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Magnetic-field-induced dispersion anisotropy of intersubband excitations in an asymmetrical
guasi-two-dimensional electron system
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In a quasi-two-dimensiondRD) electron system under an in-plane magnetic field, we have observed ex-
trema in characteristics of intersubband excitations when a certain resonance condition is imposed on the
magnetic field and momentum of the excitations. By changing the mutual alignment of the magnetic field and
momentum, we have shown that the dispersion of the intersubband excitations in the in-plane magnetic field
has a strong rotational anisotropy. The anisotropic contribution to the energy due to the quasi-2D electron
system asymmetry is found to bdiaear function of the magnetic field and in-plane momentum and can be
used as an efficient tool in measuring the asymmetry of the 2D confining potential.

The spectrum of a quasi-two-dimensior{@D) electron  ton close to zero. In this letter, we demonstrate remarkable
system(2DES with a finite dimension in the direction per- features of the intersubband resonance excited by a photon
pendicular to the 2D plan@long thez axis) has the form of  with a nonzeroin-plane momentunindirect transition. The
a sequence of quantum subbah®¥ithin each subband, ex- indirect intersubband resonance allows one to establish eas-
citations in the electron system are essentially two-ly whether the confining potential is symmetrical with re-
dimensional and little affected by the confining potential ofspect to thez-axis inversion. If the potential is asymmetrical,
the quasi-2DES. On the contrary, excitations that are due tthe resonance energy demonstrates a rotational anisotropy,
transitions between different quantum subbands are stronglyhich can be used in measuring the degree of the confining

affected by the shape of the confining potential, and thesgqentia| asymmetry. The anisotropic energy Imaar func-
transitions are usually investigated with a view to character:don of the magnetic field, therefore measurements can be

izing the confining potential. IIé)ﬁrformed under fairly low-magnetic fields. We have also
S

The intersubband resonance in semiconductor quantu . . ;
wells (QW's) has been employed in determining intersub-. own that, in an asymmetrical quasi-2D electron system, an

band energies controlled by the QW potentiélonetheless, m-plan_e "?agne“" field gen_era_tes a dispersion anisotrqpy of
even though intersubband energies are known, one still czatr(f—O"eCt'v_e intersubband excitations and_ hz_;\ve fpund a simple
not accurately determine the shape of the QW confining po(_expre_ssmn for the energy _of these ex0|ta_t|ons in terms of the
tential, which is derived mostly from theoretical effective mass approxmatlpn. The expe_rlmental results have
calculations: Attempts have been made to obtain more de-2€€n compared fo calculations by the time-dependent local-
tailed knowledge about the confining potential using the in-density apprOX|mat|oniTDLD_A),5 and good agreement be-
tersubband resonance in an in-plane magnetic figig,{  tween the theory and experiment has been observed.
which modifies the intersubband spectrum, but has a weaker In the reported study, we have used a high-quality asym-
effect on the two-dimensional features of quasi-2DES. Ametrically doped A sGa /As\GaAs single QW heterostruc-
limitation is imposed orBy in this case: the magnetic length ture with a QW width of 250 A, a mobility of 1.5
should be much shorter than the electric length determineek 10° cn?/(Vs), and an electron concentratiom= 3.5
by the gradient of the confining potentfaln practice, this <10 cm 2. We have also studied a heterostructure with
condition is rarely satisfied since the energy of the intersubthe same quantum well width of 250 A, a close electron
band resonance depends B8 diamagnetically, therefore mobility of 1.5x 10° m?/(V s), but with a different electron
relatively strong-magnetic fields are needed to observe aoncentration of 6.810' cm 2. The measurements of
modification in the intersubband spectrdnvioreover, the both samples have yielded fully consistent results, therefore
energy of the intersubband resonance is invariant under thee will discuss in what follows only the sample with the
z-axis inversion, but the confining potential, unless it has alectron concentration of 3510 cm™2. A spacer of 400
specific configuration, is not symmetrical with respect to theA separated as-layer of Si donors from the QW. lonized
z-axis inversion. As a result, the intersubband resonance caiemote donors generated an electric field aligned withzthe
hardly be used in determining experimentally the direction ofaxis, which induced an asymmetry of the QW potential.
the confining potential gradient. The QW sample was mounted in an optical cryostat with
Most of the previous studies of the intersubband resoa horizontal split-coil superconducting solenoid operating in
nance under an in-plane magnetic field focused on the infraa magnetic field range of ®@t7 T at abase temperature of
red absorption at an in-plane momentum of the exciting phoi.5 K.
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FIG. 1. On the left is a diagram of resonant inelastic light- 32 M_l 0 . 1(11 2 3
scattering configuration(1) fiber-conducting laser beam to the agnetic field (T)

sample;(2) fiber collecting scattered light3) sample holder with FIG. 2. Magnetic-field dependence of the SPE bandwidth, and

the S.'a”.‘p'e' The farrtmle holdtgr ?n(lidflbgrs t(;]an peh;otated aroimd t?,EDE and SDE energies. The inset shows measurements and calcu-
zaxis In a constant magnetic field. ©n the nght aré spectra O}, ot versusql. In our calculations, we useiz=54 A .

inelastic light scattering from a sample with a QW width of 250 A The complete elimination of the effect of in-plane magnetic field on

_ 1 -2 - =
andng 3,15>< 10" em mee_lsu_red aB=0 and 1.2 T, 1'0_ the SPE bandwidth is illustrated by the diagram of energy levels.
X 10° cm™1, and a laser excitation energy of 1.574 eV. The direc-

tions of g andB are shown in the top diagram. fields. At the same magnetic fiel8., the energies of both

the collective modes have extrema, namely, the CDE energy

The technique employed in measuring the intersubbanfias a minimum, and the SDE energy has a maxintEig.
resonance with a nonzero in-plane momentum was inelastig). NeitherA nor the CDE(SDE) energy conserves under the
scattering of light emitted by a titanium-sapphire laser tun-magnetic field reversal, which is an indication afodational
able above the fundamental band gap. In order to obtain gnisotropyof the intersubband excitation energies.
required flexibility in changing the mutual alignment of the  The experimental data can be understood if we note that
in-plane momentumcﬂ') and magnetic field)), a two-fiber  the primary effect oB on the quasi-2D system is shifts of
optical system was used in our experimetse the diagram the quantum subbands in the momentum sﬁaAE.BH=O
on the left of Fig. 2. One fiber conducted the laser light to andq!=0, the SPE energies coincide for all electron states
the sample, whereas the second collected the scattered ligit. the ground subband. The shifts of the quantum subbands
Through the inelastic light scattering process, an in-planénduced by the in-plane magnetic field result in lifting the
momentum was transferred to intersubband excitations. Theegeneracy of the SPE levels. Each SPE is supplemented
transferred momentum was determined by the configuratiogith an energy contributiofi2/m(k,q®), wherek is the elec-

of thg fibers over the sample surface. The angle betwgéen tron in-plane momentum argf = e/Ac[Azx B] is the sepa-
andBj was tuned by rotating the sample holder aroundzthe ration between the ground and first excited subbands in the

axis in the horizontal magnetic field without changing the omentum space. Herdz is a vector aligned with the
fixed fiber configuration. The experimental technique wasayxis  and  equal to |zg—zy,, where z,,

deSL_:ribed in greater detalil elseyvhére._ _ _ = [dzy* (2)z4n(2) [¥F(2) is thez component of the elec-
Figure 1 shows examples of inelastic light scattering specé
I

: L I SFEMron wave function in thenth subbandl The SPE energies
tra recorded without a magnetic field and at a magnetic field, . o continuous band with a bandwidthi Zmk g®

f 1.2 T. An in-plane momentum of>210° cm™! perpen- i . .
° plane mome Perp where kF is the electron Fermi momentum in the ground

dicular toBy was transferred to intersubband excitations. They \ong The SPE bandwidth conserves under the rotation of

spectra contain three main components: a broad band at 23§5 around thez axis
i ith the intersubband single-particle excita=l ' .

mevV associated w ge-p A symmetry between the direct SPE'gl€0) atBj#0

tion (SPB continuum and two narrow lines corresponding to S ) .
two intersubband collective modes, namely, spin and charg@nd indirect SPE sq/#0) can be easily detected Bf=0.
density excitation§SDE and CDE?® The first is associated In the latter case, the analogueqst is q, and SPE energies
with Coulomb interaction between an electron in the firstform a band with a width 22/mk-ql. The SPE bandwidth
excited subband and a hole left behind in the ground subbanabw conserves under the rotationgdfaround thez axis. So,
(excitonic shif}, whereas the second is associated with thesince bothqH andB are nonzero, the rotational symmetry is
macroscopic polarization of the quasi-2DES perpendicular t§roken. The SPE bandwidth is determined by gtandq®.

the QW plane(depolarization shijt The excitonic shift re- |f the following resonance condition is fulfilled:
duces the SDE and CDE energies with respect to the SPE

energy, whereas the depolarization shift increases the CDE aB: _al (1)
energy®® When a magnetic field is applied, the SPE band ’

narrows(Fig. 1, top. The SPE bandwidth/) achieves a all SPE’s have the same ener@ge the plot of energy versus
minimum atB.=1.2 T and increases in the range of highermomentum in Fig. 2 It is worth noting that, even if all
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SPE’s had the same energy, the SPE band would not turn to U — o7 CDE
a o-function. In reality, it is always broadened owing to the Eo »E
short phase coherence time of SPE'S, : A

. . . . -14 r2s xx0 S0 ¥

In accordance with the above discussi8y,is the mag- 2 1 0 1 2  xigoloonweX,

netic field at which conditionil) is satisfied. This assignment B §°Z;2A“A223g*
is directly supported by an experimental observation of a 0“§§X§°°°°°°°°°°:gxs§353m°°o°o§8§§ﬂ'
linear dependence dB. on g, (see the inset to Fig.)2 Fguotansasas? oo o
Given the value oB, measured at knowg!, we have cal- “Iooeannen” TR o 08T
culatedAz (Az=ql13, wherelz= \c#/eB is the magnetic "eorrviel” v 12T
length, which is a parameter characterizing the asymmetry > -1 *aun : ;ﬁ
of the confining potential. Taking into account the uncertain- g
ties ing!l andB, of +0.05<10°> cm 'and+0.1 T, respec- =
tively, we have found thatz equals 537 A. For com- S

parison, we have calculatedz using the local-density
approximatiof! with the known sample parameters and have
obtainedAz=54 A, which is in perfect agreement with the
experiment.

Similarly to the SPE bandwidth, the energies of collective
modes are expected to reach their extremBat This is a
direct consequence of the fact that both the excitonic and
polarization shifts are very week functions (q%‘ as long as
q' is small, compared with the inverse average distance be- , ,
tween electrons in the ground and first excited subb&hds. 0 90 180 270 360
This condition covers the whole range gf, which can be o
scanned using inelastic light scattering. The constant exci-
tonic and polarization shifts af =0 can therefore be used as  FIG. 3. Measured anisotropic energies of CDEp) and SDE
a good zero approximation over the entire range of studiedbottom versus angler between the magnetic field and momentum
ql. Given that condition(1) is satisfied, the SPE spectrum for different magnetic fieldsql=1.0x10° cm™?). The top(bot-
becomes the same as in the caseq‘bfco andB=0, and tom) inset shows the CDESDE) anisotropic energy measured at
since the excitonic and polarization shifts are merely condl'L B, and CDE(SDE isotropic energy measured at|B). The
stants, the energies of both collective modes should be equsglid lines are anisotropic energies calculated by the TDLDA ap-
to their values atj!=0 andB=0. Since the CDE dispersion Proximation.
under an in-plane magnetic field is positive, and the SDE
dispersion is negativéFig. 2), one arrives at a conclusion With a period of 360°. The anisotropic energy can thus be
that the CDE energy has a minimumBat, whereas the SDE  expressed in terms of the scalar produgt,§), whereas the
energy has a maximum. Therefore, the CCEDE) extre-  entire Bj-dependent part oEcg) is then proportional to
mum can also be used in determiniBg. The CDE mode is 82— 2(ql,qB). The factor—2 in front of (g8, q'), reflects

especially convenient for this purpose since its scattering efhe fact thatEc s has a minimun{maximum when condi-
ficiency is more than an order of magnitude higher than thagion (1) is fulfilled.

of the SDE mode, therefore its energy can be determined The experimental results were compared to theoretical

with a very high accuracy. calculations based on the TDLDA approximation. The modi-
_ Figure 2 shows that the CDESDE) energy Ec(s)) about fication of the electron spectrum due to an in-plane magnetic
qlL B) is described by a parabola with a maximymini-  field was included in the first order of the perturbation

mum) at BC X By rotatingéi“ around tha axiS, we have found tpeo[y}a One SpeCifiC case of theoretica”y Calculaﬁg at
that the same quadratic term is present at all arbitrary orierg/ L By is illustrated by the insets to Fig. 3. The agreement

tations OfaH and éH . On the Contrary’ the linear term de- between the eXperiment and theory is almost pel’fect in the
creases with decreasing angle betwé@and éH- As a con- magnetic-field range of-1 to 2 T, but notably worse in the

sequence, thB; at whichEc,s, has a minimummaximum range ofB<—1 T, where the measurementsif deviate

- . from the linear function. It is noteworthy thatBf<0 T the
shifts to lower magnetic fields. An example B mea- .
I g . p Ees . SPE band broadens as the absolute value of the magnetic
sured atq'||By is shown in the tofbottom inset to Fig. 3.

. o . field increases. As a result, the collective modes emerge in
The energyEcs has its minimum(maximum located at

“C3 . : the SPE continuum at a field of onBj~—1 T and are
zero-magnetic field exactly. Using this fact, we have draW”Landau damped. This leads to a broadening of the CDE
up a simple approximation fdgcg) in an in-plane magnetic

. N (SDE) line and an effective shift of its peak towards the SPE
field. The energEc s, at arbitrary orientations ajl andB;  pand. On the contrary, the CDBSDE) line in the rangeB,

was decomposed into a quadratic isotropic p&if)(mea- >0 is not affected by the SPE continuum at fields of up to 3
sured atﬁ”lléu, and a linear anisotropic parEf), obtained T. It is, therefore, not surprising that the agreement with the
by subtractingE; from E¢(s) (see the insets to Fig)3The  theory is remarkably better in the latter case.

angular dependence &, for a set of magnetic fields is After testing the theoretical model on the dependence of
shown in Fig. 3. At a fixed magnetic field, it is a sinusoid Ec(s) on By at fixedq/, we employed it in simulating s,
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--o--q,=0.5*10° cm”
--e--q,=1.0"10°cm”

26,81
S 264 FIG. 4. Polar plot of the measurdtkft) and
QE) 26,01 calculated(right) total energy of the CDE mode
g atB=1 T and two values ofy: 1.0 and 0.5
%‘3 25,61 x10° cm 1. The effective mass of CDE is as-
Lﬁ 26,01 sumed to be 0.01,.

26,41

26,8

270 270

as a function ofy! at a fixedB, which situation is consid- quasi-2D electron system induced by an in-plane magnetic
erably more difficult for an accurate experimental study. Atfield. The anisotropic energy is found to be a linear function
small magnetic fields, the total energy was found to be symef the magnetic field and in-plane momentum of the excita-
metrical under the interchangeaﬂ?anqu. Therefore, it can  tions. We have used resonance conditibnto measure\z
be approximated as due to the asymmetry of the QW confining potential. Our
experimental technique has allowed us to meashreat
, 2) small magnetic fields, when the coupling between different
quantum subbands is negligible. In addition to the possibility
of measuringAz, the symmetry between the magnetic-field-
ijduced shift in the momentum space and the in-plane mo-
mentum of the collective excitations, which is an obvious
consequence of Eq2), opens a remarkable opportunity to
study the dispersion of intersubband collective modes. The
gxperimentally accessible range of in-plane momenta can be
increased by a factor of more than two by adding the shift to
the transferred momentum. Moreover, one can get around
tremendous experimental problems associated with fine tun-
ing of the in-plane momentum by using an experimental con-
figuration similar to that described in this paper, where the

dispersion of the (Hantire CDE energy Bt=1 T and two in-plane momentum is fixed and the in-plane magnetic field
. = - -
different values ofy!, namely, 1.0 and 0:810° cm . The is varied.

rotational anisotropy of the total CDE energy observed in the

experiment is fairly accurately reproduced by the calcula- The authors thank O. V. Volkov and V. F. Sapega for

tions. valuable discussions. The financial support by the
In conclusion, we have demonstrated a dispersion anisot/olkswagen Stiftung and Russian Fund for Fundamental Re-

ropy of intersubband excitations in an asymmetricalsearch is gratefully acknowledged.
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. € L
Eci9=Elg+ mw_ +[8zxB]
whereE2 ¢ is the CDE(SDE) energy at3j=0 andq/=0.
The factor in front of the brackets is expressed in terms of a
effective mass that is different for each collective m&tim
the QW's under investigationms=0.011*+0.0025n, for
CDE, andmg= —0.013+0.003n, for SDE. Equatior(2) re-
sembles a similar expression for quasi-2D electrons in
small in-plane magnetic field included in the first order of the
perturbation theory withmg g substituted for the electron
effective mass and\z substituted forz,,. Figure 4 shows
the measurements and calculations by @ .of the angular
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