMIO3UTHLIX hepMmnoHOB (v = p/(2mp + 1)). B pabore [6] BO3-
HMKHOBEHME TaKMX 0COOEHHOCTE! B MarHMTOTPAHCIIOPTE CBSI3bIBAETCS C APO0-
HbIM KBaHTOBBIM 3(¢dekToM X0j1a KOMITIO3UTHBIX (hepMIMOHOB. Ec/iv 3Ta MHTEp-
mpeTalus BepHa, TO B JaHHO/ paboTe B OGHOI 13 MEePBbIX SKCIIEPUMEHTATbHO
Hab6mopancs ekt B3auMoaeiicTBUS MEXKITY KOMIIO3UTHBIMMU (GepPMUOHAMM.

3. [NpoCTpaHCTBEHHO pa3fdeneHHble 3EeKTPOH-3/IEKTPOHHbIE
(3NeKTPOH-AbIPOYHbIE) KBa3MABYMEpPHble CI0U

[IpuMmeuaTenbHble CBOMCTBA CBEPXTEKYUMX KUIOKOCTEN 1 CBepXITPOBOLHMUKOB
CBSI3aHbI C IPUCYTCTBMEM 603€-KOHIEHCATa KOMITO3UTHBIX YaCTHUII, COJIEPXKATINX
YyeTHOe unciao GepMMOHOB B MHOTOYACTMYHON CUIBHO B3aMMOJENCTBYIOIIEH
cpepe. Tak, B cBepxTekyyeM *He KOMITO3MTHBIE YACTUIIBI CYTh aTOMBI I'eJINSI CaMU
110 cebe. B cBepXITPOBOAHMKAX aHAJIOTUYHYIO POJIb UTPAIOT KYyIIEPOBCKIE TIaPhI.
B momympoBOgHMKAaxX 3KCUTOHBI, CBSI3aHHbIE KYJTOHOBCKMM B3aMMOZENCTBEM
Iapsl 30HHBIX 3JIEKTPOHOB U IBIPOK, YoKe 0Koj0 40 JieT paccMaTpUBAIOTCS Kak
MePCIeKTUBHbIE 00BEKTHI B TOCTPOEHNY HEMTPAIbHOI CBEPXTEKYUET SKUIAKOCTU
HOBOTO Kj1acca. BriepBble KOHLIENLMS SKCUTOHHOTO U30/ISITOPA, a TAK)Ke SKCUTOH-
HOJi CBepXTeKyJYecTy O6bl1a chOpMYIUPOBA B XOPOIIO U3BECTHOI paboTe Kenmbi-
ma u Konaesa [7].

CoBceM HelaBHO OBLIO MPOJEMOHCTPMPOBAHO, UTO KBA3MIBYMepPHAs IBYX-
CJIOViHAS 9MEeKTPOHHAs CUCTeMa, [IOMellleHHas B JOCTaTOYHO CUIIBHOE, IToIlepey-
HOE OTHOCUTEJIbHO (JIOEB MarHUTHOE T10J1€, SIBJISIETCS ellle OTHUM 0ObEeKTOM, ITe
MOKeT OBITh peanan30BaHa 9K30THUKaA cBepxTekyuecTu [8]. B mpucyTcTBum mar-
HUTHOTO T0JIsT B Takask CuCTeMa JeMOHCTPUPYET XOJITIOBCKOE IIATO NP p, = h/
e? (bakTop 3anonHeHus v = 1), e TYHHeIMPOBaHMe MEXKITY CJTOSIMY HEBEJIKO.
JTO KBAaHTOBOE XO/UIOBCKOE COCTOSIHME OTPaskaeT KOHAEHCAIMIO CUIbHO B3aMMO-
JeJiCTBYIOLIMX JIEKTPOHOB B KBAHTOBYIO XXMAKOCTb. JTa XUIKOCTb MOXKET pac-
CMAaTpMUBAaTbCSl KaK CBePXTeKyuyasi SKCUTOHHAS XXUIKOCTb, B KOTOPOJ 3JIEKTPOH
OIIHOTO CJIOS «CIIapUBAETCS» C AbIPKOJA (B 30HE MPOBOAMMOCTH) U3 APYTOrO CI0S.
KBaHTOBasI HeoIpenesIeHHOCTh He TT03BOJISIeT CKa3aTh, B KAKOM U3 CJI0€B HaXO-
IATCS Ta MM MHAs YaCTUIIA TAKOTO KOMITO3UTHOTO 6030Ha. Takast [BYXCI0iTHas
3JIeKTPOHHAs cucTeMa Ipu ¢dakTope 3aroaHeHus ¥ = 1 MOXKeT 3KBUBaJIEHTHO
paccMaTpuBaThCS U KaK 2MeKTPOHHBIN (heppoMarHeTuK, B KOTOPOM KaXKIbli
3JIEKTPOH TPeObIBAET B KOTEPEHTHOI CYMePIO3UIINU COCTOSTHUI «ITCEBIOCIIN-
HOB». JJIEKTPOH B O HOM CJIO€ OTBevaeT IICeBOCIIMHY |]), TOTa Kak Jpyroii snek-
TPOH COOTBETCTBYET ICeBAOCINHY || ). OOMeHHOe B3auMOoeliCTBIe IPUHYKIaeT
K&K bVl SJIEKTPOH HAXOIUThCS B KOTePeHTHOI cyrepriosuiiuu {|1) +|]) exp(ip)}.
da3a ¢ OmHOpPOAHA U B OTCYTCTBME TYHHEIMPOBAHUS MPOU3BOIbHA. Da30Bas
repeMeHHasl 9TO¥ Cyepro3ulluy aHajornuHa ¢ha3oBoii epeMeHHOl B CBepX-
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MPOBOJIHMKAX WM B cBepxTeKkydyeM ‘He, OHa olpeesisieT OpyeHTaluIo ICeBA0-
CIIMHOBOTO MarHMTHOTO MOMeHTa. IIpocTpaHCTBeHHbIe Bapualuu 3Toi ¢asbl
SIBJISTIOTCSI ITIEPBOIIPUUMHON HM3KOUYACTOTHBIX (MSITKVX) BO30YKIEHMIA B CUCTEME.
HepaBHO TaKoTo THUIIA HM3KOUACTOTHBIE BO30OYKIEeHMs (TaK Ha3bIBaeMasi MsTKast
TOJIICTOYHOBCKAsT MOJIa C JIMHEIHBIM 3aKOHOM JUCIIePCHM) ObITM 0OHAPYKEHBI
B CBSI3aHHO IBYXCJIOWHO 371€KTPOHHOV CUCTeMe MEeTOA0M TYHHEeIbHO CIeK-
Tpockomuy [8]. [Toka B TaKoii cucTeMe ellle He 0OHAPYKEHbI CBEPXTEKYUMIi TOK U
I3K03e(COHOBCKME OCIVIIISIIIMM (asbl, HO 3TOTO, CYZs 10 BCEMY, MOXKHO OXXUAATb
B Omkaiiniee Bpems. ViMeHHO Ha OOHapyskKeHMe HAHHbIX SIBJIEHUI HalleJIeHbl
SKCIIEPUMEHTBI B 9TOI 061aCTH.
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Puc. 6. Pa3oBas AuarpaMma, odepuyBaolasi 06;1acTb 603e-KOHIEHCAaTa MeXbSIMHBIX 9KCUTO-

HOB B JIaTepaJIbHbIX JIOBYIIKaX B GaAs/AlGaAs reTepoCTpyKTypax C JBOIHBIMY KBAHTOBBIMU
ssmamu (13 pabotsl [Ipemuna A.A. u ap. [14]).

Ipyrasi oyeHb MHTEpecHas CUCTeMa — IPOCTPAHCTBEHHO pa3jeieHHbIe
37IeKTPOH-IBIPOYHbBIE (JIOU [9], KOTOpbIe Peann3yrTCs B NBOMHBIX KBAHTOBBIX
siMax Mpu GOTOBO3OYKOEHUN U MPWIOKEHHOM 3JIEKTPUUECKOM IT0J1e, TIepIieH-
IuKynsipHoM ciiosiM [10-12], a Takoke B reTeporiepexofax BTOPOro pona. B takmx
06beKTaX, TOMUMO BHYTPUCIOEBBIX 3JIEKTPOH-3JIEKTPOHHBIX KOPPEJISIINIA, IT0-
SIBJISIETCS ellle OfHA KOPPEeJIAIVIOHHAsI CTeIeHb CBOOOIbI — MEXCIOEBOE 3JIeK-
TPOH-IBIPOYHOE B3auMOoZeiicTBMe. biarogaps SToMy B3aMMOLECTBUIO B TAKUX
CUCTEMAX BO3HMUKAIOT MeKbSIMHbBIE SKCUTOHBI, KOTOPbIe 00IaAAI0T JUIIOTbHBIM
MOMEHTOM Yy3Ke B OCHOBHOM COCTOSIHMM. B TOCTaTOYHO pa3peXXeHHOM Tra3e TaKux
9KCUTOHOB C AUTIOJb-TUIIOTbHBIM OTTAIKMBAHMEM, KOra 6e3pa3MepHbIii Iapa-
MeTp 1> 1, HabmofaeTcs 603e-KOH/IeHCalMsl MeXbSIMHbBIX S5KCUTOHOB B JIaTe-
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paJIbHBIX JIOBYIIKAX, IPUTOTOBIEHHBIX TEM WIX MHBIM criocobom [13, 14] (cm.
daszoBy1o nuarpamMmy Ha puc. 6). [IpocTpaHCTBEHHO pa3eneHHast 31eKTPOH-IbI-
pOYHas C1CTeMa 60MbILION INIOTHOCTH (g < 1) B MarHMTHOM T10J1€ MOKET IpeBpa-
IIAThCS B YCTOMUMBbIE KOHIEHCHPOBAaHHbBIE (Da3bl HOBOTO TUIIA: B JUIIEKTpUUe-
CKYI0 S5KCUTOHHYIO KUIKOCTh (COCTOSTHME TUIIA SKCUTOHHOTO IV3JIeKTPUKA) U B
IBYXCJIOVHBIV 57IeKTPOH-AbIPOUYHBIN KPUCTAJLIT.

4. MHOTO3KCUTOHHbIE 3HEPreTUYeCKMe YPOBHM
M UX CUMMETPUS B KBAHTOBOW TOYKe

CHeKTpbI M3JTyUYeHNST KBAHTOBBIX TOUEK, a TAKKe JIa3€pOB Ha X OCHOBE OIIpe-
TeJISIIOTCST TIPOIIeccaMyl M3JTyuaTeTbHOM PEeKOMOMHALIMY CKOPPETMPOBAHHBIX
KYJIOHOBCKMM B3aMMOIEICTBUEM 3JI€KTPOH-IbIPOYHBIX Tap, WJIM SKCUTOHOB,
3aTOJTHSIOIIMX COOTBETCTBYIOIME COCTOSIHUS (0O0IOUKM) B YCIIOBUSIX TPEXMep-
Horo KoH@aiiumeHTa. CyllecTBEHHO 3HATh, KaK YCTPOEHbI MHOTOUYACTUYHbBIE
3JIEKTPOH-IBIPOYHBIE COCTOSTHMSI B KBAHTOBO TOUKE, KAKMM 00pa3oM ITPOVCXO-
AT 3aTI0JTHEHME 3TUX COCTOSIHUI TIPY YBEIMYEHUM UMCIIA SJTeKTPOH-TBIPOUHBIX
map N, Kakue 3JeKTPOH-IbIPOUHbIe KOHPUTypaIMuy Hauboiee yCTOMUYMBHI B
YCIOBUSIX KBa3MPAaBHOBECHSI U, HAKOHEI], UTO OCOOEHHO CYIIeCTBEHHO C MpaK-
TUYECKOI TOUKM 3peHMsI, KaKMM 00pa30M BBIIJISIAST CIIEKTPhI JIIOMMUHECIIEHIINNI
NPV AHHUTWISIIIMM 9KCUTOHOB M3 TeX MJIY MHBIX COCTOSTHMI B 3aBUCUMOCTY OT MUX
3aIOTHEHMS. 3AeCh BPSI JIU TIPUXOANUTCS PACCUUTHIBATh Ha AO6COMIOTHYIO YHUBEP-
CaJIbHOCTh OTBETOB Ha ITOCTABJIEHHbIE BOITPOCHI, YUUTBIBASI pa3HOOOPa3ye reome-
TpUUeCcKUx GOPM U CUMMETPHIO KoHGaltHMeHTa (YIepskK1BaoLIero MoTeHI1ana)
B peaJibHbIX KBAHTOBBIX TOUKax. /lajiee, HECMOTPS Ha TO, YTO IIPUMEHUTEIBHO
K KBAHTOBBIM TOYKaM B IMOJYITPOBOJHMKAX ITPOYHO 3aKPEMMIICS TEPMUH «MC-
KYCCTBEHHbIE€ aTOMBbI», MEXKIY 3TUMMM KBAaHTOBBIMYU OOBEKTAMMU U PeaTbHbIMMU
aToMaMM eCTb NPUHIIUIIMAIbHbIE pa3inunsl. B aTomax ymepskuBaoommii, che-
pPUYECKU-CUMMETPUYHBIN, TOTEHIIVA MMeeT KyJIOHOBCKOE MPOUCXOXKIEHNE U
oTIpeessieTCs MOJIOKUTETbHO 3aPSKEeHHBIM sIIepHBIM KOPOM, TOTIA KaK B MTOJTY-
IIPOBOIHMKOBBIX KBAHTOBBIX TOUKaX KOH(AHMEHT, yIePsKMUBAIOIIVIT HOCUTEIN
B IIpefiesiax 3aaHHOT0 reOMeTPMUeCKOro MaciiTaba, orpeaesnseTcs pa3pbiBaMu
SHepreTMYEeCKMX 30H Ha TeTepOrpaHuIlax, a reoMmeTpuueckye GopMbl 1 CUMMe-
TpUITHBIE CBOICTBA caMOro KOHGbaifHMeHTa MOTYT ObITh BeChbMa Pa3HOOOPa3HbI.
Harnee, B 3JIeKTPUYECKY HEMTPATbHBIX KBAHTOBBIX TOUKAX, B OTJIMYME OT aTOMOB,
TPV YBEJIMUEHUY UMC/Ia SKCUTOHOB OTHOBPEMEHHO 3aTIOTHSIIOTCS KaK 3JIeKTPOH-
HbIe, TaK U IbIPOUHbIE OOOJOUYKK. B 5TOM OTHOIIEHUM CUTYAIMsI 3aIlI0THEHUS
060/10U€eK 3/TIeKTPOH-IbIPOYHBIMM [TapaMM B KBAHTOBBIX TOUKAX GJIM3Ke TTOIXOIUT
K MHOTO9KCUTOHHBIM KOMIUIEKCAM B 06'b€MHBIX MHOTOOMVHHBIX TOTYTIPOBO-
IOHMKax (CM., Harpumep, [15]).

CBoJiCTBa CMMMETPMM MHOTO9KCUTOHHBIX KOHGUTYpalnyii B KBAHTOBOI TOUKE
IOJDKHBI TTOMUMHSTBCS 001IeMY IPUHITUITY, aHAIOTUYHOMY ITpaBuiy ['yHa, Xopo-
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10 M3B€CTHOMY B @TOMHOI CTTIEKTPOCKONMN. HamoMHMM, YTO 3TO TPaBUJIO OIpe-
IeNsieT, Kakasi M3 MHOTOSJIEKTPOHHBIX KOHQUIYpalyii B aTOMe SIBJIseTCsT Haubo-
Jiee OTIITUMAJIBbHO M YCTOMUMBOI Ipy GOPMMUPOBAHMM OCHOBHOTO COCTOSTHMS [16)].
OnHako B OT/IMUME OT aTOMOB B KBAHTOBOJ TOUKe MTPOMCXOAUT OJHOBPEeMeHHOe
3aIIOJIHEHVe 000I0UeK ABYMsI TUIIAMM HOCUTEJIe — 3JIEKTPOHAMM U JbIPKAMU.

CBolicTBa BHyTPEHHEN CUMMEeTPUY CUCTEMbI MHOTO3IKCUTOHHBIX KOMIIJIEKCOB
B KBAaHTOBBIX TOUKAX CYIIECTBEHHO MPOSIBIISIIOTCS B BUIE OM3KOI K IMHEIHOI
3aBUCUMOCTY SHEPTUM MYIbTUIUIMKATUBHOTO 060/I0U€UHOTO COCTOSTHMS OT YMC-
J1a SKCUTOHOB, 3aITOJIHSIONIMX 000JI0UKY, 8 MMEHHO

E, = NE,.
Orciopa ciaemyeT BakKHOE 3aKTI0UeHNe : MI3MeHeHVe SHEePTUM IIPY T00aBIeHU
(MU U3BSITUM) OMHOTO S9KCUTOHA B 000I0UKE 3aJaHHOI CUMMETPUH (S- MU p-, d-

U T.Z.) He 3aBYICUT OT 3aIIOJIHEHMSI ITOI OOOJIOUKM ¥ PABHO OJHOIKCUTOHHOM
sHeprum [17, 18].
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Puic. 7. Ha 1eBOM puCyHKe: WITIOCTPaLIMSI OKMIAeMOT0 3eeMaHOBCKOTO paclieTieHMs OIITIYe-
CKM aKTMBHBIX 9KCUTOHOB B OIVHOYHOI KBAHTOBOI TOUKe. B BepxHeil yacTyu pucyHKa cxeMaTu-
YyecKy II0Ka3aHbl [IBe BePTMUKAIbHO CBSI3aHHbIe KBAHTOBbIE TOUYKY. [IpaBblii pHCYHOK 1306paka-
€T PaCCYUTAHHYIO KAPTUHY CIIMHOBOTO PACIIEIIEHNSI OCHOBHOTO 9KCUTOHHOTO COCTOSTHMUS IBYX
KBaHTOBBIX TOUYEK, BEPTMUKAIbHO-CBSI3aHHBIX B MOJIEKYITY.

K TakoMy ke 3aKJII0UeHMI0 MOKHO ITPUITH, aHAIU3UPYS! AMHAMUKY TIOTSPU-
3aIMOHHOTO OIlePaTopa, ONMCHIBAIONIETO MEXK30HHbIe ONTUYECKIe Mepexo/bl,
P*=%" c'p;. IleiicTBue oneparopa P* MPUBOIAUT K POXKIEHNMIO S/IEKTPOH -/IbI-
POYHOI1 TIaphl B pe3yibTaTe MOIomeHMsI GOTOHA (COOTBETCTBEHHO OIMepaTop
P~ poxpaeT GOTOH Mpy aHHUTUASIMY eh-Tlapbl). B cryuae BbIPOXKIEHHbBIX CO-
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CTOSTHMIT 060JIOU€EK U CUMMETPUYHOTO TIOBEIeHMSI MEXKYACTUYHBIX KYJTIOHOBCKUX
B3aumoneiicteuit (V,, =V, = -V ) KOMMyTaToOp MMeET CAeIYIOIIyI0 MTPOCTYIO
dbopmy: [H, P*] = +E,P*, rae E, — 5Heprus 5KCUTOHA B pacCMaTpUBaeMoii 060-
Jiouke. COITIacCHO IPUBEJEHHOMY BbIllle KOMMYTAaTOPY KOTepeHTHOE MYJIbTUILIN -
KaTUBHOE cOCTOsiHME N 3JIeKTPOH-IbIPOUHBIX mmap |N) = (P*)N|0) sBisieTcs cob-
CTBEHHBIM COCTOSIHMEM raMmibToHMaHa. OTCIofla Cpa3y ke CaeAyeT JIMHeiHas
3aBMICMMOCTb SHEPIUM MYIbTUIUIMKATUBHOIO COCTOSIHMS OT YMCJIa SKCUTOHOB B
060JI0uKe.

3,0
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Puc. 8. SxcriepyMeHTaIbHO M3MepeHHbIe CIIeKTPbI CIIMHOBOTO pacIieIyieH)si OCHOBHOI'O 9KC-

UTOHHOTO COCTOSIHMSI OJJMHOYHOI KBaHTOBOM TOUKM (IBa KPaifHUX JIEBBIX PUCYHKA) U ABYX
KBAaHTOBBIX TOUYEK, BEPTUKAJIBHO CBSI3AHHBIX B MOJIEKY/TY (TP PUCYHKA CIIPABA).

B cdhepruecky- mim akCuaTbHO-CUMMETPUYHBIX KBAHTOBBIX TOUKAX B OTCYT-
CTBME BHEIITHMX BO3MYIIEHMII OTITUYECKM aKTMBHBIMM OKa3bIBAIOTCST COCTOSTHMS,
COOTBETCTBYIOIIME TTPOEKLIMSIM YIJIOBOrO MoMeHTa =+ 1. [Ipu CBA3BIBAaHUM ABYX
KBAHTOBBIX TOUEK B MOJIEKY/TY ¥ HApPYIIeHUM aKCUaTbHOM CUMMETPUM COCTOSI-
HMS OTITUYECKY aKTUBHBIX Y ONTUYECKM HEAKTUBHBIX 9KCUTOHOB CMEIIBAIOT-
cs1, 06pasyst CJIOKHYIO KOTEPEHTHYIO CYIePIIO3UIMI0 COCTOSIHUI C TPOEKIUSIMU
YIJIOBBIX MOMEHTOB +1, +2 (puc. 7). [Io3TOMy B MarHTHOM I10J1€ KApTVMHA MYJIb-
TUIUIETHOTO CIIMHOBOTO PACIIeIUIeHMs MOJIEKYJIbI He MMeeT HUYero OOIIero ¢
TIPMBBIYHONM KapTUHOI AyOIeTHOTO pacileIuieHus U JuHeitHoro addekTa 3e-
eMaHa B ¢TyJae CMMMETPUYHO KBAHTOBOI TOUKM. JIJIsl IBYX KBAHTOBBIX TOUEK,
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CBSI3aHHBIX B MOJIEKY/Ty, B MAarHUTHOM IT0JIe HAOJI0aeTcs CJIOKHAsI KapTuMHA
aHTUIIepeceueHNt CMelllaHHbIX (TTepenyTaHHbIX) CIIMHOBBIX COCTOSTHUIA, a TI0JI-
HO€ YMCJIO paclieryIeHHbIX KOMIIOHEHT MY/IbTUIIZIETa PABHO MCXOLHOMY YMCITY
MHTEepPEPUPYIONIMUX CIIMHOBBIX COCTOSIHMIA (puc. 8). ATU HaGIIOmEHNST CBUIE-
TeJIbCTBYIOT O KOTePEHTHOM CMeIIMBAaHUY CITMHOBbBIX 3KCUTOHHBIX COCTOSTHUIA B
KBAHTOBBIX TOUKaX, CBSI3aHHbBIX B MoJeKkyny [19].

5. [IByMepHble 3KCUTOHHbIE MOSISIPUTOHDI
B MMKpOpe30HaTopax

KoH1iemniyst SKCUTOHHBIX MOISIPUTOHOB MMeeT MOUTH TTOTYBEKOBYIO ICTOPUIO
[20, 21]. TIONSIPUTOHBI SIBJSIIOTCS CTAOMIIbHBIMM COOCTBEHHBIMMU COCTOSTHUSIMU
9KCUTOHOB U (DOTOHOB B 0ObEMHbIX TIOITYIIPOBOHMUKAX. BCeICTBUE TPAHC SN -
OHHOJV cuMMeTpuu B 3D-Kpuctajie COCTOSTHUSI 9KCUTOHOB ¥ (POTOHOB CUJIBHO
CBSI3aHbI TIPU KaKIOM 3HaYEHUM BOJIHOBOTO BEKTOPA U paclliellyieHbl Ha BepX-
HIOIO ¥ HVYSKHIOIO TTOJISIPUTOHHBIE BETBY BOIM3Y SKCUTOHHOTO pe3oHaHca. OmHaKo
B CUJTY TOTO, UYTO B 06EMHBIX KPUCTA/I/IaX BpeMeHa KM3HU (GOTOHOB OTIpeIersi-
I0TCSI CBOOOTHBIM ITPOOETOM MONSIPUTOHOB, @ B YCIIOBUSIX TOCTATOUHOTO KPUCTAJI-
JIMYECKOTO COBEPIIEHCTBA ¥ HU3KMX TEMIIepaTyp paccessH/eM SKCUTOHOB MOXXHO
npeHe6peyb, TOASIPUTOHBI B 00beMe KpucTasia He pacnagaioTcs. To ecTb Korma
BHeIIHM (HOTOH pOKIaeT B 00beMe KPUCTaIa SKCUTOH, TO B OTCYTCTBME IIPO-
IIeCCOB paccessHys BO30yKIeHye OCIMUTMPYET MeKAY GOTOHHBIM U SKCUTOHHBIM
COCTOSIHUSIMU (OCLMIIISILMM Pa61r) 6e3 Heo6paTUMBIX IPOIECCOB CIIOHTAHHOTO
U3JTyYaTeJbHOTO pacaia. DKCUTOHHbIE TIOISIPUTOHBI TPe0OPa3yITCs BO BHEIII-
He (DOTOHBI TOJILKO BOIM3Y MOBEPXHOCTM KPUCTA/LIA. B 3TOM COCTOUT IIaBHast
CJIOSKHOCTD M3YUeHMSI 9KCUTOHHBIX TOISIPUTOHOB B 00bEMHBIX KPUCTA/LIAX.

J[IByMepHbIe SKCUTOHHbIE TTOJIIPUTOHBI B MUKPOPE30HATOPaX CUJIbHO OT/INYa-
IOTCSI OT 00BEMHBIX IKCUTOHHBIX ITOJIIPUTOHOB [22]. [IeiiCTBUTENHHO, B MUKpPOpe-
30HATOpPE COCTOSTHVST (DOTOHOB ¥ 9KCUTOHOB AMCKPETHBI BOIEACTBYE Pa3MEPHOTO
KBaHTOBAHMSI B HAIIpaB/JIeHUY POCTa CTPYKTYPbI, U B K-TIPOCTPAHCTBE €CTh OIHO-
3HAUHOE COOTBETCTBME MEKTY COCTOSTHUSIMM (DOTOHOB 1 SKCUTOHOB, KOTOPbIE CUJIb-
HO CBSI3aHbI B CWITY TOOPOTHOCTM pe3oHaTopa. OfHAaKO B HAIIpaBaeHUY pOCTa CTPYK-
TypbI GOTOHBI B pe30HATOPE MMEIOT KOHEUHOE BpeMs JKU3HM U3-3a ITPO3PAYHOCTH
3epKast. I[109TOMY MOMIIPUTOHBI CAMBIM ITPSIMBIM 06pPa30M OKa3bIBAIOTCS CBSI3aH-
HBIMU C BHEIITHMMM (POTOHAMMU U, KaK CJIeICTBME, TTOJISIPUTOHHbIE COCTOSTHVS B pe-
>KMMe CWJIBHOJ CBSI3M MOYKHO HEITOCPeICTBEHHO MCCIe0BATh B TAKMX OIITUYECKUX
9KCIIepMMEeHTax, Kak (HOTOMIOMIMHEeCIeHIIMS, OTpaXkeHNe U MpoItycKaHue. B cumy
pa3MepHOTo KBaHTOBAHMS B MMKPOpe30HaTope aucrepcyst GOTOHOB B TVIOCKOCTH
TTOYUTH ITapabomuecKast C Ype3BbIyaitHo Masioi 3¢deKTMBHOI Maccoii MOSIPUTOHA.
B o61acTi CUIBHOTO CBETO-3KCUTOHHOTO CMeIIMBaHus (BIUIOTh 10 3 x 10° cm™!) aKc-
MTOHHBIE MOJISIPUTOHBI HYKHE TIOTISIPUTOHHO BETBY TaKKe MMEIOT OUeHb MasTylo
s dexTuBHYI0 Maccy, Macuraba 10-°m, (m,— macca cBO6OIHOTO 3/IEKTPOHA, PUC. 9).
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Bepxuss
MOJISIPUTOHHAS
BETBb

(BIIB)

doTton

Oueprus E

JKCUTOH

Hwxnsis
MOJISPUTOHHAS BETBb
(HIIB)
1
0
Nmnynbe k

Puc. 9. KauecTBeHHas1 KapTMHA ABYX AUCIIEPCUOHHBIX BETBEI, BepXHell 1 HY)KHET, JBYMepPHbIX
9KCUTOHHBIX MOJISIPUTOHOB B MMKPOpPE30HaTOpe.

DHeprus

HIIB
"XounocToii"
Hakauka
Curnan
0 Nmnyinbse

Puc. 10. CxemaTnueckoe IpeicTaBIeHMe TapaMeTpUUeCckoro paccessHus IByMePHbIX 9KCUTOH-
HBIX TIOJISIPUTOHOB B YCJIOBUSIX MOHOXPOMATMUUYECKOT Ta3epHOii Hakauku. DPdeKT oKa3biBaeT-
cs1 HanboJIee CYMJIbHBIM TPV PE30HAHCHOM JIa3€PHOM BO36YKIEHMM HEITOCPEICTBEHHO B TOUKY
repern6a AUCIepPCHOHHOM KPUBOI HUKHEI MTOMSIPUTOHHOM BETBMU, TIe TNIOTHOCTh COCTOSTHII

MaKCMMaJibHa.
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Puc. 11. PazBuTie CTMMY/IMPOBAHHOTO MOISIPUTOH-TIO/ISIPUTOHHOTO paccesiuusi. B pesysbraTe
CTUMY/IMPOBAHHOTO paccesiHNs IByMepHbIe SKCUTOHHbBIE TOISIPUTOHBI HAKAIJIMBAIOTCS Ha THE
30HBI, CTUMY/IMPOBAHHOE PaccesiHMe Pa3BUBAETCsI [0 HOPMaJIY K IUIOCKOCTY MUKPOpPe30HaTopa
(u3 pabor [23, 24]).

C nmomMonipb1o MOHOXpOM&TM'—IECKOVI HaKa4KlM TaKne 3KCUMTOHHbIE ITOJIAPUTOHDI,
SBJIAIOIIMECd 110 CYTU KOMITO3UTHBIMU 6030H&MI/I, MO>XXHO HaKaIlJIMBaThb B CO-
CTOSTHMSX C CIJI/IKCI/IpOBaHHbIM " BITIOJIHE OIIpene/ieHHbIM BOJIHOBBIM BEKTOPOM,
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I06MBasICh MaKPOCKOITMYECKOTO 3aTIOTHEHMUST COOTBETCTBYIOIIETO KOT€PEHTHOTO
COCTOSTHUS (C YMC/IaMM 3aTIOJTHEHMST MHOTO 60JTbIlle AVHUIBI). B 9KCcIiepuMeHTax
B.JI. Kys1akOBCKOT'0O ¥ COTPYLHUKOB [23, 24] C UCIIOIb30BaHMEM YeThIPEXBOIHO-
BOT'O CMEIIVBAHMS U BBIHYKJIEHHOIO BHYTPM3OHHOIO PACCesIHNS peann30BaHO
BO30yK[IeH/ie HepaBHOBECHOTO KOTePeHTHOTO 3KCUTOH-TIOISIPUTOHHOTO 603e-
KOHZeHcaTa (MY, MHBIMM CJIOBaMM, Peann30BaHO BO30OYKIeHNe KOTepeHTHO-
IO COCTOSIHUSI S9KCUTOHHBIX TOJMSIPUTOHOB C OOBIIMMU YMCIAMU 3aTIOTHEHUSI !
v = 10?). CxeMa COOTBETCTBYIOILIETO SKCIIEPMMeHTa [TIoKasaHa Ha puc. 10, a cam
(akT HAKOIIEHUS YKCUTOHHBIX TOMSIPUTOHOB HA JTHE 30HbI WJUTIOCTPUPYET
puc. 11.

6. 3aknyeHue

B 3aBepiieHe yMeCTHO BCIIOMHUTD U3BECTHOE BbICKa3bIBaHME, IPUINACHI-
Baemoe B. [llokymm (William Shockley) — omHOMY 13 IepBOOTKPbIBATEJIEN TTOTY-
MIPOBOJHMKOBOTO TPAH3MUCTOPA, KOTOPast 3ByUMUT MIPUMEPHO TaK: HAYYHbIN ycriex
MIpOMOPIMOHa/IeH haKTOpHaTy OT UMC/Ia HAyIHbIX KOHILIEIN (Maeit), KOTOPhIMU
MccefoBaTeNlb ONepUpyeT OZHOBPEMEHHO (He IIPOCTO YUY, 8 UMEeHHO (aKTo-
puany!). HoBoe KaueCcTBO U UM(CJIO YCTaHOBJIEHHBIX M TTIPOBEPEHHbBIX KOHIIEMIINIA,
a Takke cama ITpou3BOIHAS B 00CYykIaeMoit o6nacti GU3MKM KOHIeHCUPOBaH-
HOT'O COCTOSTHMSI BIIEUATJISIIOT, TO3TOMY MOXXHO C YBEPEHHOCTBIO YTBEPXKIATh, UTO
dbyHIaMeHTalbHbIE UCCTIEAOBAHMS JIEKTPOHHBIX KOPPEJIAINii B KBAHTOBO-Pa3-
MePHBIX IMOTYITPOBOAHMKOBBIX CMCTEMaX M HAHOCTPYKTYpax MpernogHecyT MHOTO
MHTEPEeCHBIX CIOPIIPU30B. BHe BCSIKMX COMHEHUIT, cCaMOe MHTepeCcHOe HAC OKM-
JlaeT ellle BIIepenu.

B 3axmouenne aBtop Gmarogaput B.JI. KymakoBckoro, 1.B. KykymikuHa u
P.A. Cypuca 3a IJI0I0TBOPHBIE OOCYKAEHNS U IVICKYCCUM B ITPOIIECCe HATMCAHMS
9TOr0 KpaTKOro 063opa.
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COLLECTIVE STATE OF INTERWELL EXCITONS
IN DOUBLE QUANTUM WELL HETEROSTRUCTURES®

V.B. Timofeev

Abstract

Bose-condensation of interwell excitons in coupled double quantum wells of
GaAs/AlGaAs Schottky-diode heterostructures is in the focus of discussions. It
is demonstrated that luminescence of Bose-condensed collective state of inter-
well excitons in a circular lateral trap is manifested in real space in periodically
patterned structure of bright spots which are coherently bound. The collective
exciton state is characterized by the large coherence length and is destroyed on
temperature increase due to the thermal order parameter fluctuations across the
system of interacting interwell excitons.

1. Introduction

Hydrogen-like excitons in intrinsic semiconductors are known to be the elec-
trically neutral and energetically lowest electronic excitations. For several de-
cades excitons have been used as a convenient and very efficient tool to simulate
the behavior of matter under the effect of temperature and density variation and
external impacts, such as pressure, magnetic and electric fields, strain fields, etc.

Depending on the concentration of electron—hole (e-h) excitations and tem-
perature, experiments with bulk intrinsic semiconductors may be used to realize a
situation of weakly interacting exciton gas, molecular exciton gas (gas of biexcitons
and excitonic trions), metallic electron-hole liquid, and electron—hole plasma.

Exciton is a sort of composite boson because it consists of two fermions, an
electron and a hole, and this account for resultant exciton spin being integerval-
ued. This led to the hypothesis formulated in theoretical works in the early 1960s
(Moskalenko, 1962; Blatt et al., 1962; Casella, 1963) that Bose-Einstein conden-
sation (BEC) is possible to be observed, in principal, in a weakly non-ideal and
sufficiently diluted excitonic gas in semiconductors at rather low temperatures.
In the limit of a diluted excitonic gas, one has na? < 1, where n is exciton den-
sity, a, is the exciton Bohr radius and d is the dimensionality of the system under
consideration.

* Problems in Condensed Matter Physics: Quantum Coherence Phenomena in Electron-Hole
and Coupled Matter-Light Systems / ed.byA.L.Ivanov, S.G.Tikhodeev // International Series of
Monographs on Physics / ser.ed. by J. Birman et al.- Oxford : Clarendon Press, 2007. - Vol. 139,
Ch.17.- P.255-280.
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The Bose-Einstein condensation of excitons in three-dimensional systems
suggests macroscopic occupation of the exciton ground state with zero momen-
tum and the appearance of a spontaneous order parameter (coherence) in the
condensate (Keldysh and Kopaev, 1964; Kozlov and Maksimov, 1965; Keldysh and
Kozlov, 1968).

In the limit of high e-h density, na? >> 1, the exciton concept used to be regarded
by Keldysh and his school (Keldysh and Kopaev, 1964; Kozlov and Maksimov, 1965;
Keldysh and Kozlov, 1968) in direct analogy to Cooper pairs, and the condensed
excitonic state (a sort of excitonic insulator state) was described in the mean-field
approximation by analogy with the Bardeen-Cooper- Shrieffer superconducting
state. The sole difference consisted in the fact that the pairing in an excitonic in-
sulator was determined by the e—h interaction and the excitons themselves served
as analog of the Cooper pairs (Keldysh and Kopaev, 1964). Well-apparent Coulomb
gaps in the excitonic insulator state can arise under nesting of the electron-hole
Fermi-surfaces. Theoretical studies reported in Comte and Noziéres, (1982) suggest
a smooth transition between the low and high density limits.

BEC was discovered one decade ago in the diluted and deeply cooled gases of at-
oms whose resulting spin is integer-valued (Ketterle, 2002). This striking discovery
was possible owing to the elegant realization of the laser and evaporative cooling
techniques in application to diluted atomic gases and to the selective small-volume
accumulation of atoms in magnetic traps. The transition temperatures T, in the
case of alkaline atomic gases turned out to be very low (around one ¢K and even
lower), which is due to the large masses of atoms and their relatively low densities
resulting from the inevitable losses during cooling and accumulation in traps.

Since BEC has been found in the diluted gases of bosonic atoms, this phenom-
enon has stimulated special interest and acquired significance with reference to
excitons. Indeed, the translational effective masses of excitons in semiconduc-
tors are typically small, i.e. equal to or smaller than the mass of a free electron.
Therefore, unlike BEC in diluted gases of atomic hydrogen, alkalis, and transition
metals, BEC in an excitonic gas at experimentally achievable densities may occur
at much higher temperatures (e.g., in liquid helium temperature range). How-
ever, for a photoexcited excitonic gas, which, in principle, is a nonequilibrium
system, the problem of its cooling to temperatures of the crystal lattice serving
as a thermostat is important. Under real experimental conditions, the tempera-
ture of a quasi-equilibrium excitonic gas is always somewhat higher than that of
the crystal lattice in which excitons are “immersed” due to their finite lifetime.
Such overheating of the excitonic system is especially pronounced at T < 1 K
because of the low thermal capacity of the lattice and the presence of a “narrow”
region (a sort of “bottle neck”) at small transferred momenta insurmountable for
one-phonon relaxation of excitons (K| < ms/h, where K and m are the exciton
momentum and effective translational mass, respectively, and s is the speed of
sound). In this context, the most promising objects to search for BEC are those
whose exciton annihilation rate is several orders of magnitude lower than the
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exciton relaxation rate along the energy axis. This criterion is fulfilled, for ex-
ample, in indirect-gap semiconductors in which radiative recombination of exci-
tons involves short wavelength phonons and is therefore rather slow compared
with the relaxation processes that result in thermal equilibrium with the lattice.
But because such semiconductors are characterized by strong orbital degeneracy
of the electron (many valleys) and hole spectra and strong anisotropy of carrier
effective masses, the lowest state in an interacting and sufficiently dense e-h
system is the electron-hole liquid into which excitons, excitonic molecules and
trions are condensed (Keldysh, 1968; Jeffries and Keldysh, 1983). The phenom-
enon of exciton condensation into droplets of electron—hole liquid was predicted
by L. V. Keldysh as early as in 1968 (Keldysh, 1968) and most comprehensively
studied in Ge and Si (Jeffries and Keldysh, 1983). Evidently, a gas of excitons and
excitonic molecules in equilibrium with electron—-hole liquid remains a classi-
cal, Boltzmann gas. In contrast, the exciton recombination rates in direct-gap
semiconductors with dipole allowed interband optical transitions are very high.
Moreover, other complications are intrinsic in such semiconductors related to
the exciton-polariton dispersion and polariton dynamics near K = 0 (Rashba and
Sturge, 1982). In the case of two-dimensions the properties of excitonic polari-
tons in microcavities and the related nonlinear optics and polariton dynamics are
considered, for example, in Gippius et al. (2005).

Some experiments have been designed to discover BEC in an excitonic gas in
Cu,O (Hulin et al., 1980; Snoke et al., 1990; Fortin et al., 1993; Mysyrowicz et al.,
1994, 1996, 1997), where the optical decay from the ground state of para- and or-
thoexcitons is forbidden in the zero order in K and therefore the states are long-
lived, and also in uniaxially compressed crystals of Ge (Kukushkin et al., 1981;
Timofeev et al., 1983) under condition of broken symmetry with respect to the
spin degrees of freedom. It was recently shown for Cu,O that the Auger processes
heat the excitonic system and restrict the exciton density from above (O’Hara et
al., 1999, 2000). For this reason, in optical pumping experiments conducted thus
far, the exciton gas in these crystals was the classical Boltzmann gas (O’Hara et
al., 1999, 2000). Studies with Ge crystals examined excitons with the spin align-
ment, directly analogous to spin-aligned hydrogen atoms. The narrowing of the
spontaneous exciton-photon emission line with increasing exciton concentration
at given temperature has evidenced the well-apparent degenerate Bose-statistics
of excitons at high densities. However, it is still impossible to realize the critical
conditions for BEC of excitons in the above crystals, although studies of this ef-
fect are in progress.

In recent years, the BEC of excitons has been extensively investigated in two-
dimensional (2D) systems based on semiconductor heterostructures. The stud-
ies are focused on 2D systems with spatially separated electron—hole layers. Re-
searchers’ attention to these objects was attracted by theoretical works done in
the mid-1970s (Lozovik and Yudson, 1975; Shevchenko, 1976). In the context of
the problem under consideration, double quantum wells (DQWSs) and superlat-
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tices turned out to be the most interesting among other 2D objects based on
semiconductor heterostructures, because they allow the photoexcited electrons
and holes to be spatially separated between adjacent QWs (Fukuzawa et al., 1990;
Golub et al., 1990; Kash et al., 1991; Butov, 1996; Timofeev et al., 1998a, 1998b;
Butov et al., 1999; Larionov et al., 2000; Butov et al., 2000; Larionov et al., 2002).
In DQWs under applied bias in the growth direction, tilting quantized subbands,
it is possible to excite excitons whose electron and hole are in different QWs
separated by a transparent tunnel barrier. Such an exciton is called a spatially
indirect or interwell exciton (IE), as opposed to a direct (D) or intrawell exciton
in which electron and hole are placed within the same QW (Fig. 1). A situation
realized in GaAs/AlAs heterostructures where excitons are not only spatially
separated but also proved to be indirect in momentum space was considered by
Butov (1996). Interwell excitons have a longer lifetime than intrawell ones be-
cause of limited overlap between electron and hole wavefunctions through the
tunnel barrier. Characteristic times of the radiative recombination of indirect
excitons are as large as dozens and even hundreds of nanoseconds. Therefore, it
is easy for them to accumulate, and the gas of interwell excitons can be cooled
to rather low temperatures close to the temperature of the crystal lattice. It is
worthwhile to note that thermalization of two-dimensional excitons, and inter-
well excitons, particularly, involves bulk phonons. In this case, however, the law
of momentum conservation along quantization axis is relaxed, which accounts
for the lack of a “bottle neck” for the recoil on small momenta and the feasibility
of one-phonon relaxation with participation of acoustic phonons at T < 1 K. As
a result, the relaxation of IEs to the lattice temperature occurs a few orders of
magnitude faster than their radiative decay (Ivanov et al., 1997, 1999). Because of
the broken inverse symmetry, interwell excitons have a large dipole moment even
in the ground state. As a result, such excitons can not be bound into molecules or
other complicated complexes due to dipole-dipole repulsion.

It should be recalled, however, that in ideal and unconfined 2D system with
constant one-particle density of states, BEC at finite temperature cannot proceed
in principle because of divergence of the number of states in the case when the
chemical potential ;. — 0 (i.e. the states with moments K > 0 can accumulate an
unlimited number of Bose-particles). Therefore, in this case, one can speak about
Bose condensation only at T'= 0 K, which has no physical sense. In this context, it
is appropriate to recall the work by Hohenberg, (1967) which provides a rigorous
proof (based on N. N. Bogolubov’s inequality) that unconfined and ideal 2D elec-
tron systems cannot have a nonzero order parameter, because it is destroyed by
fluctuations. This proof is applicable to both superfluidity and superconductivity
inideal 2D systems. A similar theorem was proved for a 2D model of Heisenberg’s
ferromagnet by Mermin and Wagner, (1966). The Kosterlitz-Thouless phase tran-
sition (Kosterlitz and Thouless, 1973) when the superfluid state in 2D systems
develops as a result of vortex pairing, is not discussed here. Such a transition is
topological and not at variance with the theorem of Hohenberg, (1967).
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Fig. 1. (a) Schematic representation of the energy levels in coupled double quantum wells under
applied electric field. Arrows indicate intrawell (D) and interwell (I) optical transitions, (b) Lu-
minescence spectra of intrawell excitons (D), trions (T), and interwell excitons (I) in DQWs at
different bias voltages U (U values in Volts are given near corresponding curves). The inset
shows the dependence of spectral positions of maxima of corresponding lines on electric field.
T=2K.

This situation is changed in 2D spatially confined system where BEC is known
to occur at finite temperatures. The critical temperature for the case of interwell
excitons confined in a lateral trap with rectangular barriers is given by the ex-
pression

T _ 27h*
< gekamex 1n<NexS/gex> ’

i.e. it decreases logarithmically with increasing area S occupied by 2D Bose parti-
cles with density N, , translational effective mass in the plane m, , and degeneracy
factor g, (k, is the Boltzmann constant). For example, the critical temperature
T, of interwell exciton gas in GaAs/AlGaAs DQWs with density 10" cm~? and
translational mass 0.2m, (m, is the free electron mass) under micron-scale lateral
trap is around 3 K.

The spatial confinement in the QWs plane may be due to large-scale random
potential fluctuations related to variations of the QW width on heteroboundaries
w(R). Also related to these variations are changes in the effective lateral potential
U(r) = U(w(r)) (Zhu et al., 1995). Under quasi-equilibrium conditions, the exciton
density distribution is described by the equality p (N(r)) + U(r) = i, where the

(D
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chemical potential of interwell excitons 1 is related to their average density and
1 (N) is the chemical potential of a homogeneous excitonic phase in the spatially
confined region (in a trap). Evidently, |u(r)| < |1z| because p(N) = — |E, | + |6U|
(E,, is the exciton binding energy). This means that excitons accumulate more
easily in the lateral confinement region, where their density can be much in ex-
cess of the mean density in QWs plane. Therefore, critical conditions correspond-
ing to the Bose condensation of IEs are most readily realized in lateral domains
that function as exciton traps.

A variety of scenarios of collective behavior in a sufficiently dense system of
spatially separated electrons and holes were theoretically considered (Yoshioka
and MacDonald, 1990; Chen and Quinn, 1991; Fernandez-Rossier and Tejedor,
1997; Lozovik and Berman, 1997; Lozovik and Ovchinnikov, 2001; Keeling et al.,
2004). For example, it was claimed by Lozovik and Berman (1997) and Lozovik
and Ovchinnikov (2001) that a liquid dielectric excitonic phase may constitute
the metastable state in an e-h system despite the dipole-dipole repulsion of in-
terwell excitons at certain critical parameters, such as the dipole moment, density
and temperature. As shown by Zhu et al., 1995, the condensed dielectric excitonic
phase can arise only in the presence of lateral confinement in the DQWSs plane.
Such confinement and the associated external compression facilitate the accu-
mulation of interwell excitons to critical densities sufficient for the effects of
collective exciton interaction to be manifested. In Fernandez-Rossier and Tejedor
(1997) the role of spin degrees of freedom under Bose condensation is discussed.

In a recently published theoretical work (Keeling et al., 2004), it was shown
that Bose condensation in a trap results in a dramatic change of the interwell
exciton photoluminescence angular distribution. Due to long-range coherence of
condensed phase a sharply focused peak of luminescence in the direction normal
to DQWs plane should appear. The radiation peak should exhibit strong tempera-
ture dependence due to the thermal order parameter phase fluctuations across the
system. The angular distribution of photoluminescence can also be used for imag-
ing vortices in a trapped condensate, because vortex phase spatial variations lead
to destructive interference of photoluminescence intensity in certain directions,
creating nodes in intensity distribution that imprint the vortex configuration.

Real heterostructure systems with quantum wells always contain a fluctuat-
ing random potential due to the presence of residual impurities, both charged
and neutral, as well as variety of structure defects. These imperfections create a
random potential relief in the QWs plane; as a result, photoexcited electrons and
holes spatially separated between adjacent QWs (as well as interwell excitons)
may be strongly localized on these fluctuations at sufficiently low temperatures.
Such an effect of strong localization in coupled quantum systems is manifested,
for example, as thermally activated tunneling of localized particles (Timofeev
et al., 1998a, 1998b). In connection to this, investigations of the properties of
delocalized (above “mobility edge”) excitons are carried out in perfect structures
with a minimum density of localized states (around or even less that 10° cm~2).
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2. Experimental

Now we consider a few recently conducted experiments using GaAs/AlGaAs
heterostructures with DQWs that have large-scale random potential fluctuations,
where interwell excitons exhibit collective behavior after the critical density and
temperature are achieved (Larionov et al., 2002; Dremin et al., 2002; Gorbunov et
al., 2005; Gorbunov and Timofeev, 2004, 2006).

Firstly, we describe the architecture of the used n-i-n heterostructure with
DQWs. 12 nm thick double quantum wells were separated by a narrow barrier of
four AlAs monolayers. Similar AlAs epitaxial layers were grown on the borders be-
tween each QW and 150 nm thick AlGaAs insulating barriers. Build-in electrodes
were 100 nm thick n*-GaAs (Si-doped) layers. Large-scale random potential fluc-
tuations were induced in these structures by the growth interruption technique
on the boundaries of the AlAs and AlGaAs barriers.

The main information about interwell exciton properties has been obtained
by analyzing the luminescence spectra as excitation power, temperature, electric
field, and polarization of resonant optical pumping varied during steady state or
pulsed optical excitation.

2.1. Phase diagram

Let us start with the illustration of the quality of the used structures with
DQWs. The optical transitions of interest are schematically presented in Fig. 1a.
The luminescence spectra of IEs measured at different biases are depicted in
Fig. 1b. The intrawell luminescence region at zero electric bias exhibits two lines.
One is 1s HH of free heavy-hole exciton (denoted as D) and the other is the line
of bound, charged excitonic complexes (intrawell excitonic trion, T) (Timofeev et
al., 1999). At small bias, it is possible to change both the charge and the structure
of the excitonic trion by varying the sign of gate voltage. The line of interwell
excitons (I-line) emerges in the spectra after the electric field is switched on and
causes the Stark shift of the dimensionally quantized bands in adjacent QWs to
be eFAz > E, — E, (E, and E, are the intrawell and interwell exciton binding ener-
gies, respectively, F is the electric field, and Az is the distance between electron
and hole in the interwell exciton). The I-line shifts almost linearly upon a change
in electric field at both positive and negative voltages between the electrodes
(n*-doped regions, see the inset in Fig. 1b). This line can be displaced along the
energy scale over the distance of almost a dozen times larger than the interwell
exciton binding energy. At high electric voltage and steady-state excitation, the
IE-line in the luminescence spectra predominates. Under the same conditions,
luminescence of intrawell excitons (D) and charged excitonic complexes (T) is
several orders of magnitude weaker. A large quantum yield of IE luminescence
in the studied structures suggests their high quality. This ensues from the fact
that a rise in the applied bias causes the IE lifetime to increase by factor of ten
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or even more, while the intensity of luminescence remains practically unaltered
(see Fig. 1).

Now consider changes in the IE luminescence spectra at various pump-
ing values under a steady-state excitation by He-Ne laser focused to a spot of
about 20 um at the sample surface. The IE-line at sufficiently low temperatures
(T = 0.81 K) and small excitation powers around 100 nW is wide (= 2.5 meV)
and asymmetric, with a large longwave “tail” and clear-cut violet boundary
(Fig. 2a). Such properties of the IE photoluminescence line result from their
strong localization in random potential fluctuations due to the presence of re-
sidual impurities. In this case, the line width reflects the statistical distribution
of the chaotic potential amplitudes. As the pumping power increases, a narrow
(=~ 1 meV wide) line starts to emerge in a threshold manner at the “blue” edge
of the spectrum (see Fig. 2). The intensity of this line growths superlinearly
near threshold in accordance with a near-quadratic law (Fig. 2b). It is only at
high-power pumping that the superlinear growth of the intensity changes to
linear one, and the line starts to broaden and extend to higher energies. The
high energy shift of the line suggests screening of the applied electric field
when IE density becomes sufficiently high. Then, the experimental measure-
ments of this shift allow to estimate the interwell exciton density using the
Gauss formula for spectral shift 6E = 4re’nAz/e (n is the exciton density, and ¢
is the dielectric permittivity). The IE concentration appears to be n = 3 x 10°
cm~2 for the line shift less than 1.3 meV. A sufficiently narrow IE luminescence
line can be seen at various negative bias voltages in the range from —0.5 to
—-1.2V.

Direct evidence of the interwell exciton condensation was obtained in experi-
ments with single trapping domains associated with large-scale fluctuations of
the random potential. The experiments were conducted using n-i-n structures of
the described architecture covered with a 100 nm thick metallic layer (aluminum
film). The film was etched using electron beam lift-off photolithography to fabri-
cate round holes (windows) with a minimum diameter around one micron. These
windows were used to excite and record luminescence signals. The aluminum
film in such experiments was not contacted with n*-doped contact layer of the
heterostructure.

The results exhibited below were obtained by optical excitation and subse-
quent detection of luminescence directly through 1 ym diameter windows (Fig. 3).
The experiments were carried out under resonant excitation of intrawell excitons
with heavy holes (1s HH-intrawell excitons) by tunable Ti:Sapphire laser in order
to minimally overheat the excitonic system relative to the lattice temperature. At
small excitation densities (below 40 W), the luminescence spectra exhibit a rela-
tively broad (some 2 meV) asymmetric IE band (Fig. 3a). This inhomogeneously
broadened line is due to strongly localized excitons. As the pumping increases
(= 50 uW), a narrow line emerges in a threshold manner at the “blue” edge of
the broad band. The intensity of this line grows superlinearly with increasing
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pumping (see inset to Fig. 3a). The minimal measured total width of this line in
the experiments was about 250 peV. It was close to the lattice temperature. A
further rise in pumping power (to over 0.5 mW) led to a monotonic broadening
of the narrow IE-line and its shift towards higher energies (the external electric
field screening effect).

T=0.81K

m
‘S 180
S
Q 29
£ 14.9
> 122
[ WWM .
5 WWMW&SS
= : | 6.62
T ey 2.7
1.554 1.560
Energy (eV)
12
M= p /
104 , u
(b) N
:(.E 8_ ///./
S 120
S 6 w ~ 100 -
5 T=0.81K/ = 80 /
— . a 60
8 4 / é 40 <
= "’ £ 200 4
2 / TR —
| = 075 10 15 20 25
0 h/ Excitation power

0 5 10 15 20 25
Excitation power (arb.units)

Fig. 2. (a) Luminescence spectra at growing excitation power, T = 0.81 K. Numbers show the
excitation power in units of P, = 60 nW. (b) Intensity of the narrow line of interwell excitons
plotted versus the excitation power P. The arrow indicates the threshold pumping value (about
200 nW) after which the narrow line becomes apparent in the spectrum.

In these experiments, the narrow IE-line disappeared from the spectrum at
T > 3.6 K. Figure 3b illustrates the typical behavior of the IE-line upon tem-
perature variations and fixed pumping. One can see that at T = 1.8 K and the
excitation power of 250 pW, this high intensity line evidently rises above the
structureless background of localized excitons. Its intensity drops with increasing
T without a substantial change in the width; at T = 3.6 K it becomes practically
indiscernible against the background of structureless spectrum.
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Fig. 3. Interwell exciton luminescence spectra in a sample with a metallic mask. Spectra were
detected through the micron-scale windows: (a) At various excitation power given near the cor-
responding curves in microwatts (T = 1.6 K); (b) At various temperatures, shown to the right of
the corresponding curves in Kelvin.

It is noteworthy that a decrease in the intensity of the IE-line with increas-
ing temperature is not of an activating origin. Measurements of the temperature
dependence of the IE-line intensity in different pumping regimes yielded the
following relation for its temperature behavior:

T
I.x1——

T TC ) (2)
where I is the line intensity at given T and T, is the critical temperature corre-
sponding to the disappearance of this line from the spectrum at a given excitation
power.

We believe that the above experimental findings are evidence of the Bose con-
densation of interwell excitons in a lateral trap about one micron size that origi-
nates from large-scale fluctuations in random potential. At small excitation pow-
ers and sufficiently low temperatures, photoexcited IEs turn out to be strongly
localized due to the presence of imperfections (for instance, residual impurities).
Corresponding to this situation is a wide, inhomogeneously broadened lumines-
cence band at small excitation powers. But strong dipole-dipole repulsion forbids
localization of more than one exciton on defect. These accounts for saturation
of this luminescence channel in considered high quality samples at concentra-
tions around or even below 3 x 10° cm~2. A further above-threshold increase in
the pumping intensity in the trap results in the delocalization of interwell ex-
citons (excitation of IEs above “mobility edge”). Then, after the critical density
values are reached, excitons undergo condensation (macroscopic occupation) to
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the lowest delocalized state in the trap. In our experiments, this transformation
is apparent as the appearance, in the threshold manner, of a narrow luminescence
line and its superlinear growth. The most convincing argument in favor of the ex-
citon condensation is the critical temperature dependence of their properties. It
is possible to calculate the change in the luminescence intensity of the condensed
and non-condensed fractions of the excitons in a micron-scale trapping domain
as the temperature increases. The results of such calculations are presented in
Fig. 4 (Gorbunov et al., 2005). It can be seen that in framework of the model
used by Gorbunov et al. (2005), the linear behavior of the intensity of the nar-
row luminescence line at varying temperature, up to its disappearance from the
spectrum, is realized for condensed excitons. At the same time, luminescence of
non-condensed excitons displays very low sensitivity to temperature variations
in the range under study.

Intensity
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Temperature (K)

o

Fig. 4. Computed temperature dependences of the luminescence intensities of condensed (A)
and non-condensed (B) interwell excitons.
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Fig. 5. Phase diagram of the Bose condensation of interwell excitons in the sample with
large-scale random potential fluctuations. Open squares correspond to optical excitation by
Ti:Sapphire laser, black ones to that by a He-Ne laser.
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We evaluated the threshold for the appearance of the narrow IEs luminescence
line corresponding to the onset of macro-filling by excitons of the lowest state in
the lateral trap. The results were used to construct a phase diagram outlining the
region of the exciton Bose condensate (Fig. 5). For this aim, we examined pump-
ing dependences of the luminescence spectra in the temperature range 0.5-4 K.
For each temperature value in this range, we determined the threshold power P,
at which the narrow spectral line corresponding to excitonic condensate either
appeared for the first time or began to disappear. In other words, the phase dia-
gram was built in the coordinates P — T. The density of interwell excitons was
estimated from the “violet” shift of the line associated with screening of the ap-
plied electric voltage at large excitation powers. The threshold exciton density
found was n, =3 x 10 cm 2 at T = 0.55 K (indicated by arrow in Fig. 5). The line
intensity and exciton concentrations on the pump scale of the phase diagram
were linearly related. In the temperature range 1-4 K, the critical density and
temperature values at which condensation occurs are related by the power law

N_ox Te, 3)

where a > 1. At T < 1 K, the phase boundary cannot be described by a simple
power law.

2.2. Luminescence kinetics and spin relaxation

Condensed excitons must be spatially coherent. The spatial coherence must
be manifested at least on the scale of the de Broglie interwell exciton wavelength

A, = hf Jm k,T =1.5x10° A,

at T = 2 K, which is one order of magnitude larger than the exciton Bohr radius.
The exciton density in the above experiments corresponded to the dimension-
less parameter r, = n\? = 4. At such special scales, coherent excitons must be
phased, i.e. described by the same wavefunction. The development of a collec-
tive excitonic state may be accompanied by a rise in the radiative decay rate of
condensed excitons compared with that of supracondensed ones, as well as by a
longer spin relaxation time of condensed excitons than single-particle excitonic
spin relaxation time.

These hypotheses were verified in experiments on the resonant excitation of
excitons by polarized light. We recall that the ground state of interwell excitons
is not a simple Kramers doublet but a four-fold degenerate state with respect to
angular momentum projection (M = 41, £2). “Bright” and “dark” excitonic states
are characterized by the angular momentum projections M = +1 and M = 42, re-
spectively. In the case of resonant steady-state excitation of intrawell 1s HH exci-
ton by circularly polarized light, the degree of circular polarization of the IEs line
corresponding to condensed phase was found to increase in a threshold manner
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(Fig. 6). Enhanced pumping caused a rise in the degree of circular polarization up
to 40%. This effect indirectly evidenced a rise in the radiative recombination rate
in the condensate and, as well as, a possible increase of the spin relaxation time.
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Fig. 6. Luminescence of interwell excitons resonantly excited by circularly polarized light, ex-
citation power 60 and 150 uW (left and right panels, respectively). Black and grey curves cor-
respond to different circular polarizations. The luminescence line in the left panel (excitation
power 60 pW) is not polarized: line contours measured for clockwise and counterclockwise
polarization coincide within the measured noise range. The inset shows the excitation power
dependence of the degree of circular polarization ~ of the interwell exciton line.

Both were confirmed by direct measurements of the evolution and kinetics of the
luminescence spectra under pulsed resonant excitation by circularly polarized
light (Fig. 7). It follows from Fig. 7a that the narrow line of the condensed exci-
tonic phase emerged in the spectra with time delay of about 4 ns relative to the
excitation pulse. Its decay time was 20 ns, whereas the background continuum
under the narrow line “lived” over 100 ns. Direct measurements of the degree of
circular polarization demonstrated that the spin relaxation time of condensed
excitons was almost twice as long as the single-particle excitonic spin relaxation
measured at T > T, (Fig. 7b from Larionov et al., 2005). These results may be
regarded as indirect evidence of the enlarged coherent volume of excitonic con-
densate (Kagan et al., 2000).

In considering the enhanced coherence of the condensed excitonic phase it is
worthy to recall the interesting experiments by Butov et al. (1999, 2000) in which
the authors observed an unusual behavior of IEs photoluminescence kinetics un-
der pulsed laser excitation. At sufficiently high excitation powers and low enough
temperature, the kinetics of the IEs radiative decay cannot be described by a
simple exponential law. Instead, the intensity of photoluminescence increases in
a jump manner immediately after the pulse excitation and thereafter decreases
nonexponentially rapidly.
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Fig. 7. (a) Time evolution of the interwell exciton luminescence spectra under pulsed excitation.
Numbers to the right of the curves are delay times and signal integration times (in parentheses)
in nanoseconds. T = 2 K. (b) The temperature dependence of spin-relaxation time for intrawell
excitons (the lower pair of curves) and interwell excitons (the upper pair of curves). The applied
voltage U= 0.6 V (circles) and 0.55 V (squares). The arrow indicates the region of abrupt change
of spin-relaxation time (from Larionov et al., 2005).

Such unusual behavior cannot be observed at a low excitation power, at high
temperatures, in the presence of strong disorder associated with a chaotic poten-
tial, or under applied magnetic field perpendicular to heterolayers. Under such
conditions, the photoluminescence kinetics is monoexponential and character-
ized by large times. We should emphasize that only those delocalized excitons
whose translational motion momenta are of the order of the light momentum
undergo radiative annihilation, i.e. [K| < E,/hc (c is the light velocity in the het-
erostructure). The rise in the interwell exciton radiative annihilation observed by
Butov et al. (1999, 2000) is regarded as a result of two effects. One is related to the
enlargement of the IE coherence area under conditions of exciton condensation
to states with smaller momenta than the light ones. The other is assumed to be
due to superlinear filling of the optically active excitonic states induced by the
stimulated exciton scattering, when the filling numbers in the final exciton states
n > 1 (i.e. as a result of the degenerate Bose statistics of interwell excitons).

272



Collective state of interwell excitons in double quantum well heterostructures

2.3. Condensation of interwell excitons
in a nonuniform electric field

In the case of lateral traps due to chaotic potential, the particular potential
trap shape, the actual depth and the lateral size of traps remain to be deter-
mined; this leads to the topical problem of artificially creating lateral traps for
IEs by means of controlled external impacts, with properties amenable to reli-
able management and monitoring. Nonuniform electric fields appear to be most
suitable for this purpose (Gorbunov and Timofeev, 2004), in comparison with the
method based on nonuniform deformation suggested by Snoke et al. (2004). The
action of such a field on interwell excitons is schematically illustrated in Fig. 8.
As the current flows through the point contact between the needle of tunneling
microscope and the surface of heterostructure containing DQWs, with electric
bias applied between the conducting needle and built-in gate (n*-layer), it gener-
ates a strongly nonuniform electric field. Naturally, the maximum field strength
can be expected to be found directly beneath the needle tip. It can be monitored
experimentally from the spectral shift of the IE luminescence line with respect
to intrawell exciton line.

Fig. 8. Schematic presentation of a nonuniform electric field in DQW heterostructure; the cur-
rent flows through the point contact into the bulk of heterostructure. The arrows are electric
field lines close to the needle; the dashed-dotted line shows the potential well for excitons; the
dashed line is the DQW cross section.

Furthermore, interwell excitons are dipoles. When placed in a nonuniform
electric field, they are subject to action of electrostatic force, f ~ —eVF, which
makes them move to the center of the potential well functioning as a IEs trap. The
distance over which the interwell excitons can drift depends on the field gradient,
exciton lifetime, and mobility. The qualitative view of the potential well (shown
in Fig. 8) is depicted by the dashed-dotted line.

The nonuniform electric field inside the heterostructure was created using
the needle of a tunneling microscope (a commercial silicon cantilever was used

273



V.B. Timofeev

for this purpose). The entire device was placed in liquid helium inside an optical
cryostat (Gorbunov and Timofeev, 2004).

Firstly, we consider the shape that the potential well had when the current
flowed through the above structure. For this, the exciton luminescence spectra
were measured with regard to the position of the finely focused excitation laser
spot. The luminescence was detected directly inside the exciting spot. Figures
9 (a) and (b) show the luminescence spectra of interwell and intrawell excitons
depending on the distance from the point contact. The figures also illustrate the
behavior of the spectral position of the luminescence maxima of interwell ex-
citons as a function of the same distance. These figures essentially depict the
shape of the lateral potential well for IEs: U(x) ~ eF(x)Az + E,(x). It can be seen
that the largest spectral shift in IE luminescence relative to the line of intrawell
excitons occurs in the immediate proximity of the point contact, where the well
has the largest depth (see Fig. 9) and the spectral shift amounts to 13.5 meV. This
shift is a good indicator of the maximum electric field strength, which equals
1.1 x 10*V cm~! for the case under consideration. It decreases with distance from
the point contact, and the intrawell exciton spectral line begins to appear at dis-
tances of the order of 500 um.
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Fig. 9. The profile of the lateral potential well created by a nonuniform electric field. Panel
(b) shows the luminescence spectra of interwell and intrawell excitons measured at different
distances between the exciting laser spot and the point contact (the focused spot size is around
20 pm, the luminescence is detected only from excitation region). Panel (a) shows the position
of the IE luminescence maximum depending on the same distance. T = 2 K.

The above electric field distribution around the point contact is close to an
axially symmetric one, but the radial distribution of the resulting potential is
not a monotonic function of the distance from the contact. First, the potential
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well shows a deep and narrow fall in the immediate proximity to the contact (see
Fig. 10 (a) and (b)). The most surprising and unexpected finding is that such nar-
row and rather deep falls in the potential curve are located far from the center
of the well (see the left part of Fig. 9). These narrow falls always occur when the
current exceeds 1 pA and depart from well center as the current grows further.
The origins of such axially positioned falls on the potential curve still await ex-
planation. They may result from the nonlinear screening of the electric field by
photoexcited carriers inside the structure. However, narrow and rather deep falls
in the potential curve can be themselves functioning as a lateral trap for IEs.
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Fig. 10. Lateral potential well created by a nonuniform electric field close to the cantilever
needle: (a) position of IE luminescence maximum measured at different distances between
the exciting laser spot and the point contact; (b) luminescence spectra of interwell excitons
depending on the same distances.

Of interest is the behavior of the IEs luminescence excited directly in the traps
created by a nonuniform electric field. A wide interwell exciton luminescence
band (about 2-3 meV) is produced in the central part located just beneath the
needle due to strong overheating of the near-contact region with maximum cur-
rent density (see Fig. 10). Also interesting in this context are the narrow falls on
the potential curve located far away from the contact site, in which overheating
can be neglected. These regions are also potential traps for IEs. Therefore, it is
worthy examining exciton luminescence excited in one of the traps remote from
the center where the gas of interwell excitons is assumed to be rather “cold”.
Weak pumping (below 300 nW) induces a wide asymmetric band of interwell ex-
citon luminescence with long wavelength “tail”, whose intensity gradually de-
creases (see Fig. 11). At low excitation pumping this inhomogeneously broadened
band is due to radiative decay of strongly localized excitons. On excitation power
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increase, a rather narrow line of delocalized excitons arises in a threshold manner
at the blue end of this band. Its intensity near the threshold behaves superlinearly
as the pumping grows. Only at large pumping powers (more than 3 W) IEs lumi-
nescence line begins to broaden and shift towards larger energies due to electric
field screening. As the excitation power varies, the behavior of interwell exciton
luminescence line in a lateral trap “prepared” by the electric field is qualitatively
similar to the behavior of IEs during their condensation to the lowest state in the
lateral trapping domains associated with large-scale random potential fluctua-
tions.
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Fig. 11. The interwell luminescence spectra upon variations of excitation power and measured
directly out of the center of the potential well (spaced 80 ;m from the needle). The inset shows
the power dependence of maximum intensity. T = 2 K. (From Gorbunov and Timofeev, 2004.)

2.4. Spatially resolved collective state in a Bose-gas
of interacting interwell excitons

In this Section we consider a new class of experiments related to highly spa-
tially resolved luminescence of Bose-gas of interacting interwell excitons. These
experiments have been performed with the use of Schottky-photodiode hetero-
structures with DQWs of the same architecture, as described above. The surface
of the samples was coated with metallic Al-mask (thickness around 100 nm) that
had circular windows (diameters of windows were 2, 5, 10 and 20 xm) prepared by
electron beam “lift-off” lithography. Through such windows the photoexcitation
and simultaneous microscopic observation of photoluminescence with spatial
resolution of around one micron were performed (Gorbunov and Timofeev, 2006).
In the used Schottky-diode heterostructures the build-in electrode was n*-GaAs
layer (Si-doped) and a metallic mask was used as a Schottky gate-electrode. An
electrical bias was applied between the metallic mask and the n*-layer.
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Let us start with experiments, when a window of circular shape on the top
of the heterostructures was projected on the entrance slit of the spectrometer.
This slit cuts only central part of the projected window along its diameter. First
of all, it was found that under applied bias and photoexcitation the radial dis-
tribution of the electric field inside the heterostructure is strongly inhomoge-
neous. Scattered field is minimal at the centre of window and increases radially
to the window edges. But more important is that close to the circle edge of the
window electric field in radial direction behaves non-monotonically, namely,
aring-like potential trap for interwell excitons appears along the window edge
perimeter. The existence of such a ring-like potential trap for interwell exci-
tons along the circle edge of the window in the metallic mask was justified by
analyzing of the spectral shifts of the interwell exciton line under scanning of
strongly focused excitation spot in the radial direction in the vicinity of the
window edge. The reason for such a behavior of the electric field in the close
vicinity of the window in metallic mask, as well as the behavior of the shape
and the depth of the circle potential trap on applied bias and on conditions of
photoexcitation will be published elsewhere (see also Gorbunov and Timofeev,
2006).

The luminescence spectrum from a window of 5 ym in size, which is projected
on the entrance slit of the spectrometer, is illustrated in Fig. 12. The image of
interwell exciton luminescence from the window, observed from the exit slit, is
presented in Fig. 12a. One can see bright spots of interwell exciton luminescence
(spot sizes around 1.5 um) located at the upper and lower edges of the window.
Furthermore, structureless luminescence of the intrawell excitons (D) is seen in
the centre of the window where the scattered electric field is low. Figure 12b
demonstrates how the narrow interwell exciton line, corresponding to a bright
spot, starts to appear and is growing on excitation power increase. This line is
placed above the luminescence continuum background connected with localized
excitons. Figure 12c illustrates the behavior of this narrow line at given excita-
tion power on temperature increase. One can see almost linear decreasing of the
intensity of narrow interwell exciton line on temperature increase in the range
1.6-4.2 K. The data presented in Fig. 12 are completely equivalent to the observa-
tions discussed in previous Sections.

Now let us turn to experiments on spatially resolved luminescence when a
window of corresponding size was directly projected on the CCD-camera avoid-
ing spectrometer. Under these experiments the luminescence of interwell and
intrawell excitons was spectrally selected with the use of interference filters.
Figurel3 presents a series of images of the spatially resolved lateral struc-
tures of luminescence connected with interwell excitons measured through
5 um window at different excitation powers. One can see that at minimal ex-
citation powers, corresponding to average exciton concentration around or
less than 10° cm~?, the luminescence spot is structureless and its intensity
is almost homogeneous within the window under investigation (Fig. 13a).
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Fig. 12. Luminescence spectra measured directly from the 5 ym window in the metallic mask
on top of the heterostructure with DQWSs. (a) spatial distribution (vertical direction) of photo-
luminescence within the window; entrance slit of the spectrometer cuts only central part of
the window, (b) behavior of narrow luminescence line corresponding to interwell excitons on
excitation powers at T= 1.7 K.; spectra from bottom to top correspond to excitation powers 0.1,
0.2,0.3,0.5,0.75, 1 and 2 uW. (c) Behavior of the narrow luminescence line under temperature
variation in the range (1.6—4.2) K and excitation power 5 ¢W. Spectra from top to bottom are
measured at temperatures: 1.57, 1.58, 2.35, 3.30 and 3.87 K respectively. (From Gorbunov and
Timofeev, 2006.)

With excitation power increase, a discrete luminescence structure starts to ap-
pear in a threshold manner along the perimeter of the window. Firstly, two lumi-
nescence spots start to appear (Fig. 13b), then four spots (Fig. 13c), then six spots
(Fig. 13d), consequently with excitation power increase. Spot sizes are around 1.5
um. At excitation powers around 150 W the number of spots is equal to eight.
Finally, at excitation power more that 200 ©W only structureless luminescence
with a ring shape remains (Fig. 13e).

In the case of a 2 yum window the well resolved lateral structure with four equi-
distantly placed spots is observed (Fig. 13f). In 10 um window the lateral structure
of luminescence is more complicated: besides of the radially symmetric structure
of spots, radially symmetric structures of different rings with spots fragmentation
start to be visible. In the case of 20 ym windows we did not observe (perhaps, did
not resolve) any structures. We should emphasize that luminescence intensity
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distributions for intrawell excitons under the same experimental conditions re-
main homogeneous and do not manifest any spatial structure (Fig. 13g).

(2)

Fig. 13. Spatial structure of interwell exciton luminescence measured from 5 ym window at
T = 1.7 K. Images (a)—(e) correspond to excitation powers 1, 1.5, 5, 70 and 300 uW, the size of
excitation spot is equal to 50 ym. (f) Spatial structure of luminescence in the 2 m window and
image (g) corresponds to luminescence of intrawell excitons.

For the 5 um window, taken as an example, the behavior of discrete configu-
ration consisting of six equidistant spots was studied under temperature varia-
tion at a given excitation power (Fig. 14). It was established that on temperature
increase the discrete luminescence structure starts to wash off (pairs of spots are
merging) at T > 4 K (see Fig. 14d). Finally, the whole discrete structure of equi-
distant spots is merged into a continuous luminescent ring at T > 15 K.

It is useful to recall that spatial luminescence distributions of interwell ex-
citons manifested in the form of lateral rings with some fragmentized structure
along the ring were observed by Butov et al. (2002a, 2002b) for the case of DQWs
and by Snoke et al. (2002) and Rapaport et al. (2004) for a wide single QW. Such
ring-like luminescence structures arose under the effect of rather powerful laser
excitation. Their origin is related to the depletion of electrons and electric field
screening just in the optical pumping region, as well as to the oncoming drift of
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electrons and holes that occurs under these conditions. Therefore, there is no di-
rect connection between the experiments presented and discussed here and pub-
lished by Butov et al. (2002a, 2002b), Snoke et al. (2002) and Rapaport et al. (2004).

Fig. 14. Spatial structure of interwell exciton luminescence in the 5 ym window measured at
different temperatures: (a) 1.74 K, (b) 3.9 K, (c) 4.25 K, (d) 4.35 K. Excitation power is 50 pW.

The above described experiments were performed on a dozen of circlar win-
dows with sizes 2, 5, 10 and 20 um. But lateral spatial configurations of equidis-
tantly placed luminescence spots in windows of given size and at similar ex-
perimental conditions (temperature, excitation power) were always reproduced.
This means that the origin of spatially periodical structures of spots seen in the
luminescence of laterally confined in a ring trap interwell excitons is not deter-
mined by the random potential fluctuations which definitely exist in the inves-
tigated samples. In connection to this statement it is worthy to emphasize that
the spatially resolved luminescence of intrawell excitons, measured under the
same experimental conditions, was always structureless. Because the observed
phenomenon is sensitive to the temperature and excitation powers it cannot be
mediated by such effects as “phonon wind” (Keldysh and Tikhodeev, 1975; Kel-
dysh, 1976), exciton density waves (Chen and Quinn, 1991) or polariton effects
connected with surface plasmons in the vicinity of the metallic mask edges.

We assume that the observed phenomenon is a manifestation of collective
coherent properties of interacting 2D interwell excitons. It is an effect of the in-
terwell exciton Bose-condensation in a lateral trap of the ring shape. Collective
exciton state is characterized by a large coherence length (in the considered case
around and even more than one micrometer) and is destroyed on temperature
increase due to the thermal order parameter (coherence) fluctuations across the
system of interacting interwell excitons (in the considered case along the ring
structure of luminescence spots). We assume that the bright luminescence spots
of the observed periodically patterned structure are coherently bound and as a
consequence, a temporal quantum beating under pulsed excitation is expected.
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In the recently published paper by Keeling et al., (2004) it was shown that a vor-
tex character of the Bose-condensate of the interwell excitons in a lateral trap
is manifested in a peculiar angle distribution of luminescence intensity due to
destructive interference. It is interesting to emphasize that the expected vortex
configurations in real space according to Keeling et al. (2004) coincide qualita-
tively with the above presented experimental observations (see Figs. 13, 14).

3. Conclusion

The phenomenon of Bose condensation discovered in the studied structures
emerges in a limited range of the exciton concentration scale: N, <N, <N, ,.In
the low density region (N, < 3 x 10° cm™?), the limitation is imposed by the effects
of strong localization in imperfections and in high density region (N, , ), by the
disappearance of bound exciton state caused by the metal-insulator transition. In-
deed, arise in the excitation power above 0.5 mW leads to the broadening of the IE
luminescence line in our structures, which continues to be extended and shifts in
the spectrum to the region of higher energy. The broadening of the IE-line results
from the overlap between the exciton wavefunction in the QW planes and the as-
sociated Fermi repulsion between electrons in one QW and holes in another. At an
estimated density of N, , ~ 8 x 10'° cm™?, interwell excitons lose their individual
characteristics and the e—h plasma is formed, with electrons and holes spatially
separated between adjacent QWs. Corresponding to this density is the dimension-
less parameter r, = 1/(zN, ,)"/* a, = 1.8 (the interwell exciton Bohr radius a, ~
150 A was found from the diamagnetic shifts of IEs). The e-h plasma begins to
screen the externally applied electric field, and the interwell luminescence band
shifts towards higher energies. It is this shift that was used to find the e-h density.

We believe that the discovered collective state of Bose gas of interacting in-
terwell excitons under condensation in the circular lateral traps will stimulate
further experiments in this interesting area. For instance, preliminary measure-
ments of the optically Fourier-transformed images of the regular periodic lat-
eral structure of collective state (from real to K-space at given frequency), which
arises in a threshold manner and is temperature-dependent, show complicated
angle distributions of luminescence intensity due to destructive interference.
These findings is another evidence of Bose condensate coherence and an indica-
tion that luminescence of condensed phase is spatially directed. We assume that
due to spatial coherence of the observed periodic structures a temporal beating
of luminescence intensity under pulsed excitation can be found (an analog of
Josephson oscillations). Besides, experiments on Bose-condensation in lateral
traps under pulse resonant photoexcitation with the use of circularly polarized
light are expected to be very efficient and informative.

I am grateful to A.V. Gorbunov and A.V. Larionov for significant contribution
in the course of these investigations.
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KOJITEKTUBHBIE 3KCUTOHHbBIE ABJEHWA
B MPOCTPAHCTBEHHO PA3LENEHHbIX 3/IEKTPOH-
ObIPOYHbLIX CNOAX B MONYNPOBOLHMKAX

B.B. Tumodeen

1. BeeneHue

Kaxk 13BecTHO, 9KCUTOHBI B COGCTBEHHOM ITOTYTIPOBOTHMKE SIBJISTIOTCST SHEP-
reTuYeCky HOKaMIIMMU U JIEKTPUUECKU HeMTPaabHbIMU 37TIEKTPOHHBIMU BO3-
OyskmeHusIMU. Ha MPOTSDKEHUM YK€ HEeCKOIbKUX NeCSITWIETUII SKCUTOHBI VUC-
TIOJIb3YIOTCSI KaK YIOOHBIM 0OBEKT, TTO3BOJSIOINI MOZENMpPOBaTh MOBeIeHe
BelllecTBa MPY M3MeHeHMUM TJIOTHOCTY M BHEUTHMUX BO3AEICTBUITI — TeMIlepaTy-
Ppbl, AaBJIeHNsI, MAaTHUTHOT'O U 3JIEKTPUYECKOTO T0JIeil U TIp.

B 3aBMCMMOCTY OT KOHIIEHTPAIIMM JIEKTPOH-IBIPOUHBIX (€—h) BO36YKIeHMI
Y TeMIlepaTypbl B 9KCIIEpMMEHTaX ¢ 06beMHBIMM MOTYIIPOBOAHMKAMY MOTYT
ObITh PeaTM30BaHbl CUTYAI[MM (JIAOO B3aMMO/IE/ICTBYIOIETO S9KCUTOHHOTO Ta3a,
MOJIEKY/ISIPHOTO SKCUTOHHOTO rasa (ra3a 6M3KCUTOHOB), METALTNYECKON d/1eK-
TPOH-IBIPOYHO KUIKOCTHU U 37I€KTPOH-IIPOUYHOI MJIa3MBl.

DKCUTOH COCTOUT U3 IBYX (DEePMIMOHOB — 3JIEKTPOHA U ABIPKM, TIOITOMY Pe-
3YJBTUPYIONINII CIIMH SKCUTOHA — I1eJIOUMCJIEHHBIN, a caM 3KCUTOH SIBJISIETCS
KOMITO3UTHBIM 6030HOM. OTCIOIa BO3SHUKJIO ITPEATIONOXeHMEe, CHOPMYINPOBaH-
HOe B psifie TeOpeTUUecKux pador emle B Hauaae 1960-x rogos [1-3], 0 BO3MOXK-
HOCTU 603e-3iHIITeTHOBCKOM KoHaeHcauyy (BOK) B cyiaboHenaeaabHOM U J0-
CTaTOYHO Pa3peskeHHOM 3KCUTOHHOM ra3e B 00beMHBIX ITOTYITPOBOIHMUKAX ITPU
JOCTAaTOYHO HMU3KUX TeMIlepaTypax (B rpejese pa3pekeHHOro SKCMTOHHOTO Tra3a
nal <1,T7ie n — 5KCUTOHHAS INIOTHOCTB, d, — GOPOBCKMIT pafuyc SKCUTOHA, d —
pasMepHOCTb UCCIeqyeMO CUCTEMBI).

bose-aiiHIITEeTHOBCKAsI KOHJEHCAlMsI 9KCUTOHOB B TPEXMEPHBIX CUCTEMax
NofpasyMeBaeT MaKpOCKOIIMYECKOE 3al0JIHEHME OCHOBHOIO S5KCUTOHHOTO CO-
CTOSIHMS C HyJIEBBIM MOMEHTOM, a Tak)ke BO3HMKHOBEHME CIIOHTAaHHOTO Tapa-
MeTpa IopsiAKa (KOTepeHTHOCTM) B caMOM KOHAeHcaTte [4—6]. B mpenerne 60/b-
11071 e—h-TI0THOCTH, na’, > 1,9KCUTOHBI PACCMATPUBAINCh B IPSIMO aHAIOTM
C KyIIepOBCKMMMU [TapaMy, 2 KOHIEHCMPOBAaHHOE 9KCUTOHHOE COCTOSIHYE, UJIU CO-
CTOSTHME SKCUTOHHOTO U30JIITOPA OMNChIBATIOCH B MPUOIVKEHUU CPEIHETO TT0JIST
10 aHAJIOTMM CO CBEPXITPOBOISIINM cocTosiHueM bapauua-Kymnepa-Ilpuddepa
C TEM OTJIMYMEM, UTO CTIAPMBAHME B SKCUTOHHOM M30JISITOPe orpeensiercs e—h-
B3aMMOZEeNCTBYEM, & aHAJIOTOM KYTIEPOBCKMX Map SIBJISIIOTCSI CAMU SKCUTOHBI [4].

" Yenexu dmsmyeckux Hayk. - 2005. - T. 175, Bbin. 3. - C. 315-327.
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3amMeTHbIe KyJIOHOBCKMeE IIeIU B COCTOSTHUM 9KCUTOHHOTO U30JISITOPA MOTYT BO3-
HMKATb B YUIOBUSIX HECTHHTA (nesting) 371eKTpOH-AbIPOYHBIX epMI-TIOBEPXHO-
creii. [lepexon MeXXIy mIpefeaMy MaJIoii ¥ GOJBIIOV IVIOTHOCTM COIIACHO TeO-
peTuuecKuM UCCIeN0BAHMSIM, BbITIOJIHEHHBIM B [7, 8], HOCUT IUIaBHBIN XapaKTep.

Bo3e-3iiHIITEITHOBCKASI KOHAEHCALVS B (JIab0OHenIealbHOM ra3e 6030HOB C
(buKCUPOBAHHO IJIOTHOCTHIO IPOUCXOIUT P JOCTMKEHUM KPUTUUECKOM TeM-
neparypbl T, 06paTHO PONOPLUMOHAIBLHON Macce 603e-yacTuibl. CpaBHUTENb-
HO HemaBHO BOK Obla o6HapykeHa B Pa3speskeHHbBIX ¥ CUIBHO OXJIasKAEHHBIX
razax aToOMOB, Y KOTOPbIX Pe3yAbTUPYIONIMIA CIIUH SIBJSETCS 1LeJ0UNCIeHHbIM
[9-13]. DTO sIpKOE AOCTIKEHME CTANI0 BO3MOKHBIM Gy1arofapst 3JIeTaHTHO pe-
anu3anuy TeXHUKY JIa3ePHOTO OXJIKIEHMS pa3peskeHHbIX aTOMapPHbBIX Ta30B U
130MpaTeIbHOMY HAaKOIJIEHMIO aTOMOB B MaJjIbIX 00'b€Max C MOMOIIbI0 MarHUT-
HbIX JIoBYyLIEK. TemmepaTtypsl mepexona T, B ra3ax MIeJIOYHbIX AaTOMOB OKa3ajiCh
Ype3BbIUATHO HU3KMUMU, TOpsiaKa ¥ MmeHee 1 MKK, 4TO 06yc/I0B/IeHO GOMbIIMMU
MaccaMyu aTOMOB M OTHOCUTEIbHO HEBBICOKMMU TIJIOTHOCTSIMMU BCIeACTBYE HeM3-
OEKHBIX IOTEPH B ITPOLIECCE OXTAKIEHNMS ¥ 3aXBaTa aTOMOB B JIOBYIIKM.

B cBs13u ¢ o6HApyskeHneM BIK B paszpeskeHHbBIX Ta3ax aTOMOB-6030HOB MHTeE-
pec K 3TOMY SIBJIEHNMIO B CJTyuae SKCUTOHOB IIPMo6GpeTaeT 0COOYI0 aKTyaIbHOCTh
M OCTPOTY. B momynmpoBOgHMKAX TPaHCISIMOHHbIE 3(PdeKTMBHbIE MacChl dKC-
MTOHOB, KaK ITPaBMJIO, MaJIbl, TOPSIAKA M MEeHbIIe MacChl CBOGOIHOTO 3JIEKTPOHA.
[MosTomy, B oTmune oT BIK B razax aToOMOB BOJIOPO/ia, IeJIOYHbBIX U TTePeXOTHBIX
MeTa/lsIoB, BOK rasa sKCMTOHOB ITPU JOCTVMIKMMBIX B 3KCIIEPUMEHTE MJIOTHOCTSIX
MOXKET ITPOMCXOIUTD IIPY TOPa3io 6ojiee BRICOKMX TeMIIEpATypax (TeMIIepaTyphbl
sKUAKoro revst). OmHAKO B cIyvae SKCUTOHHOTO rasa, KOTOpbIi sBisieTcst poTo-
BO36Y)KI€HHOII ¥ TEM CaMbIM B IPUHIIUIIE HEPABHOBECHOI CUCTEMOIA, CYIlleCTBEH
BOIIPOC 00 OXJIaXKIeHMM ra3a SKCUTOHOB [0 TeMIIepaTyp KPUCTAINUECKOIi pe-
IIeTKU, UT'palolleli pojib TepMocTaTa. B peasibHBIX 3KCIIEpMMeHTaX TeMIlepaTypa
KBa3MPaBHOBECHOI'O 9KCUTOHHOIO ra3a 13-3a KOHEYHOTO BpeMeHM KM3HU 3KC-
MTOHOB BCEI/a OKa3bIBAETCSI HECKOIBKO BBIIIE TEMITEPATYPbI KPUCTAJIMIECKOI
peleTK, B KOTOPYIO «ITIOTPY>KeHbI» 3KCUTOHBI. TaKoii IieperpeB 3KCUTOHHOI CH-
CTeMbI CTAHOBUTCSI 0COOeHHO 3HaUMTeNbHBIM Ipu T < 1 K 13-3a MasocTu pelie-
TOYHOI TEIUIOEMKOCTY U CYIIECTBOBAHMS «y3KOJ» 06/IaCTV Ha MaJIbIX MITY/Tb-
cax Iepemauu, HEIPeoaoNIMMO 11 OMHOMOHOHHON peakcaluy SKCUTOHOB
(K < ms/h, K1 m — uMIyabC 1 Macca 3KCMTOHA, S — CKOPOCTh 3BYKa). B cBsi3u
C 9TUM HauboJiee TTOAXOAS MU [IJis o6HapyskeHust BAK SBISIOTCSI 0ObEKTHI, Y
KOTOPBIX CKOPOCTY SKCUTOHHOM aHHUTMJISIIMY Ha HeCKOJIBKO MOPSIIKOB MEHbIIIe
CKOPOCTU peslakCcaiuy 3KCUTOHOB BIOIb SHEPTreTUUeCKOl OCU. DTUM YCJIOBUSIM
YA0OBJIETBOPSIIOT, B YaCTHOCTHU, TIOTYITPOBOJHMUKM C HEIMPSIMOIA 111eJ1bI0, TaK KaK
B HUX IPOIECCHI U3JTydyaTeIbHO! PEKOMOMHALIMM SKCUTOHOB UIYT C yUaCTUEM
KOPOTKOBOJTHOBBIX (DOHOHOB U IIO3TOMY SIBJISTIOTCSI TOCTATOYHO M€e/IJIEHHBIMM I10
CpaBHEHMIO C MIPOolieccaMy pejiakcalyuy, B pe3ysibTaTe KOTOPbIX yCTaHABIMBAET-
Cs1 TETIJIOBOE paBHOBecHe C peleTKoii. OmHAKO B TaKMX MOMYITPOBOAHMUKAX U3-
3a 6OJIBIIOTO OPOUTATBLHOTO BBHIPOKAEHMS 3JIEKTPOHHOTO (MHOTOIOJIMHHOCTD)
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M IBIPOUYHOTO CIIEKTPOB, & TakKke CUMJIbHOM aHu30Tponuu 3G PeKTUBHBIX MaccC
HOCUTeJIeM HUXKANIIUMM COCTOSIHMEM BO B3aUMMOZENMCTBYIOUIEeN U LOCTAaTOYHO
IJIOTHOJ e—h-cucTeMe 0Ka3bIBAETCS SJIEKTPOH-AbIPOYHAS KUIKOCTh, B KOTOPYIO
KOHJIEHCUPYIOTCSI 9KCUTOHBI ¥ 9KCUTOHHBbIE MOJIEKY/bI [14, 15]. SIBneHMe KOH-
JleHCal ¥ SKCUTOHOB B KaIlIM 371€eKTPOH-AbIPOUYHON XUIKOCTH, TIPeICKa3aHHOe
JI.B. Kenpgpitem [14] emne B 1968 r., Hanbosee mmonmHo usyueHo B Ge u Si [15].
OueBUIHO, UTO Ta3 IKCUTOHOB ¥ SKCUTOHHBIX MOJIEKY/T B PABHOBECUY C KAIlJISIMU
e—h-kKuaKocTu ocTaeTcs Kiaccuueckmm, 60IbIIMaHOBCKIM, ra3oM. B ciryuae mpsi-
MO30HHBIX ITOJIYITIPOBOTHMKOB C AUII0JIbHO-pa3pellieHHbIMM MeXX30HHbIMU TTepe-
XOIaMU CKOPOCTY SKCUTOHHOM peKOMOMHAIMM, HAIIPOTUB, OUeHb Besnkiu. Kpome
TOTO, B TAKMX IMOTYIPOBOJHMKAX BOSHUKAIOT IPyTUe OCJIOKHEHMSI, CBSI3aHHbIE
¢ mucrepcuest U IMHAMMUKOM SKCUTOHHBIX TOMIpUTOHOB BOMM3u K = 0 [16]. 06
0COOEHHOCTSIX IBYMEPHBIX SKCUTOHHBIX IOJSIPUTOHOB B MMKPOPE30HATOPAX,
CBSI3aHHOJI C HUMM HEeJIVHEeTHOM ONTHUKEe ¥ AMHAMMUKe MOAPO6HO peub MoiimeT
B goknagax H.A. Tunnmyca ¢ coapropamu u B.]l. KyjiakOBCKOTo ¢ COaBTOpaMu,
OMyOIMKOBAHHBIX B 9TOM HOMeEpE.

[TpennpuHUMAICh SKCIIEPMMEHTAIbHBIE MOIbITKM 00HapykeHMst BOK B rase
9KkcuTOHOB B Cu,O [17-22], rie 0OCHOBHOE COCTOSIHME Tapa- ¥ OPTOIKCMTOHOB
3ampelleHo B HyJIeBOM Mopsifike o K U SIBASIETCS HOATOXKUBYIIMM, a TaKKe B
0IIHOOCHO edhopMIUPOBAHHBIX KpucTa/iax Ge [23, 24] B yCI0BUSX HapYyILIEHHO!
CMMMETPUM 10 OTHOLIEHMIO K CIIMHOBBIM CTeIeHsIM cBo60/bl. B cryuae Cu,O He-
JIaBHO OBIIO TTOKA3aHO, UTO O3Ke-ITPOIeCChl PA30rPeBal0T IKCUTOHHYIO CUCTEMY U
OTPaHMUYMBAIOT CBEPXY SKCUTOHHYIO INIOTHOCTH [25, 26]. [ToaTOMY B peann3oBaH-
HBIX K HACTOSILIIEMY BPEeMEHMU 9KCIIePUMEHTAaX C ONMTUUECKOV HAaKauKO SKCUTOH-
HbIIi Ta3 B 9TUX KPUCTAJUIaX OCTABAJICS KJIACCUUECKUM OOTbIIMaHOBCKIMM T'a30M
[25-27]. B kpucramiax Ge paboTta Benach cO CIIMH-OPMeHTUPOBAHHBIMM IKCUTO-
HaMM B ITPSIMOJi aHAJIOTUM C aTOMaM¥ BOAOPO/1a, BbICTPOEHHBIMM I10 CIiHY. [Tpn
6OBIINX TJIOTHOCTSIX SKCUTOHOB, CYIS IO CYysKEHUIO TMHUU CIIOHTAaHHOTO JKC-
UTOH-(OHOHHOTO U3TYYEHNsI C POCTOM KOHIIEHTPALIMY, OTYETIMBO MTPOSIBISIIIACh
BBIPOKIEeHHast 603e-CTaTUCTMKA SKCUTOHOB. OTHAKO peann30BaTh KPUTUUECKIE
yoinoBust 1151 BOK 5KCUMTOHOB B YKa3aHHBIX KPUCTa//IaX TTOKA He YAAI0Ch, XOTS
MCCIIeOBAHMS B 9TUX 06BEKTaxX MPOMOIKAIOTCS.

B nocienHue rogbl BeAyTCS MHTEHCUBHBIN ITOUCK U M3yyeHre bOK 3KCUTOHOB
B IBYMEPHBIX CUCTEeMAaX Ha OCHOBE TMOTYITPOBOIHMKOBBIX reTePOCTPYKTYP. B ho-
KyCe MHTEePeCOB 0Ka3aanCh JBYMEPHbIE CUCTEMBI C TIPOCTPAHCTBEHHO pa3/eneH-
HBIMM 3JIEKTPOH-ABIPOUHBIMU CJIOSIMU. ViccmemoBaTenu o6paTuiav BHUMaHKe Ha
Takue 06beKThI 61aromapst TeOpeTMIeckKuM paboTaMm, BHIITOJTHEHHBIM ellie B cepe-
nuHe 70-x romos [28, 29]. Cpenu KBa3uIByMEPHbBIX 00bEKTOB HAa OCHOBE IOTYTIPO-
BOJHMKOBBIX TeTEPOCTPYKTYP B CBSI3M C 0OCYKIaeMoi ITpobaeMoii OueHb MHTe-
peCHBIMM OKa3aJIMCh IBOVIHbIE KBAaHTOBbIE sIMbI ([IKSI) 1 cBepxpelieTKH, TaK Kak B
HUX YIAeTCS peajn30oBaTh MPOCTPAHCTBEHHOE pasaereHe GOTOBO3OYKIeHHBIX
97IeKTPOHOB U ObIPOK Mexnay cocenHuMu Kf [30-41]. B IBOVHBIX KBAHTOBBIX
SIMax C IPUJIOYKEHHBIM 3JIEKTPUYECKUM CMellleHVeM, HaKJTOHS IO M 30HbI, MOX-
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HO BO30YKIATh 9KCUTOHBI, Y KOTOPBIX MIEKTPOH U AbIPKA HAXOMSITCS B Pa3HBIX
K4, pasmeneHHbIX TYHHEIbHO-TIPO3PauHbIM 6apbepoM. TaKye SKCUTOHBI Ha3bl-
BAIOTCS IPOCTPAHCTBEHHO HEMIPSIMBIMU, MJIM MEXbSIMHBIMM 3KCUTOHaMU (MD), B
oT/inuye OT NPsIMbIX (D), BHYTPUSIMHBIX SKCUTOHOB, B KOTOPBIX 3JIEKTPOH U IbIP-
Ka pacmososkeHbl B ogHUX ¥ TeX ke K (puc. 1a). B pabotax [33, 34] peanu3oBaHa
B retepocTpyKType GaAs/AlGaAs cuTyalysi, Ipy KOTOPOI SKCUTOHBI HE TOJIBKO
pasnaeneHbl MIPOCTPAHCTBEHHO, HO U OKA3bIBAIOTCSI HEMPSIMBIMU B UMITY/TbCHOM
npocTpaHcTBe. MeXXbsIMHbIE 9KCUTOHBI, TTI0 CPABHEHUIO C BHYTPUSIMHBIMMU, SIB-
JISIIOTCST JOJITOSKMBYIIMMMU M3-3a OTPAaHUUEHHOTO IMEPEKPBITYS BOTHOBBIX (DYHK-
LMt SJIEKTPOHA U IBIPKM B 9KCUTOHE UYepe3 TYHHeNbHbBI 6apbep. XapakTepHble
BpeMeHa M3JIy4aTeJIbHON aHHUTWISIIUY MO COCTaBIISIIOT AECSITKU U COTHU Ha-
HOCEKYH[I, IO3TOMY UX HETPYOHO HAKaIUINBaTh, a Ta3 TAKUX SKCUTOHOB MOXKET
OBITh OXJIAKAEH IO JOCTATOYHO HU3KUX TEMIIEpaTyp, OJM3KUX K TeMIIepaType
KPUCTAJTMUECKOI pellleTKr. 3aMeTUM, UTO B CJIyyae ABYMEePHBIX SKCUTOHOB, B
YaCTHOCTU, MEXbSIMHBIX 3KCMTOHOB, B ITpoIleccax MX TepMaau3alyu mpuHmuma-
0T yuacTue oo6beMHbIe GOHOHBI. OTHAKO M3-3a HAPYIIeHUs 3aKOHA COXpaHeHUs
MMITY/IbCa BA0JIb OCM Pa3MePHOr0 KBAHTOBAHMS 3[€Ch HE CYIIeCTBYET «y3KOr0
MecTa» Ha MaJIbIX MMITY/IbCaX Mepeaadn,  Mpolecchl OMHO(DOHOHHOII peraKkca-
LMY C yyacTueM aKycTuueckux oHoHoB Bo3MoskHbI Ipu T < 1 K. Kak crnenctsue,
penakcanys M3 K pelieTOYHO TeMIlepaType MPOUCXOLUT Ha HECKOJIBKO ITOPSIJL-
KOB OGbICTpee, UeM MX U3JIyuaTeNbHblil pacnan [42, 43]. V3-3a HapylIeHHO WH-
BEPCHO cMMeTpuy MO MMEeIOT 60JIbIIION IUITOJIbHBI/ MOMEHT Y3Ke B OCHOBHOM
coctositHuM. biraromapst IUIONb-IUTIOTbHOMY OTTaIKMBAHUIO TaKVMe SKCUTOHBI HE
MOTYT CBSI3bIBATHCSI B MOJIEKYJIBI U 60JI€€ CJIOSKHBIE KOMIUIEKCHI.

JAK
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F=0 - — \1>\;§\2> a ITnockocTs Xy
= 1)+]2)
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F#0
D
1 :I
~ U
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I'mranTckuit AMNOIBHBIA MOMeHT —ed x(»)

Puc. 1. (a) Cxema sHepreTM4eckux ypoBHeJi B TYHHeIbHO-CBSI3aHHBIX [IKSI B OTCYTCTBME 3/I€KTPU-
yeckoro 1nosnst, F = 0 (a — aHTUCMMMETPUYHOE COCTOSIHME, S — CUMMETPUYHOE COCTOSIHUE), U TIPU
BKJIIOUEHHOM 3JIeKTpMUeCcKoM 1oie, F = 0. CTpenkamy rokasaHbl BHyTpUsIMHbBIE (D) 11 MeXXbSIMHbIE
(I) onniTyeckue nepexopsl. B HMsKHEN yacTy pUCYHKA KaueCTBEHHO IT0Ka3aHo MepeKpPbITUE 3JIeKTPOH-
IILIPOYHBIX 00;1aK0B B MD. (6) KauecTBeHHbIIT BMA KPYITHOMACIITAGHOTO CIYYaifHOTO MOTEHIMaNa 1
JlaTepabHbIX JTOMEHOB-JIOBYIIEK MEKbSIMHBIX 9KCUTOHOB.
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CrnenyeT, OflHaKO, HAallOMHUTb, YTO B MIeaqbHON U HEOTPAaHUYEHHOI
2D-cucremMe, B KOTOPO¥ MJIOTHOCTb OJHOUACTUYHBIX COCTOSIHMUI MTOCTOsTHHA, BAK
MPY KOHEUHBIX TeMIlepaTypax He MOKeT ITPOMCXOAUTh M0 MPUHIUIIMATbHBIM
MIPUUYMHAM: 13-3a PaCXOOMMOCTM YMCIa COCTOSIHUIA B CJTydae, KOraa XMMUUeCKUit
noreHnuan p — 0 (T.e. coctosiHus ¢ uMmmyabcamu K > 0 MOryT akKymyamupoBaTh
HeorpaHMYeHHOe YKCI0 603e-vyacTuir). TakuM 06pa3oMm, B 3TOM CIydae MOKHO
TOBOPUTH 0 603e-KoHaeHcaun Toabko mpu T = 0 K, uTo ¢ pusudeckoit TOUuKu
3PEHMSI JINILEHO CMbIC/IA. 3/1eCh YMECTHO TaKKe HAaITOMHUTD paboTy [44], B KOTO-
poit Ha ocHOBe ycTaHoBeHHBIX H.H. Boroso60BbIM HEpaBEHCTB OBIJIO CTPOTO
JIOKa3aHO, YTO B HEOTPAHUUYEHHOM U UIea/IbHOM ABYMEPHOI CUCTEME HE MOKET
OBITb OTJIMYHOTO OT HYJIS TTapaMeTpa MOopsIIKa, TOCKOIbKY OH Pa3pylIaeTcs 13-3a
dnykTyaumit. 9To JoKa3aTeIbCTBO OTHOCUTCS KaK K CBEPXTEKYUe JKUIKOCTH, TaK
U CBEPXIIPOBOIMMOCTH B MAeadbHbIX 2D-cucTeMax. AHaJOrMUHasl TeopeMa J10-
KasaHa [IJIsl IBYMepHOIi MOMe/u reii3eH6eproBckoro eppomMardetTuka B pabore
[45]. MbI He GyzmeM 3[1eCbh OCTAHABIMBATHCS Ha 00CYkneHn Gha3zoBoro nepexona
Kocrepnuua-Taynecca [46], Ipu KOTOPOM CBepXTeKydyee COCTOSIHME B HEYTIOPsi-
IOUEHHBIX IBYMEPHBIX CUCTEMAaX MOKET BO3HMKATh M3-3a CIIapMBaHUS BUXPEIA.
Takoi1 mepexo[i SIBISIETCS TOMOIOTUIECKUM U TO3TOMY He TPOTUBOPEUUT Teope-
Me [44].

B kBasuaByMepHbIX cucTeMax U 2D-cucTemax C MPOCTPaHCTBEHHBIM Orpa-
HuuyeHneM B3K MoxkeT, TeM He MeHee, ITPOMUCXOIUTDb ITPY KOHEUHBIX TeMIlepaTy-
pax. Kputuueckast Temneparypa B JiaTepaJbHO-OrpaHM4YeHHO 2D-cucreme, rae
CIEeKTP AUCKPETEH, a UMCJIO COCTOSIHMI KOHEUHO, MMeeT BU[,

27h*N. . N_S
= X |p_—=x_

) ()
gekamex gex

T

T.€. YMEHbIIaeTcsl Jorapu@mMmuyecky ¢ pocToM Iuiomaau S, saHsitoii 2D-razom
603€e-4aCTull C IIOTHOCTBIO N, , TPAHC/IALMOHHOM 3beKTUBHOI Maccoii m, u
(baxropom Bbipoknenus g, (k, — nocrosHHas bonbimana). Tak, Hanpumep, Kpu-
THyeckas Temmneparypa T, SKCUTOHHOTO rasa ¢ IoTHOCThIo 10'° cM™ U TpaHCIs-
LIMOHHOJ Maccoii 9KCMTOHOB 0,2m,, (m, — Macca CBO6G0HOTO 37IeKTPOHA) B YCIIO-
BMSIX JIATePaIbHOTO OTPaHMYeHMSI MUKPOHHOTO MaciiTaba cocTaBisieT okoyo 3 K.
[TpocTpaHcTBEeHHbIE OrpaHMUeHMs B IIocKoCcTH KS MOTyT BO3HMKATh 13-3a
KPYITHOMAaCIITaOHbIX QITYKTYaIMii1 CTy4aifHOTO MOTEHIIAa, CBSI3aHHbBIX C BAPU-
anussMmy mupuHbl K4 Ha reteporpanunax w(r). C aTMmMu BapualusIMy MOXKHO
CBSI3aTh M3MeHeHusT 3((PEeKTUBHOrO JIaTepaJbHOro norexnunyuana Ur) = Uw(r))
[47]. B ycinoBUsIX KBa3MpPaBHOBECHSI pacIpe/ielieHrie SKCUTOHHOI TNIOTHOCTY Gy-
JleT OTIpeleJiSiThbCSl pAaBEHCTBOM u(N (r)) +U (r) = [1, TAe XUMUUEeCKUIi TTOTeHIIMa
MeXbSIMHBIX 9KCMTOHOB [ CBSI3aH C X CpeiHel IIJIOTHOCTbIO, a u(IN) — XumMunue-
CKUJ1 IIOTEHIMA OMHOPOIHOI SKCUTOHHO (ha3bl B 06IACTY ITPOCTPAHCTBEHHOTO
orpaHmMyueHus (qoMeHa). OYeBVIHO, UTO |u(r)| <@, rak kax pu(N)=—|E,|+|sU]|
(E,, — 3Heprus CBsA3M SKCUTOHA), IIO3TOMY B 00/1aCTH JTaTepaabHOrO KOH(aiiH-
MEHTa SKCUTOHBI JIerye HaKOIMMUTh U IJIOTHOCTb SKCUTOHOB B TaKMX 0OIACTSIX
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MOJXKET CYILLeCTBEHHO IIPEBBICUTDH CPeNHIOK IVIOTHOCTb B IJIOCKOCTAX KSI [47].
Kputnuueckue ycaoBusi, COOTBETCTBYIOIIVE 603e-KOHIeH cau M3, ierue peanm-
30BaTh MMEHHO B JIaTepaJIbHbIX JOMEHaXx, UTPAIOLIMX POJIb JIOBYIIEK [1J151 SKCUTO-
HOB. KauecTBeHHbIN BUJI CIYYAlTHOTO KPYITHOMACIITAOHOTO ITOTEHIMAIa U CBSI-
3aHHBIX C H/M JIaTepaIbHbIX JOMEHOB-JIOBYIIEK 17151 MD mpecTaBiieH Ha puc. 10.

Teopust mpeAcKas3biBaeT pa3jinMyHbie BO3MOKHbIE ClIeHapUM KOJJIEKTUBHO-
rO NOBeJleHMsI B LOCTAaTOYHO IJIOTHOV CUCTeMe MPOCTPAaHCTBEHHO pa3feseH-
HBIX 3JIEKTPOHOB U JIIPOK [28, 29, 38—53]. Hanipumep, B pabore [51] mokasaHo,
YTO, HECMOTPS Ha AUIIOJb-AUIIONIbHOE OTTAJIKMBaHME MEKbSIMHBIX SKCUTOHOB,
MIpU onpefeleHHbIX KPUTUUECKUX MTapaMeTpax — BeJIMUYMHe JUIT0JIbHOTO MO-
MeHTa MD, UX IUIOTHOCTY U TeMITepaType — MeTacTaOMIbHbIM COCTOSTHMEM B
e—h-cucreme MokeT OKa3aThCs KUAKAS OUITEKTpUUeckast ¢pasa TaKuX SKCUTO-
HOB. B pa6ore [47] yke YKa3bIBaIOCh, YTO KOH/IEHCUPOBAHHAS AUATEKTPUYECKAST
3KCUTOHHAs (a3a (aHaJIoT 603e-KOHAEHCAaTa) MOXKET BO3HUKATh TOIBKO MIPU Ha-
JIMYUK aTepanbHOTO B riockocTu KSI koHdaiiHMeHTa (CTy4aiiHOTO MU UCKYC-
CTBEHHO IIPUTOTOBJIEHHOTI'0). B yCIOBUSIX TaKOT0 KOH(MaliHMeHTa U CBSI3aHHOTO C
HMM BHEIITHETO CKaTUSI MeXbSIMHbIE 9KCUTOHDI Jierue HAKOTUTD 40 KPUTUYECKUX
IIJIOTHOCTE, JOCTATOYHBIX JIJIsT TPOSIBJIeHMSI 3(()EKTOB KOJIIEKTUBHOT'O SKCUTOH-
HOTO B3aumojelicTBus. B pabote [50] o6cykmanach posib CIIMHOBBIX CTeTeHeN
CBOGObI IKCUTOHOB B YUIOBUSIX 603e-KOHAEHC ALV .

B peanbHbIX TYHHETbHO-CBSI3aHHBIX KBAHTOBBIX CMCTEMAaX Ha OCHOBE I1OJTY-
MIPOBOJHMKOBBIX TETEPOCTPYKTYP BCETHa TaKKe IMPUCYTCTBYET CIydaiiHbIl M0-
TeHLMas 13-3a HaJIMuMs OCTaTOYHbIX IIPUMeceii, 3apsiKeHHbIX U HeTpaabHbIX,
a TaKke Pa3sHOOOPA3HbIX CTPYKTYPHBIX Ae(eKTOoB. DTU (QUIYKTyaluy CO3IAI0T
CJTyYaifHBI MTOTEeHIMATbHBIN pesibed B IIOCKOCTSX KSI, mostoMy ¢poTOBO36YK-
JleHHbIe U MPOCTPaHCTBEHHO pa3feseHHble Mexny cocefHMMMU KSI ameKkTpoHbl
U IBIPKY, a Takoke MO npy OCTaTOYHO HU3KUX TeMIlepaTypax MOIYT OKa3aTh-
CSI CMJIBHO JIOKAJIM30BAaHHBIMM Ha 3TUX QUIyKTyanusx. Takoii appeKkT cCuibHO
JIOKaIM3aluy B CBSI3aHHBIX KBAHTOBBIX CYCTEMAaX MPOSIBISETCS, B YACTHOCTH, B
JlaTepaJIbHOM TepMOaKTHBALIMOHHOM TYHHEJIMPOBAHMM HOCUTeIel 3apsa [35,
36]. B cBsI3M ¢ 3TMM MCCIef0BaHMS CBOVICTB Ae/IOK/IM30BaHHbBIX MO BeLyTCs B
CTPYKTYypax, B KOTOPBIX IJIOTHOCTD JIOKAJIM30BaHHBIX COCTOSIHUIA, CBSI3aHHas C
Xa0TUUYECKMM MOTEHLMAIOM, IIPOMCTEKAIOIIMM OT OCTATOYHBIX IIPUMeCeii, MU-
HuMasibHa (< 10° cm™2).

2. JKCnepuMeHTanbHasa 4actb

B naHHOJi cTaThe OCTaHOBMMCSI HA HEKOTOPBIX, HEJJABHO BbITTOTHEHHBIX 9KC-
nepuMeHTax B GaAs/AlGaAs-retepoctpykrypax ¢ JKS (n—i—n-cTpyKTypsr), co-
JepyKamux KpymHoMacTabuble QIyKTyamm CIydaifHoro MmoTeHnanta, roe M2
JIeMOHCTPUPYIOT KOJIJIEKTMBHOE TTOBeJleHIe TIPU AOCTVKEHUM KPUTUIeCKUX yC-
JIOBMIA 1151 TVIOTHOCTU U TeMIlepaTypsl [54, 55]. [IBoiiHbIe KBAHTOBbIE SIMBI C HIN-
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pUHOII 12 HM 6bUTM pa3desieHbl Y3KUM YeThIPEXMOHOCTOMHBIM AlAs-6apbepoM.
Taxue ke y3kue AlAs-smuTakcuaabHble CJIOM HapallMBalIMCh HA TPAHUIIAX KasK-
noit Kd c AlGaAs-6apbepamvu. KpynHomaciitabubie ayKTyamnyum cryqaifHoro mo-
TeHI[Ma/Ia BOSHMUKAIM B CTPYKTypax Garomapst MCIIOMb30BAHMIO TEXHUKY TIpe-
PBIBAHMS SMMUTAKCHAIbHOTO pocTta (growth interruption technique) Ha rpanuirax
AlAs- u AlGaAs-6apbepoB. JleTabHOE OMMCAHME aPXUTEKTYPhI T€TEPOCTPYKTYP
¢ IKSI, koTopble UCIOMb30BAMCH B KCIIEPUMEHTAX, COmEPsKUTCS B [54, 55].

OcHoBHas MHpopMauusi 0 cBoiicTBax MO mosydyeHa C MOMOIIbIO aHAIM3a
CTIeKTPOB JIIOMMUHECIEHIMM, M3MePEeHHbIX IIPY BapMalyy MOITHOCTY BO30YK-
JleHVsI, TeMIIepaTypbl, XapakTepa Moasipu3aluuin pe3oHaHCHO ONTUYeCcKOi Ha-
KauyKy M MarHUTHOTO IOJISI IIPY CTAlIMOHAPHOM WJIM MMITYJIbCHOM ONTUYeCKOM
BO30OYKIEHUN.

2.1. ®a3zoBas auarpaMma

Ha puc. 2 nipeacraBieHsbl CIIEKTPBI IIOMMUHECLIEHLIMM MEXbSIMHBIX (I) 3KCUTO-
HOB, 3MepeHHbIe MPY PA3JINYHbIX MPWIOKEHHBIX JEKTPUYECKUX CMeNIeHVSIX.
VccmemyeMble ONTUYECKYE TIEPEXOIbI CXeMaTHUYeCKy MOKa3aHbl Ha puc. la. B 06-
JIACTY BHYTPUSIMHOM JIIOMVHECLIEHLIMY [IPY HYJIEBOM 3JIEKTP/UECKOM CMeIeHNUN
BUIHBI 1Be auHMK: 1SHH — muHMsI cBOOOIHOT0 SKCMTOHA Ha TSKeJI0ii AbIpKe (060-
3HayeHa Kak D) — 1 IMHMUS CBSI3aHHOTO, 3aPSIKEHHOTO SKCUTOHHOIO KOMILIeKca
(MVHUS BHYTPUSIMHOTO 3KCUTOHHOTO TproHa T) [56]. IIpy HeGoNbIInX aMeKTpuye-
CKMX CMellleHVSIX, MeHsISI 3HaK HaTlpSDKeHMST Ha 3aTBOPE, MOKHO M3MEHSTh 3HaK 3a-
psna v CTPYKTYPY 3KCUTOHHOTO TPUOHA. JIMHUSA MEXXbSIMHBIX 3KCUTOHOB (I-11HMS)
TIOSIBJISIETCS B CIIEKTPax, KOr[a Py BKIOYEHUM SIEKTPUUECKOrO MO/ BeIM4MHa
LITaPKOBCKOTO CABUTa 30H pa3MepHOro KBAaHTOBaHMS B coceqHMX K4 paBHa eFAZ >
E, - E, (E,, E, — 5Hepruu CBA3y BHyTPUSIMHOTO ¥ MEKbSIMHOTO 3KCMTOHOB COOTBET-
CTBEHHO, F — Be/MunHa 3JIeKTPUIECKOTrO 0SS, AZ — pacCTOSIHUE MeXAY 371eKTPOo-
HOM ¥ AbIpKO¥ B MD). [Ipy 3MeHeHMM 37IeKTPpUIeCKOTO oS [-IMHMS CaABUTraeTcst
MPAKTUYECKN TMHEMHO KaK IMPU MOJOKUTEIbHOM, TaK ¥ MPU OTPUIIATEIbHOM Ha-
MIPSDKEHUY MEK/TY SIeKTPOAaMU (N*-JIeTMPOBAHHBIMY 00IACTSIMM) (CM. BCTABKY Ha
puc. 2). Ty IMHUIO MOXKHO COBUTATh B LIIKaJle SHePIuii Ha pacCTOSIHMS, IOYTHU Ha
MOPSIIOK TPEBBIIAIOIIME SHEPTUIO CBSI3M MD. AcummeTpus B caBurax [-nmaumn
IIpY M3MeHeHMM 3HaKa HaIpssKeHMs cBsi3aHa ¢ 6apbepoM LIOTTKM HA OMHOM M3
37IeKTPOIOB. IIpy GOMBIINX HATIPSDKEHMSIX U CTAllIOHAPHOM BO30YKAEHUY JIMHUS
M3 B cIeKTpax JIOMUHECIIEHIIUA SIBJISIETCS JOMUHMPYIOIIEN, a JIOMUHECIeHITMST
BHYTPUSIMHBIX 5KCUTOHOB (D) 1 3apsiKeHHbIX 9KCUTOHHBIX KOMIUIEKCOB (T) B 3Tux
3Ke YCTOBUSIX HA HECKOJIBKO MOPSIIKOB C1abee TI0 MHTEHCUBHOCTH. Bo/bIIIOi KBaH-
TOBBI BBIXO[, JIIOMMHeCLieHIIM MO B MCCiIefyeMbIX CTPYKTYPaxX CBUIETeIbCTBYeT
0 BBICOKOM KaueCTBe 3TUX CTPYKTYD. [locienHee yTBepskaeHe OCHOBBIBAETCSI HA
TOM, UTO C POCTOM MPUJIOKEHHOTO HAMPSDKEHNST BpeMeHa XKM3HU MO N3MeHSI0TCS
60sIbIIle, YeM Ha MTOPSIIOK, TOTAA KaK MHTEHCUBHOCTD JIIOMUHECIIEHIMI TPaKTIYe-
CKJ OCTaeTCsl [IOCTOSIHHOV (CM. pUC. 2).
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Puc. 2. CiekTpbl TIOMMHECIEHIIMY BHYTPUSIMHBIX 9KCUTOHOB (D), Tp1oHOB (T) 1 MEXBSIMHBIX SKCUTO-
HoB (I) B IKS ipu pa3nuuHbIX MPUIOKEHHBIX IEKTPUUECKNX HATIPSDKeHMSIX, CABUTAONINX YPOBHU
pa3MepHOTO KBAaHTOBa