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Inelastic light scattering from inter-Landau level excitations in a two-dimensional electron gas

David Richards
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

~Received 29 October 1999!

Electronic magneto-Raman scattering measurements of a high-density two-dimensional electron gas are
presented. At low magnetic field strengths, wave vector appears to be conserved in the Raman process, with the
smooth evolution of the excitation spectrum of the electron gas from that of a two-dimensional system to the
Landau quantized system observed, in good agreement with the behavior predicted by linear response theory.
However, at higher field strengths two Raman scattering mechanisms appear to operate. A wave-vector-
conserving mechanism allows the observation of charge-density excitations, and in particular of Bernstein
modes, identified from a comparison with theory. The Bernstein mode is observed in depolarized Raman
scattering with an intensity significantly greater than that predicted. Raman scattering with no conservation
of wave vector also occurs from excitations involving changes in Landau level quantum numbern of up to
Dn57.
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I. INTRODUCTION

Electronic Raman scattering has been demonstrated i
cent years to be a powerful tool for the study of electro
electron interactions in the integer and fractional quant
Hall regimes of a two-dimensional electron gas~2DEG!.1–3

Yet despite the interest in the application of electronic R
man scattering to these complex systems, light scatte
from quantum Hall states is still not well understood; in p
ticular, breakdown of wave vector conservation is frequen
invoked to explain the results of experiment. Even for t
relatively simple system of a 2DEG at high filling factor
there have been relatively few reports of Raman scatte
measurements, especially for the study of nonzero wave
tor excitations.4,5

This paper reports a Raman study of the effect of m
netic field on a high-density 2DEG confined in
GaAs/Al0.3Ga0.7As quantum well, exploring the evolutio
from a two-dimensional to a Landau quantized system,
the nature of electronic Raman scattering in the presence
magnetic field. Angle-resolved Raman measurements h
been performed for both zero and finite in-plane wave vec
transfers to the 2DEG, with magnetic field strengths up t
T perpendicular to the plane of the 2DEG; for the electr
density of the sample studied this corresponds to filling f
tors n5hN/eB.6. The results of these experiments a
compared with the results of calculations performed wit
the random phase approximation~RPA!.

The transition to a Landau quantized 2D system can
characterized with Raman spectroscopy by measuring
single-particle excitation~SPE! spectrum of the electron gas
the form of which provides a clear signature of the dime
sionality of the electrons.5 For a 2DEG with no applied mag
netic field the spectrum for SPE of wave vector changeq has
a characteristic asymmetric line shape, with a high-freque
cutoff at vFq(vF is the Fermi velocity!; for depolarized Ra-
man scattering~measured with the polarizations of incide
and scattered light orthogonal! the spin-flip SPE spectrum
may be observed, whereas spin-conserving SPE may be
served in the polarized Raman spectrum~incident and scat-
PRB 610163-1829/2000/61~11!/7517~9!/$15.00
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tered light polarizations parallel!.6,7 The ability to tune to a
well-defined in-plane wave vectorq, determined from the
scattering geometry of the angle-resolved Raman exp
ment, results from the wave-vector-conserving nature of
Raman scattering process.8

A simple classical picture of the Landau quantization
the 2DEG involves the modification of the density of sta
~DOS! of the electron system as Landau levels form and
electrons are constrained to orbits ink space. For small mag
netic fields such thatvc,G, where\vc is the Landau level
energy separation and\G is the broadening of the Landa
levels, the system should behave essentially two dimens
ally. ForG,vc,vFq, the signature of the Landau quantize
system—a series of discrete lines corresponding to tra
tions between Landau levels—will evolve out of the 2D SP
line shape as the magnetic field increases, with wave-vec
conserving transitions still possible between the differ
Landau levelk-space orbits. At higher magnetic fields, su
that vc.vFq, such wave-vector-conserving transitions w
no longer be classically allowed. Of course, an accurate
scription of the SPE and collective excitations in a Land
quantized system requires an approach beyond this sim
classical picture; such a scheme within the random ph
approximation is outlined in Sec. II and then adopt
throughout this work. Note that this approach does not
clude the effects of exchange and correlation but sho
nevertheless, provide a reliable picture of the electronic
citation spectra for the small wave vectors probed exp
mentally.

Details of the Raman scattering experiments are provi
in Sec. III and the results of measurements performed w
weak magnetic fields are presented and analyzed in Sec
Raman spectra obtained with slightly higher fields, such t
the 2DEG is a well-defined Landau quantized system but
with \vc!EF ~the Fermi energy!, are presented in Sec. V
Experimental evidence, supported by RPA calculations,
the charge-density excitations in this system is given in S
VI and, finally, the role of breakdown in wave vector co
servation in the Raman scattering process is considere
Secs. VII and VIII.
7517 ©2000 The American Physical Society
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II. THEORY

The cross sectionsRa(q,v) for Raman scattering by elec
tronic excitations of energyv and wave vectorq in a semi-
conductor plasma may be described by the imaginary p
of the electronic response functionsxa of the electron gas
(a50 for SPE andr for charge-density excitations!:8

Ra~q,v!}2@N~v!11#Im@xa~q,v!#, ~1!

whereN(v) is the Bose-Einstein occupation number. In fa
Eq. ~1! is formally true only for nonresonant Raman scatt
ing, whereas experiments are invariably performed un
resonant conditions.8 Nevertheless, this simple form has be
shown to provide an excellent description of the Raman
shape for, e.g., spin-flip and non-spin-flip SPE,7,9–11 and
Landau-damped plasmons12 in 2DEG systems.

Within the RPA, the charge-density response functionxr

is given by

xr~q,v!5
x0~q,v!

12v~q!x0~q,v!
, ~2!

where the electronic polarizabilityx0, the response function
in the absence of the Coulomb interactionv(q), describes
Raman scattering from SPE. It should be noted that the R
which does not include exchange and correlation, is expe
to fail for large wave vectorsq5uqu. However, for the mod-
erate magnetic fields and small wave vectors conside
here, it is expected to provide a reliable description of
excitation spectra of the 2DEG.

In calculations of the charge-density responsexr , modi-
fications to the 2D Coulomb interaction due to finite si
effects of the quantum well are taken into account using
parametrization provided by Bulutay and Tomak,13 and the
effects of image charges in the sample surface are
included.7

In the absence of a magnetic field,x0 is given by the
Lindhard sum:

x0~q,v!52(
k

f ~Ek1q ,T!2 f ~Ek ,T!

Ek1q2Ek2\v2 i\g
, ~3!

where f (Ek ,T) is the Fermi-Dirac occupation factor at tem
peratureT for an electron state of wave vectork and energy
E. g is a phenomenological damping parameter.

For a 2DEG in the presence of a magnetic field, the s
over in-plane wave vectorsk in Eq. ~3! is changed to one
over Landau levels, as the system becomes fully quantiz

x0~q,v!52(
m,n

f ~En ,T!2 f ~Em ,T!

En2Em2\v2 i\g
uFm,n~q!u2. ~4!

This is a sum over all possible SPE’s between Landau le
m andn, where the matrix elementsFmn(q) are the overlap
integrals of the Landau level wave functions14–17

uFm,n~q!u25
min~m!,n! !

max~m!,n! !
S q2l 0

2

2 D un2mu

expS 2q2l 0
2

2 D
3FLmin(m,n)

un2mu S q2l 0
2

2 D G2

. ~5!
ts
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l 05A\/eB is the magnetic length andLm
n are the Laguerre

polynomials.
As a finite phenomenological dampingg is included in

the evaluation ofx0(q,v) using Eqs.~3! and ~4!, a Mermin
correction is applied to ensure particle numb
conservation:18

x0
M~q,v!5

~11 ig/v!x0~q,v!

11 i ~g/v!@x0~q,v!/x0~q,0!#
. ~6!

This Mermin-corrected polarizabilityx0
M(q,v) is then em-

ployed in Eqs.~1! and~2!. Note thatg is not necessarily the
same as the broadeningG of the Landau level density o
states; 1/2g is intended simply to represent the lifetime
single-particle states contributing to the free electron po
izability x0(q,v).

Nonparabolicity of the GaAs conduction band is tak
into account in the determination of the Landau level en
giesEn in Eq. ~4! using the approach of Ekenberg:19

En~B!5e1~n11/2!
\eB

m*

1@~8n218n15!a1~n21n11!b#
e2B2

2\2
. ~7!

The effective massm* 50.0695 and nonparabolicity param
eters a522118 eV Å4 and b522684 eV Å4 are defined
through the dispersion of the quantum well conduction s
band with electron wave vectork5(kx ,ky),

7

E~k!5e1
\2k2

2m*
1ak41bkx

2ky
2 . ~8!

Equation~8! is determined from a self-consistent solution
the Poisson and Schro¨dinger equations for the sample stru
ture under investigation, using bulk nonparabolic
parameters.20 For simplicity the spin splitting of the electro
states is not included~except forB50, see Ref. 10!; except
for small magnetic fields when the inversion asymmet
induced spin splitting of the quantum well is significant21

over the magnetic field range considered here the Zee
spin-splitting energy will be less than the energy betwe
Landau levels.

III. EXPERIMENT

The sample investigated, which was also used for
work presented in Refs. 5,10, and 11, is an asymmetric
doped 180 Å wide GaAs/Al0.3Ga0.7As quantum well with a
2DEG density of;1.331012cm22. Taking nonparabolicity
into account through Eqs.~7! and ~8!, this density corre-
sponds to a Fermi energy of 45 meV, which is kept const
in the calculations presented here.

Unless stated otherwise, the Raman spectra presented
were measured with incident and scattered polarizations
thogonal~depolarized scattering!, with an excitation photon
energy of 1.598 eV and incident power density
;1 kW cm22. The sample was held in helium exchange g
in an Oxford Instruments Spectromag and oriented with
magnetic fieldB either perpendicular or at 45° to the plan
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PRB 61 7519INELASTIC LIGHT SCATTERING FROM INTER- . . .
of the quantum well. Raman measurements were perfor
in a backscattering configuration with the incident light wa
vector parallel toB; this resulted in a Raman wave vect
transferq51.1453105 cm21 in the plane of the 2DEG for
the 45° orientation andq50 in the 0° case. The configura
tions of the two geometries are illustrated schematically
Fig. 1.

For the 45° orientation there are equal components of
magnetic field perpendicular to (B'), and in (Bi), the plane
of the 2DEG;Bi5B'5B/A2. However, it is just the perpen
dicular componentB' that leads to Landau quantization
the electron gas, although the electron spin is affected by
total magnetic fieldB. The parallel componentBi results in
constant in-plane wave vector shifts of the quantum w
subbands and is expected to have no effect on intrasub
~and, therefore, inter-Landau level! excitations. The intersub
band energy of;48 meV in the present sample~measure-
ments of intersubband energies for a sample of similar st
ture are reported in Ref. 22! is sufficiently large that mixing
between the first and second subbands, induced byBi ,23 is
expected to have no effect in the energy range of inte
studied here.

IV. LOW MAGNETIC FIELDS, vcËqvF

For B50 and nonzeroq ~the 45° orientation!, the char-
acteristic double-peak structure for spin-flip single-parti
excitations in the 2DEG was observed in the depolari
Raman spectrum, shown in Fig. 2~a!, and the non-spin-flip
SPE profile and the 2D plasmon were observed in the po
ized spectrum~incident and scattered polarizations paralle!.7

A fit for the spin-flip SPE line shape, indicated by the thi
black line in Fig. 2~b!, was obtained from the electron pola
izability using Eqs.~1!, ~3!, and ~6! with an electron tem-
peratureT540 K, damping\g50.2 meV, and taking full
account of the quantum well conduction band spin splitt
using the spin-splitting parameters determined in Ref.
Although the temperature indicated by the sample sp
thermometer was 10 K, an electron temperature of 40 K
not inconsistent with the form of the high-energy tail of t
band-gap photoluminescence; given the high excitation e
gies and powers used in these experiments, this degre
heating of the electron gas is not unreasonable.24 An electron
temperature of 40 K will be assumed for all calculatio
presented here.

Depolarized Raman spectra measured in the 45° orie
tion for magnetic fields up toB52 T ~corresponding toB'

51.414 T! are shown in Fig. 2~a!. As the magnetic field is

FIG. 1. Backscattering geometry for~a! the u50° orientation
(q50, B'5B) and ~b! the u545° orientation (q51.145
3105 cm21, B'5B/A2). k i (s) is the wave vector of the inciden
~scattered! light.
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applied, the SPE peak shifts to lower energy and the hi
frequency cutoff to higher energy. ForB<0.5 T, the electron
system can still be thought of as two-dimensional (vc,G),
reflected by the broad asymmetric band in the Raman s
trum. With increasing magnetic field a large number of pea
due to inter-Landau level excitations emerge smoothly ou
the SPE signal, which preserves a broad asymmetric
shape up toB;1 T, suggesting within a semiclassical pi
ture that in this regime (vc,qvF , the 2DEG SPE high-
frequency cutoff! momentum-conserving transitions are st
possible between the different Landau levelk-space orbits.

SPE spectra calculated from the free electron polariza
ity x0 for q51.1453105 cm21, using Eqs.~1!, ~4!, and~6!,
are shown in Fig. 2~b!; for 0.6 T<B<1 T there is excellent
agreement between experiment and theory, with the rela
intensities of the different inter-Landau level transitions w
described by the overlap matrix elements for the Land
level wave functions given in Eq.~5!. The discrepancies be
tween theory and experiment forB<0.5 T can be attributed
to the fact that spin splitting has not been included in th
calculations.

However, agreement is not so good forB52 T. For such
a magnetic fieldvc;qvF and momentum-conserving trans
tions between different Landau levelk-space orbits will no
longer be possible. In consequence, the theoretical Ra
spectrum indicates a rapid decrease in intensity of the in

FIG. 2. ~a! Depolarized Raman scattering spectra measured
low magnetic fields B in the 45° orientation (q51.145
3105 cm21). The spin-flip SPE spectrum atB50 is seen to evolve
smoothly into the spectrum of inter-Landau level transitions w
increasing magnetic field. The component of the magnetic field p
pendicular to the plane of the 2DEGB'5B/A2. ~b! Theoretical
SPE Raman spectra determined with Eq.~1! from the Mermin-
corrected electon polarizabilityx0

M(q,v) for various magnetic field
strengthsB' perpendicular to the plane of the 2DEG; for simplici
spin splitting has not been included in these calculations. Howe
for B'50 the spin-flip SPE spectrum is also shown~thick solid
line!, to enable comparison between theory and experiment.
electron temperature of 40 K and a damping ofg50.2 meV have
been assumed.



1

a

of
ea

o

as
o

s

d
n

h
-
m
-

av

k

s

u
ring
As

les

ina-
he
igin
nal
and
er-

the

ned
a-

as-
an

d in-
ob-

gy,
ed.

t
ula

f-

s

aks
l

-

7520 PRB 61DAVID RICHARDS
Landau level peaks with increasing orderDn, contrary to
experimental observation.

V. MODERATE MAGNETIC FIELD, qvFËvc™EF Õ\

Raman spectra measured in the 45° orientation for
<B<8 T, corresponding to filling factors 50>n>6, are
shown in Figs. 3 and 4. From Fig. 3, where the spectra
shown as a function of a reduced Raman shiftv/B
5(e/mc* )v/A2vc (v is the Raman shift andmc* is a cyclo-
tron effective mass!, it is readily apparent that the energies
the main equally spaced peaks in the spectra increase lin
with magnetic field, and hence cyclotron frequencyvc

5eB' /mc* . It is therefore natural to assign this series
peaks, for whichDn up to 7 are observed at lowB, to inter-
Landau level SPE’s, the energies of which will vary
Dn\vc . This assignment is supported by a comparison
the peak energies with those determined from the peak
the SPE Raman spectra calculated fromx0

M , shown in Fig. 5
as a function ofB'5B/A2. Excellent agreement is obtaine
between the experimental and theoretical fan plots, with
free fitting parameters~except for the electron density whic
was determined from theB50 experimental plasmon en
ergy; the electron temperature and phenomenological da
ing g, determined from theB50 SPE line shape, have neg
ligible effect on the theoretical SPE peak energies!; the
effects of nonparabolicity on the Landau level energies h
been taken into account by Eq.~7!. In addition to the inter-
Landau level peaks, there is also a prominent narrow pea
present on the low-energy side of theDn52 peak~see, e.g.,

FIG. 3. Depolarized Raman scattering spectra measured in
45° orientation. The component of the magnetic field perpendic
to the plane of the 2DEGB'5B/A2. The Raman shiftv has been
normalized by the magnetic fieldB ~i.e., effectively normalized by
the cyclotron frequency! to facilitate comparison between the di
ferent spectra.
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Fig. 4!; we will return to a discussion of the origin of thi
mode in Sec. VI.

Before further analysis, the origin of the inter-Landa
level peaks should first be confirmed as Raman scatte
from the 2DEG. For in a magneto-Raman study of a Ga
heterojunction of lower electron density, Kirpichevet al. ob-
served signals shifted from the laser line by integer multip
of the electron cyclotron energy\vc which were shown to
result from hot magnetophotoluminescence, the recomb
tion of hot electrons and heavy holes in the bulk of t
GaAs.25,26 In the present measurements, however, the or
of the observed signal may be confirmed as two dimensio
from a comparison of spectra measured in both the 45°
0° orientations, shown in Fig. 6. We can see that the en
gies of the inter-Landau level SPE peaks depend onB'

rather than the total magnetic field strength as would be
case for hot photoluminescence from bulk carriers.

The origin of the observed signal can also be determi
from its variation with incident photon energy. Spectra me
sured atB54 and 8 T in the 45°orientation for a range of
excitation energiesEL are shown in Fig. 7. AtB54 T the
form of the spectrum is essentially unchanged with decre
ing excitation energy, as would be expected from Ram
scattering, although there does appear to be some broa
coming resonance behavior, with the strongest signal
served forEL51.602 eV (D5230 cm21). For B58 T the
form of the spectrum changes more with excitation ener
although the underlying peak structure remains unchang
The 2* mode at a Raman shift of 120 cm21 appears to be
strongly resonant, as are the features at 25 and 183 cm21.

he
r

FIG. 4. Depolarized (3, incident and scattered polarization
orthogonal! and polarized (i , polarizations parallel! Raman scatter-
ing spectra measured in the 45° orientation. Numbers below pe
indicate the changeDn in Landau level index for inter-Landau leve
transitions. The narrow peak 2* below theDn52 transition is as-
signed to a Bernstein mode. A shoulder~MP! on the high-energy
side of theDn52 peak observed at 6 T is assigned to the magne
toplasmon.
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There also appear to be two broad features, centeredV
;85 and 155 cm21, which do not seem to shift in absolut
energy and could result from hot photoluminescence.

Further confirmation of the Raman nature of the int
Landau level peaks signals is given by the linear variation
their intensities with incident power density, which was va
ied between 0.1 and 1 kW cm22 ~although note that the elec
tron temperature will be less than 40 K for the lower po
ers!. In conclusion, these peaks may therefore
unambiguously identified as resulting from Raman scatte
by inter-Landau level excitations in the quantum well a
not hot magnetophotoluminescence in the bulk. The fact
the energy dispersion of these peaks with magnetic field i
good agreement with that of inter-Landau level SPE’s le
support to their assignment as single-particle-like in orig
However, counter to this, we should note that these in
Landau level peaks are significantly stronger than predic
from calculations of the SPE Raman spectrum from the f
electron polarizability@Eqs. ~1! and ~4!#, which predict that
for finite q a peak due to theDn51 transition should be
dominant, with a rapid reduction in intensity with increasi
Dn. This can be seen from a comparison of such theoret
SPE spectra forB52 and 4 T, shown in Fig. 8, with the
experimental spectra for these fields in Figs. 3 and 4.
addition, the inter-Landau level peaks develop structure
increase in width with increasing magnetic field and w

FIG. 5. Theoretical~lines! and experimental~symbols! excita-
tion energies, as a function ofB' , the component of magnetic fiel
normal to the plane of the 2DEG, forq51.1453105 cm21 (45°
orientation!. The energies of inter-Landau level excitations are
dicated by the thin solid lines and of charge-density excitations
the thick solid and broken lines; the broken lines correspond
weaker Raman intensities, determined from the imaginary par
the charge-density response function. Charge-density excitation
ergies determined from the experimental spectra are indicate
the closed symbols:d, depolarized, andj, polarized Raman spec
tra. Experimental SPE inter-Landau level transition energies
indicated by the open symbols:L ~peaks of broad linewidth mode
present in the experimental spectra for both polarizations! and s

~narrow peak, more prominent in the depolarized spectra at
fields!. n indicate peaks possibly associated with an intersubb
excitation, or with the maximum in the dispersion of a high-ord
magnetoplasmon.
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increasing orderDn of the inter-Landau level transition. Thi
broadening appears to be approximately linear withB, as can
be seen in Fig. 3, and is in contrast to the behavior of the
peak, the width of which appears to be independent ofB. We
will return to the question of the nature of these inter-Land
level excitations and a discussion of the anomolous inten
and the width of the Raman peaks in Sec. VII.

We should also note that there appear low-freque
peaks in the high-field spectra in Figs. 4 and 6, at low
energies than that of the first inter-Landau level transiti
This is particularly prominent at 30 cm21 for B54.243 T
56/A2 T in the 0° orientation. A less intense peak also o
curs at the same Raman shift in theB56 T spectrum for the
45° orientation, suggesting that this feature is associa
with Raman scattering from the 2DEG, and at a sligh
higher frequency forB56 T in the 0° orientation. The origin
of these peaks is not clear, but they are probably associ

-
y
o
of
n-

by

re

w
d

r
FIG. 6. Depolarized Raman spectra measured with the plan

the sample oriented both normal (u50°) and atu545° to the
magnetic field. The top two spectra in each panel correspond to
same component of the magnetic field normal to the plane of
2DEG; the top and bottom spectra correspond to the same
magnetic field. The fact that the main peaks are present at the s
Raman shifts in spectra measured in different orientations but w
the same perpendicular component of magnetic field indicates
they result from inter-Landau level transitions in the 2DEG. Int
Landau level transitions are indicated by changes in Landau l
index Dn. 2* indicates a Bernstein mode.
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with intra-Landau level excitations.

VI. BERNSTEIN MODES

As already identified in the previous section, the spec
for q51.153105 cm21 in Fig. 6 also reveal the presence

FIG. 7. Depolarized Raman scattering spectra measured in
45° orientation, with applied magnetic fields of 4 T and 8 T, for
various excitation wavelengths. The incident photon energy is
pressed as a detuningD from 1.598 eV and the scattered photo
energy is given as a Stokes energy shiftV from this value~i.e., the
Raman shift isV2D). The main features observed occur at a co
stant Raman shift, supporting their assignment to inter-Landau l
transitions. It is possible that the broad features observed in the
spectra atV585 and 155 cm21 result from hot photoluminescence

FIG. 8. Theoretical SPE Raman spectra determined with Eq~1!
from the electronic polarizabilityx0(q,v) for magnetic field
strengthsB'51.414 and 2.828 T perpendicular to the plane of
2DEG ~cf. the u545° experimental spectra forB52 and 4 T in
Fig. 4!. Wave-vector-conserving spectra~thick lines! determined
for q51.1453105 cm21, and wave vector breakdown spectra~thin
lines! determined using Eq.~10! with Dq523105 cm21, are
shown.
a

a narrow line~labeled 2*!, on the low-energy side of the
Dn52 peak, which is not present in theq50 spectra. A
comparison of the polarized and depolarized spectra in Fi
indicates that this mode 2* is present only in depolariz
Raman scattering. In the polarized spectrum forB56 T a
shoulder~labeled MP! is present on the high-energy side
the Dn52 inter-Landau level transition.

The energies of these modes, 2* and MP, are plotted
Fig. 5 as a function ofB'5B/A2, the perpendicular compo
nent of the magnetic field, where they are compared with
energies of the charge-density excitations of the 2DEG
termined within the RPA. The theoretical energies have b
determined from the peaks in the Raman spectra calcul
using the charge-density response functionxr @Eq. ~2!#. Ex-
cellent agreement is obtained between experiment and th
for theB-field dependence of these modes and, in particu
the magnetic field independent shift of 0.8 meV (B',4 T!
of the 2* mode below theDn52 SPE is well reproduced
This mode~which was assigned to a spin-density excitati
in Ref. 5! is therefore a Bernstein mode, resulting from
nonlocal interaction between the plasmon and the first h
monic of the cyclotron resonance.27–30 The anticrossing at
B';5 T, where the magnetoplasmon would cross theDn
52 SPE energy, is also observed in experiment, with
peak MP assigned to the higher-energy magnetoplasmon
mode.

To give an indication of oscillator strength, only thos
modes above a certain threshold intensity have been
cluded; the dashed lines indicate peaks with a slightly low
threshold than those indicated by the solid lines. An elect
density of 1.231012cm22 has been assumed in order to gi
agreement for the energy of theB50 plasmon, and the elec
tron temperature and phenomenological dampingg have
been determined from theB50 SPE line shape, but other
wise there are no free fitting parameters; the effects of n
parabolicity on the Landau level energies have been ta
into account by Eq.~7!. Note, however, that the Raman in
tensity of the lower-energy Bernstein mode 2*, determin
from the imaginary part ofxr , is predicted to become sma
at small magnetic fields away from the anticrossing, wher
this mode, observed in depolarized scattering, is still stro
and well defined in the experimental spectra.

The variation withql0 of the RPA charge-density excita
tion energies forB'51.414 and 4.243 T~corresponding to
B52 and 6 T, respectively, for the 45° orientation! is shown
in Fig. 9; for B'51.414 T,l 05216 Å and forB'54.243 T,
l 05125 Å. The experimentally determined energies are a
indicated. In Fig. 9~a! the dominant mode follows the clas
sical magnetoplasmon dispersion of the form

v5Avc
21vp~q!2. ~9!

\vc is the energy of theDn51 transition andvp(q) is the
plasmon frequency for wave vectorq at B50; vp(q)}q1/2

in the long-wavelength limit. In addition to this magnetopla
mon mode there is also a much weaker series of Berns
modes, the first of which appears to account for the mode
observed in depolarized Raman scattering, as dicussed in
previous section. For the larger fieldB'54.243 T@Fig. 9~b!#
the charge-density excitation spectrum has evolved int
series of Bernstein mode dispersions.27 Note that as these
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calculations have been performed within the RPA, exchan
correlation is not included and so the form of these disp
sions at large wave vectors should be treated with caut
Nevertheless, they provide a useful picture of the char
density modes in this system. In particular, the anticross
of the magnetoplasmon with theDn52 SPE mode can be
readily seen in Fig. 9~b! to be associated with a maximum
the Bernstein mode dispersion. For comparison, the ma
toplasmon dispersion predicted using Eq.~9! is also indi-
cated. Note that some authors describe the lowest Bern
mode as a magnetoplasmon15; here this term will be reserve
for a mode following the classical dispersion given in E
~9!.

We should note at this stage that the well-defined na
of theseq-dependent charge-density modes in the exp
mental spectra, and the fact that they are not present fq
50, indicates that their observation results from a wa
vector-conserving Raman mechanism.

VII. BREAKDOWN OF WAVE-VECTOR CONSERVATION

Although the energies of the broad peaks observed in b
polarized and depolarized experimental spectra agree
with the SPE transition energies between Landau levels
dicted by theory, and the peaks are confirmed as Rama
nature, we have not yet accounted for the intensity a
broadening of these peaks. In particular, from calculation
SPE Raman spectra from the free electron polarizability,
relative strengths of the higher-order peaks are predicte
decrease with increasingB and decreasingq, with Raman
scattering from all inter-Landau level SPE’s expected to

FIG. 9. Charge-density excitation dispersions with in-pla
wave vectorq calculated within the RPA for magnetic fields pe
pendicular to the plane of the 2DEG of~a! B'51.414 T (l 05216
Å! and ~b! B'54.243 T (l 05125 Å!. Only those modes above
threshold Raman intensity, determined from the imaginary par
the charge-density response function, are shown~thick lines!. In ~b!
the broken line indicates the dispersion obtained using the clas
expression for the magnetoplasmon energy (v5Avc

21vp0
2 q/q0,

wherevc andvp0 have been determined from experiment:vc is the
energy of theDn51 transition,vp0 is the plasmon energy dete
mined atB50 for wave vectorq051.1453105 cm21). The thin
lines indicate the energies of the peaks in the SPE spectrum d
mined from the imaginary part of the Mermin-corrected polarizab
ity. Energies determined from Raman measurements performe
the 45° orientation (q51.1453105 cm21) are indicated by the
symbols~assignment as for Fig. 5!: ~a! B52 T and~b! B56 T.
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forbidden forq50, whereas, even in theq50 experimental
spectra~see Fig. 6!, strong inter-Landau level peaks of com
parable intensity are observed. Examples of calculated s
tra for the 45° orientation are given in Fig. 8~thick lines! for
B52 and 4 T, which may be compared with correspond
experimental spectra in Fig. 4.

The presence of these strong inter-Landau level mode
the Raman spectra can be ascribed to a Raman scatt
process in which wave vector is not conserved, as sugge
in the context of Raman measurements in the integer
fractional quantum Hall regimes.1–3,31 Such a breakdown o
wave vector conservation could result from fluctuations
the confining potential, associated with remote ionized im
rities ~the spacer layer thickness is only 100 Å in the pres
sample! or well width fluctuations. If we first assume tha
these peaks are a result of Raman scattering by SPE’s,
man spectra may be calculated within a simple phenome
logical model32,33 employing a characteristic breakdow
wave vectorDq:

RSPE~v!}2@N~v!11#E Im@x0~q,v!#
1

q21Dq2
dq.

~10!

Raman spectra calculated using Eq.~10! with Dq52
3105 cm21 are also shown in Fig. 8. The relative intensiti
of the inter-Landau level peaks are indeed much close
those observed experimentally, even for this moderate
plane wave vectorDq. This value ofDq corresponds to a
length scale for fluctuations in the quantum well potential
;500 Å, of comparable magnitude to the cyclotron rad
for the magnetic fields considered here, suggestive of a m
netic field induced localization of the electron states in
quantum well.

However, comparison of the spectra in Figs. 4 and 8
dicates that the simple model of Eq.~10! has failed to ac-
count for the increasing width of the inter-Landau lev
peaks with increasing magnetic field. It is possible that
structure and width of the peaks may be attributed in par
the complex spin split nature of the conduction subba
arising from the interplay between the Zeeman and the
trinsic bulk inversion asymmetry and Rashba spin splitting
a tilted magnetic field.21,34 However, the results of Ref. 21
would suggest that the spin-splitting should be much l
than the observed widths of the inter-Landau level peaks
should be noted that conduction band nonparabolicity, wh
leads to an unequal spacing of Landau levels, has been
cluded in the calculations presented in Fig. 8; although t
does lead to some broadening of the inter-Landau level S
peaks with increasing inter-Landau level orderDn, it is
clearly not sufficient to explain the observed peak widths
largeB.

Apart from the effects of nonparabolicity, the linewidth
of the calculated peaks in Fig. 8 are essentially determi
by the single-particle dampingg in Eq. ~4!, which is kept
constant~0.2 meV! in the above calculations. As the width o
the long-wavelengthq-conserving collective excitation 2*
appears to be relatively unaffected by magnetic field, t
would suggest that the single-particle lifetime of the e
tended states in the Landau quantized 2DEG is well
scribed by aB-independentg. However, in the case of com
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plete breakdown of wave vector conservation, the Ram
spectrum for SPE’s may be taken as representing the sin
particle Landau level density of states, which includes
states~localized and extended!. In this case the peak line
widths will provide a measure of the Landau level broad
ing G, which has indeed been observed by some author
increase with magnetic field~asB1/2 in accordance with the
model of Ando and Uemura35! although others have foundG
to be independent ofB.36

Finally, further investigation of Figs. 4 and 6 reveals
the depolarized spectra measured at finiteq the presence of a
narrow peak, superimposed on theDn51 inter-Landau level
transition, which is not present forq50 and emerges in the
finite q polarized spectra only at high magnetic fields. Th
feature may correspond to the wave-vector-conserving p
expected for theDn51 inter-Landau level SPE transition fo
finite q, as shown in Fig. 8. Furthermore, theDn52 inter-
Landau level peaks observed in the depolarized spectr
Fig. 4 are more intense than in the corresponding polari
spectra, whereas the higher-order inter-Landau level pe
are of comparable intensity for the two polarization config
rations. This suggests that the weakDn52 SPE feature pre
dicted by theory forq51.153105 cm21 for the magnetic
field strengths considered here~see Fig. 8! may contribute to
the observed intensity of theDn52 inter-Landau level peak
observed in the depolarized spectra. Therefore, it app
that wave-vector-conserving Raman scattering from SP
may also be observed at high magnetic field in the depo
ized spectra.

VIII. CHARGE-DENSITY EXCITATION DENSITY
OF STATES

Instead of Raman scattering by SPE’s, it may be that
inter-Landau level peaks result from a non-q-conserving Ra-
man mechanism involving charge-density excitations; i
the spectra will then essentially represent the density
states of the Bernstein modes@or a density of states weighte
by some wave vector breakdown term, such as that give
Eq. ~10!#. This could also account for the increasing width
the peaks, as the Bernstein mode dispersions cover an en
range comparable to the inter-Landau level spacing, as
be seen in Fig. 9. However, counter to this we should n
that the observed peak energies are well reproduced as
ing that they are SPE’s, whereas we would expect the pe
in the Bernstein mode density of states to occur at hig
energies than those of the inter-Landau level transitions.

Nevertheless, the forms of the high-field spectra in Figs
and 6 are suggestive of non-q-conserving Raman scatterin
from charge-density excitations. In Fig. 10 spectra measu
at B58 T in the 45° orientation (B'55.657 T! are com-
pared with the calculated magnetoplasmon dispersions
particular, the asymmetric line shape observed on the h
energy side of theDn51 transition, with a peak at;15
meV, may reflect the density of states of the Bernstein mo
the high-energy cutoff of this feature corresponds well to
energy of the maximum in the calculatedDn51 charge-
density dispersion. Similarly, a strong asymmetric peak
;23 meV~most prominent in the depolarized spectrum m
sured atEL51.602 eV! could correspond to the maximum i
n
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theDn52 charge-density dispersion. Note that the Bernst
mode 2*, which is present only in the depolarized spectr
measured atEL51.598 eV, occurs at a slightly lower energ
than the peak of the feature in the polarized spectrum att
uted to theDn51 density of states line shape.

IX. SUMMARY

In conclusion, a smooth transition has been observed
the inelastic light scattering spectrum from an electron
confined in a GaAs quantum well, as it evolves from a tw
dimensional system to a fully quantized system in the pr
ence of an applied magnetic field. For moderate magn
fields, qvF,vc!EF /\, corresponding to filling factors in
the range 6 to 50, there is evidence for both wave-vec
conserving and nonconserving Raman scattering me
nisms from electronic excitations. In particular, wave-vect
conserving Raman scattering from theDn52 Bernstein
modes has been observed in depolarized scattering. H
ever, the intensity of this mode, which disperses with m
netic field at a constant energy shift below the bare S
transition, is significantly greater than that predicted
simple linear response theory when far from the resona

FIG. 10. Raman spectra measured with an applied magn
field of 8 T in the 45°orientation~magnetic field component norma
to the plane of the 2DEGB'55.657 T! for different incident laser
energiesEL and polarizations (3 depolarized,i polarized! are
shown in the lower panel. TheDn51 and 2 charge-density dispe
sions calculated within the RPA forB'55.657 T are shown in the
top panel; the arrows indicate the inter-Landau level transition
ergies. It is proposed that the depolarized (3) spectrum obtained
with EL51.602 eV essentially represents the density of states of
charge-density excitations, with the asymmetric peaks at 14.8
22.8 meV corresponding to the maxima of theDn51 and 2 disper-
sions. These features also appear to be present in the spectra
sured with EL51.598 eV, with the high-energy cutoff from th
Dn51 dispersion at 15.5 meV occurring just above the Bernst
mode~2*! present in the depolarized spectrum (3).
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with the magnetoplasmon. There is also evidence for wa
vector-conserving Raman scattering by SPE’s in the depo
ized spectra. However, inelastic light scattering by int
Landau level excitations~tentatively assigned to SPE’s!, in
which there is no conservation of wave vector, domina
both the polarized and depolarized spectra, with a serie
up to theDn57 inter-Landau level transition observed. A
high fields, the form of the Raman scattering spectra~again,
both polarized and depolarized! can be identified with the
density of states of charge-density excitations.
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