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Direct observation of the intersubband Bernstein modes:
Many-body coupling with spin- and charge-density excitations
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The spectrum of collective intersubband magneto excitations in a quasi-two-dimensional electron system
confined in a single quantum well has been studied by inelastic light scattering spectroscopy. Intersubband
Bernstein modes with a change of the Landau level index up to three were observed in a perpendicular
magnetic field. It is demonstrated that Bernstein modes couple with intersubband charge and spin density
excitations through many-body Coulomb interaction, and the coupling strength is governed by the in-plane
momentum. Detailed measurements of the coupling strength dispersion were performed and compared with
theoretical simulations.@S0163-1829~99!50320-2#
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Intersubband collective excitations in a quasi-tw
dimensional electron system~2DES! confined in a semicon
ductor quantum well~QW! have long been a subject for the
oretical and experimental interest.1,2 Two essentially
different intersubband collective modes have been dete
in the infrared absorption and resonance inelastic light s
tering, which are the charge and spin density excitati
~CDEs and SDEs!.1,2 The former is associated with a ma
roscopic polarization of the quasi-2DES perpendicular to
QW plane~depolarization shift!, while the latter is associate
with the Coulomb interaction between the electron in
upper subband and the hole left behind in the lower subb
~excitonic shift!. The excitonic shift reduces the SDE ener
relatively to the single-particle-excitation~SPE! energies.
The CDE could be shifted both up and down from the SP
depending on the parameters of the quasi-2DES.3–5

When a magnetic field is applied perpendicular to the Q
interface, the quasi-2D energy spectrum becomes comple
discrete. This results in a different type of intersubband c
lective excitations, intersubband Bernstein modes~or com-
bined resonances!, involving transitions with a simultaneou
change of the quantum subband and Landau level~LL ! in-
dexes. While the intrasubband magneto excitations in qu
2DES have been extensively discussed both theoretically
experimentally,1,2 the properties of intersubband magne
excitations are not so well understood up to now, mainly d
to a lack of the experimental information. A direct observ
tion of the intersubband Bernstein modes~ISBMs! had long
PRB 590163-1829/99/59~20!/12751~4!/$15.00
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been a considerable experimental problem, as the op
transitions with an excitation of the ISBMs do not conser
the LL index, being therefore dipole forbidden in both infr
red absorption and inelastic light scattering. One poss
way to overcome the problem of LL index conservation is
couple the in-plane and transverse electron motion by
in-plane magnetic field (Bi).

6 Using a tilted magnetic field,
the ISBMs withD561 ~n is an LL index! were detected in
infrared absorption and inelastic light scattering.7,8 The ex-
periments demonstrated, however, that the parallel com
nent of the magnetic field modified the spectrum of magne
excitations considerably. The effect ofBi could be accounted
for at zero in-plane momentum~q!, when the energy spec
trum of ISBMs in aB' is trivial.6 At nonzeroq the ISBMs
energies are renormalized by the many-body Coulo
interaction.9 In this case two different contributions due
the Coulomb interaction andBi could not be easily sepa
rated.

In the present work, we report on a direct observation
ISBMs at nonzeroq in a perpendicularmagnetic field. This
allows us to extract the many-body contribution to the sp
trum of ISBMs. As a manifestation of the many-body Co
lomb interaction, a coupling of ISBMs with both principa
intersubband excitations, SDE and CDE, occurs. The c
pling becomes stronger, whileq increases, demonstrating a
increasing role of Coulomb correlations. The spectrum
intersubband collective magneto excitations is mode
within a framework of the time-dependent local density a
R12 751 ©1999 The American Physical Society
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proximation ~TDLDA ! treating the direct and exchang
correlation Coulomb terms self-consistently. A close agr
ment between experiment and theory is found.

A set of high quality asymmetrically dope
Al xGa12xAs/GaAs heterostructures with a single QW of 2
Å has been studied. The electron density (ns) and mobility
~m! in different samples vary from 0.5 to 6.831011 cm22 and
from 1 to 73106 cm2/~V s!, respectively. The high quality o
the samples is confirmed by extremely narrow luminesce
and inelastic light scattering lines~;0.3 and 0.15 meV, re-
spectively!. Samples were immersed in a cryostat with a
perconducting solenoid operating from 0 to 11 T at a b
temperature of 1.5 K.

To study ISBMs at nonzeroq we employed resonant in
elastic light scattering, a method having been proved to b
most powerful tool to measure the dispersion of collect
excitations in quasi-2DES.2 The inelastic light scattering
spectra were obtained with a Ti-sapphire laser tunable ab
the fundamental band gapE0 . The excitation power density
was about 0.1–1 W/cm2. The back-scattering geometry wa
applied for the measurements, being performed with a t
fiber optical system.10 One fiber was used for photoexcitatio
while through another fiber the scattered light was collect
To distinguish inelastic light scattering from CDE and SD
type excitations copolarized and cross-polarized incident
scattered beams were used. Polarization of the light
achieved with linear polarizers operating at liquid heliu
temperatures, which were attached to the ends of the fi
just nearby the sample. The in-plane momentum was tra
ferred into the quasi-2DES via the light scattering proce
Its value was defined by an arrangement of the fibers rela
to the sample surface. The maximum accessibleq in our
configuration was 1.23105 cm21. The scattered light was
detected by a CCD camera and a double grating monoc
mator Ramanor U-1000, which provided a spectral reso
tion of 0.04 meV. Thein situ Hall measurements were em
ployed to control the electron density under qua
equilibrium illumination conditions. Part of the polarizatio
measurements were performed in an optical cryostat wi
split-coil magnet producing a magnetic field up to 7 T.

The problem of LL index conservation in a perpendicu
magnetic field has been circumvented by using incoming
outgoing resonances involving the light and heavy h
states near the top of the valence band in the QW. The s
of heavy and light holes with different LL indexes a
coupled in a perpendicular magnetic field,11,12and as a resul
the usually forbidden inelastic light scattering by ISBMs b
comes allowed. It has to be noted, however, that the inela
light scattering efficiency in a magnetic field is a function
two independent parameters, an applied magnetic field
laser excitation energy (EL), as the spectral density of in
coming and outgoing resonances is nonuniform.1 It is not
necessarily that scattering by a particular resonance wil
observable, if both parameters are fixed. To detect the m
mum possible number of ISBMs in the whole range of ma
netic fields under consideration, we performed a large se
measurements varying the magnetic field andEL indepen-
dently. In fact, theEL was tuned through 140 meV aboveE0
in a step of about 2 meV. For each step the inelastic li
scattering spectra were measured in the whole range of m
netic fields.
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An example of inelastic light scattering spectra of
sample withns56.831011 cm22 measured atq50.43105

cm21 andEL51.587 meV is shown in Fig. 1. The zero ma
netic field spectrum consists of two narrow peaks at 25.7
30.7 meV arising from SDE and CDE, and a broad ba
situated between them, which is commonly assigned to
scattering by SPE continuum@Fig. 1~a!#.3 Proper selection
rules for SDE and CDE were checked using standard po
ized and depolarized configurations for incident and scat
ing beams.2 Upon a sweeping of magnetic field~B! the SPE
band splits into a set of distinct spectral components, mar
in Fig. 1 asB11 , B21 , B22 , B23 , andL0 . B1n and B2n
shift upward and downward from the maximum of the SP
band, whileB increases. At a small but finite magnetic fie
B1n crosses the CDE, andB2n crosses SDE. WhileB11 and
B21 approach CDE and SDE, respectively, their energ
and intensities undergo a modification, clearly manifestin
coupling betweenB11 and CDE, andB21 and SDE@Figs.
1~b! and 1~c!#. At large B the principal intersubband reso
nances, SDE and CDE, and positioned between them b
L0 band dominate the spectra@Fig. 1~d!#.

The experimentally determined energies of the inela
light scattering lines acquired in the whole range ofEL andB
have been combined in a single plot. Figure 2 illustrates
magnetic field dependence of the Raman shift measured
all the observed lines. It is seen that the energies of b
CDE and SDE are almost independent onB beyond the
crossing range withB11 andB21 . The energies ofB6n step
from the intersubband gap and form positive and nega
LL fan diagrams corresponding to an effective mass of ab
0.071m0 (m0 is the mass of the free electron!. Since this
effective mass nearly coincides with the electron effect
mass in GaAs (0.069m0), B6n is to be associated with sca
tering by ISBMs, whose energies have to converge to
single-particle excitation energies atq→0,

EB6n5u\V106n\vcu, ~1!

FIG. 1. Inelastic light scattering spectra of a sample with Q
width of 250 Å andns56.831011 cm22 measured atq50.43105

cm21, EL51.587 eV, and different magnetic fields.



-
M

g-

n
an
er

o

e
hi

si-
n

t o
e

n
tic
x

ng

ve
d

-

ns
2

d
-

nt

in-

E.
b

e
ill

nc-
of
s

t

ive
per-

f the
ry.
if-

t

is
-

he

RAPID COMMUNICATIONS
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for nÞ0.1 Here,V10 andvc5eB/mec are the electron inter
subband and cyclotron frequencies. We stress that ISB
with uDnu>1 aredirectly observed in a perpendicular ma
netic field for the first time.

The formula~1! which is a quasi-2D analog of the Koh
theorem states that the energies of combined intersubb
cyclotron excitations are not modified by the Coulomb int
action atq50.1 At small, but nonzero,q it describes the
ISBM energies satisfactorily far from the crossing range
ISBM11 (ISBM21) with CDE ~SDE!. When the energy of
ISBM11 (ISBM21) approaches that of CDE~SDE! a reso-
nance splitting occurs~see Fig. 2!. A theoretical description
of the resonance coupling between ISBM1n and CDE in per-
pendicular magnetic field was previously achieved within
framework of the random-phase approximation~RPA!.9 The
RPA approach could be naturally extended to a more gen
case by including the exchange-correlation interaction wit
TDLDA approximation.6,13,14 Using the TDLDA, the spec-
trum of collective excitations involving intersubband tran
tions between the ground and first excited electron subba
has been simulated. It is proportional to the imaginary par
the polarization functionx̃ i

10(q,v) ~the subscript refers to th
charge or spin-density response!, which results in

12Reg i~q!x10~q,v!50,
~2!

Im g i~q!x10~q,v!50,

wherex10(q,v) is the intersubband part of the polarizatio
function of noninteracting quasi-2DES in a magne
field.9,15 g i(a) represents many-body effects and is e
pressed through the depolarization shift and the excha
correlation contribution@a(q) and b i ].

3,4 The dynamical
screening of the direct Coulomb interaction by long-wa
LO phonons is included through a frequency-dependent

FIG. 2. Fan plot of the intersubband magneto excitations aq
50.43105 cm21, experiment~dots! and simulations~dashed lines!,
measured in a sample with a QW width of 250 Å andns56.8
31011 cm22. The simulated curves above the\V10 demonstrate
only charge-density-type excitations, while below\V10 spin-
density-type excitations are shown. A large open circle atB50 T
shows the maximum of SPE continuum. The dash-dotted line
guide for the eye pointing the\v10 as determined by the extrapo
lating of ISBMs energies toB50 T.
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electric function.2 Following Ref. 9 the long-wave approxi
mation x10(q,v);(qlB)6 ( l B5A\c/eB is a magnetic
length! is used, which implies neglecting electron transitio
with Dn.3. The result of the simulations is shown in Fig.
by dashed lines. The resonance splittings between ISBM1n
(ISBM2n) and CDE~SDE! naturally appear in the simulate
spectrum~Fig. 2!. At uDnu.1 they are too small to be com
pared with the experiment, but that between ISBM11
(ISBM21) and CDE~SDE! is seen to be in perfect agreeme
with the experimental result~Fig. 2!. One may thus conclude
that the experimentally observed resonance splittings are
deed due to themany-body couplingbetween ISBM61 and
principal intersubband collective excitations, CDE and SD
The ISBM11 and CDE are coupled by the direct Coulom
interaction, while ISBM21 and SDE are coupled by th
exchange-correlation Coulomb interaction. Further, we w
refer to ISBM11 and CDE coupled modes asv11

1 andv11
2 ,

and to ISBM21 and SDE coupled modes asv21
2 andv21

1 .
Experimentally the coupling strength betweenv11

1 (v21
2 )

and v11
2 (v21

1 ) can be varied in two different ways:~i! by
changing q and ~ii ! by changing ns ~both direct and
exchange-correlation Coulomb terms are monotonic fu
tions of ns).

5,16 Figure 3 demonstrates energies
v11

1 (v21
2 ) andv11

2 (v21
1 ) measured at two different value

of q, 0.4 and 0.83105 cm21, and fixedns56.831011 cm22.
The energy gap betweenv11

2 (v21
1 ) andv11

1 (v21
2 ) coupled

modes @D1(D2)# is nearly twice as large atq50.83105

cm21 than that atq50.43105 cm21 ~Fig. 3!. Summarized
dispersions of theD1 andD2 are shown in the left and righ
insets to Fig. 3, respectively. BothD1 andD2 increase with
increasingq. At small q (qlB!1) they arelinear functions
of q in agreement with theoretical expectations. A quantat
discrepancy between the experimental and simulated dis
sion curves forD2 ~see right inset to Fig. 3! appears most
probably due to the static and dispersionless character o
exchange-correlation functional used by the TDLDA theo

Using the samples grown with equal QW widths and d
ferent doping levels we have also studied theD1 as function
of ns . Figure 4 presents experimental values ofD1 measured

a

FIG. 3. The energies of thev11
1 and v11

2 ~a!, and v21
2 and

v21
1 ~b! coupled modes at two differentq, 0.43105 cm21 ~open

circles! and 0.83105 cm21 ~solid circles!, measured in a sample
with a QW width of 250 Å andns56.831011 cm22. Dispersions of
D1 andD2 are shown in the left and right insets, respectively. T
dashed lines are simulated dispersion curves.
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at fixed q51.13105 cm21, and differentns . As one may
expect,D1 decreases monotonously with decreasingns . At
largens (ns>231011 cm22! D1 is effectively reduced due to
the optical phonon screening of the direct Coulomb inter
tion ~Fig. 4!. It is interesting to note thatD1 vanishes at
small, but finite,ns close to the critical electron densityns

c

'431010 cm22, at which the direct and exchange
correlation Coulomb terms become equal.5,14 Below ns

c the
ISBM11 does not cross the CDE anymore. Indeed, the cro
ing between ISBM11 and CDE has not been detected belo
531010 cm22 in the experimental spectra.

FIG. 4. Dependence of theD1 on thens at fixedq of 1.13105

cm21, experiment~circles! and theory~dashed line!.
-

s-

We have not so far considered theL0 band, dominating
the inelastic light scattering spectra at high magnetic fie
This line was discussed previously;8 however, its nature was
not completely understood. Our results could hardly supp
an assignment ofL0 band to intersubband single-particle e
citations~as was proposed in Ref. 8!, since such an explana
tion would demand a violation of the translation symmetry
the studied samples. We did not find, however, any corre
tion between the sample quality and scattering efficiency
L0 . Since the nature of theL0 band is still under debate, an
it does not have a direct connection to the matter discusse
the present paper, we plan to consider theL0 band separately
in the future.

In conclusion, we have measured the spectrum of in
subband collective excitations in a perpendicular magn
field. The intersubband Bernstein modes withDn561,2,3,
are observed and investigated. It have been found tha
nonzero in-plane momentum the intersubband Berns
mode withDn511 couples with the charge density excit
tions through the direct Coulomb interaction, while the inte
subband Bernstein mode withDn521 couples with the
spin density excitations through the exchange-correla
Coulomb interaction. Energy gaps between the coup
modes are linear functions of the in-plane momentum as l
as the in-plane momentum is small if compared to the rec
rocal magnetic length.
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Russian Fund of Fundamental Research.
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