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Inelastic light scattering from inter-Landau level excitations in a two-dimensional electron gas
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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 norobep to
An=7.

[. INTRODUCTION tered light polarizations paralle?’ The ability to tune to a
well-defined in-plane wave vectar, determined from the
Electronic Raman scattering has been demonstrated in recattering geometry of the angle-resolved Raman experi-
cent years to be a powerful tool for the study of electron-ment, results from the wave-vector-conserving nature of the
electron interactions in the integer and fractional quantunRaman scattering proce’s.
Hall regimes of a two-dimensional electron g2DEG).1 A simple classical picture of the Landau quantization of
Yet despite the interest in the application of electronic Rathe 2DEG involves the modification of the density of states
man scattering to these complex systems, light scatterinPOS9) of the electron system as Landau levels form and the
from quantum Hall states is still not well understood; in par-electrons are constrained to orbitskispace. For small mag-
ticular, breakdown of wave vector conservation is frequentlynetic fields such thab,<I', wheref w, is the Landau level
invoked to explain the results of experiment. Even for theenergy separation antll’ is the broadening of the Landau
relatively simple system of a 2DEG at high filling factors, levels, the system should behave essentially two dimension-
there have been relatively few reports of Raman scatteringlly. ForI'<w.<wvgq, the signature of the Landau quantized
measurements, especially for the study of nonzero wave vesystem—a series of discrete lines corresponding to transi-
tor excitationg!® tions between Landau levels—uwill evolve out of the 2D SPE
This paper reports a Raman study of the effect of magiine shape as the magnetic field increases, with wave-vector-
netic field on a high-density 2DEG confined in a conserving transitions still possible between the different
GaAs/Al, Ga, ;As quantum well, exploring the evolution Landau levek-space orbits. At higher magnetic fields, such
from a two-dimensional to a Landau quantized system, anthat w.>vgq, such wave-vector-conserving transitions will
the nature of electronic Raman scattering in the presence ofreo longer be classically allowed. Of course, an accurate de-
magnetic field. Angle-resolved Raman measurements hawription of the SPE and collective excitations in a Landau
been performed for both zero and finite in-plane wave vectoguantized system requires an approach beyond this simple
transfers to the 2DEG, with magnetic field strengths up to &lassical picture; such a scheme within the random phase
T perpendicular to the plane of the 2DEG; for the electronapproximation is outlined in Sec. Il and then adopted
density of the sample studied this corresponds to filling facthroughout this work. Note that this approach does not in-
tors v=hN/eB>6. The results of these experiments areclude the effects of exchange and correlation but should,
compared with the results of calculations performed withinnevertheless, provide a reliable picture of the electronic ex-
the random phase approximati¢RPA). citation spectra for the small wave vectors probed experi-
The transition to a Landau quantized 2D system can benentally.
characterized with Raman spectroscopy by measuring the Details of the Raman scattering experiments are provided
single-particle excitatiofSPEB spectrum of the electron gas, in Sec. lll and the results of measurements performed with
the form of which provides a clear signature of the dimen-weak magnetic fields are presented and analyzed in Sec. IV.
sionality of the electron$For a 2DEG with no applied mag- Raman spectra obtained with slightly higher fields, such that
netic field the spectrum for SPE of wave vector chagges the 2DEG is a well-defined Landau quantized system but still
a characteristic asymmetric line shape, with a high-frequencwith # w.<Eg (the Fermi energy are presented in Sec. V.
cutoff atveq(vg is the Fermi velocity, for depolarized Ra- Experimental evidence, supported by RPA calculations, for
man scatteringmeasured with the polarizations of incident the charge-density excitations in this system is given in Sec.
and scattered light orthogonahe spin-flip SPE spectrum VI and, finally, the role of breakdown in wave vector con-
may be observed, whereas spin-conserving SPE may be obervation in the Raman scattering process is considered in
served in the polarized Raman spectr(intident and scat- Secs. VII and VIILI.
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Il. THEORY lo=#/eB is the magnetic length and, are the Laguerre
polynomials.
The cross sectiorR,(q, ») for Raman scattering by elec-  As a finite phenomenological damping is included in
tronic excitations of energy and wave vectog in a semi-  the evaluation ofyo(q,») using Eqs(3) and(4), a Mermin

conductor plasma may be described by the imaginary partgorrection is applied to ensure particle number
of the electronic response functions, of the electron gas conservatiort®

(«=0 for SPE ang for charge-density excitation8

(1+iylw)xo(d,w)
1+i(y/o)[xo(d, @)/ x0(9,0]
whereN(w) is the Bose-Einstein occupation number. In fact,-l-hiS Mermin-corrected polarizability'(\,"(q,w) is then em-
Eq' (1) is formally tru_e only for nc.)nres.onant Raman scatter- loyed in Egs(1) and(2). Note thaty is not necessarily the
ing, whereas experiments are invariably performed unde ame as the broadenirly of the Landau level density of
resonant condition$Nevertheless, this simple form has beenstates- 1/2 is intended simply to represent the lifetime of

shown to provide an excellent description of the Raman ling.; - o :
shape for, e.g., spin-flip and non-spin-flip SPEL! and eiszlgg:ﬁtyirtgewitates contributing to the free electron polar
0 y .

Lar\}sf';l#—d?ppsg Kla:ﬁmdﬁhsn 2DdEG gtystems. f : Nonparabolicity of the GaAs conduction band is taken
Ithin the » the charge-density response funchign into account in the determination of the Landau level ener-

is given by giesE, in Eq. (4) using the approach of Ekenbely:

R,(0, @)% —[N(@)+1]1Im[ x(q, )], (1) X0 (9,0)= (6)

_ XO(qlw)
1-v(d)xo(q, @)’

where the electronic polarizability,, the response function

in the absence of the Coulomb interactiofq), describes ) 5 e’B?
Raman scattering from SPE. It should be noted that the RPA, +[(8n“+8n+5)a+(n“+n+1)B] Prre
which does not include exchange and correlation, is expected

to fail for large wave vectorg=|q|. However, for the mod- The effective mass* =0.0695 and nonparabolicity param-
erate magnetic fields and small wave vectors consideregiers a=—2118eV A* and B=—2684eV A' are defined
here, it is expected to provide a reliable description of thethrough the dispersion of the quantum well conduction sub-

Xp(0 ) )

heB
E,(B)=€e+(n+1/2) —
m*

)

excitation spectra of the 2DEG. band with electron wave vectdr= (k, k,),’
In calculations of the charge-density responge modi-
fications to the 2D Coulomb interaction due to finite size #2Kk?
effects of the quantum well are taken into account using the E(k)=e€+ p—y +ak?+ BKZKS . (8)

parametrization provided by Bulutay and Tonfdland the
effects of image charges in the sample surface are alspquation(8) is determined from a self-consistent solution of

included’ o o the Poisson and Schiimger equations for the sample struc-
_In the absence of a magnetic fielgy is given by the ture under investigation, using bulk nonparabolicity
Lindhard sum: parameter$? For simplicity the spin splitting of the electron

states is not includetexcept forB=0, see Ref. 19 except
for small magnetic fields when the inversion asymmetry-
induced spin splitting of the quantum well is signific&ht,

) o ) over the magnetic field range considered here the Zeeman
wheref(E,,T) is the Fermi-Dirac occupation factor at tem- spin-splitting energy will be less than the energy between
peratureT for an electron state of wave vectorand energy | 3ndau levels.

E. v is a phenomenological damping parameter.

For a 2DEG in the presence of a magnetic field, the sum
over in-plane wave vectors in Eq. (3) is changed to one
over Landau levels, as the system becomes fully quantized: The sample investigated, which was also used for the
work presented in Refs. 5,10, and 11, is an asymmetrically
doped 180 A wide GaAs/ALGa, /As quantum well with a
2DEG density of~1.3x 10"2cm™ 2. Taking nonparabolicity
into account through Eqgq7) and (8), this density corre-

This is a sum over all possible SPE'’s between Landau levelgponds to a Fermi energy of 45 meV, which is kept constant
mandn, where the matrix elementsy,(q) are the overlap in the calculations presented here.

f(Ek+q !T)_ f(Ek vT)

xo(@w) =22 = T 3

IIl. EXPERIMENT

f(En.T)— f(Ep.T)
Xol@w) =22 e = Fnn(@l% (4

integrals of the Landau level wave functiofrs"’ Unless stated otherwise, the Raman spectra presented here
PRI 2,2\ In-m| 2 were measured \{vith inciden§ and_ scattered_ pqlarizations or-
IE,.(q)]2= min(m!,n!) (u) 4 q o) thogonal(depolarized scatteringwith an excitation photon
mn maxm!,n!)| 2 2 energy of 1.598 eV and incident power density of

212\ 12 ~1 kW cm 2. The sample was held in helium exchange gas
In—m| (q IO” ) in an Oxford Instruments Spectromag and oriented with the

x| L —_— o . :
min(m, n) magnetic fieldB either perpendicular or at 45° to the plane

2
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FIG. 1. Backscattering geometry féa) the 6=0° orientation
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(g=0, B,=B) and (b) the #=45° orientation §=1.145 : JJ\/\/\_&
X10°cmY, B, =B/4/2). ki( is the wave vector of the incident
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of the quantum well. Raman measurements were performed 0.50 0.50
in a backscattering configuration with the incident light wave

vector parallel toB; this resulted in a Raman wave vector ""‘/\\_ 0.25 0.25
transferq=1.145< 10°cm™ ! in the plane of the 2DEG for "'“/\’__‘0__ 0
the 45° orientation and=0 in the 0° case. The configura- R Rt L

tions of the two geometries are illustrated schematically in 0 10 20 30 40 50 60 O 10 20 30 40 50 60
Fig. 1. Raman shift (¢cm!) Energy (cm')
For the 45° orientation there are equal components of the
magnetic field perpendicular t@(), and in (BH)’ the plane FIG. 2. (a) Depolarized Raman scattering spectra measured for

of the 2DEG;B| =B, =B/ 2. However, it is just the perpen- 10w magnetic fields B in the 45° orientation ¢=1.145
dicular componenB, that leads to Landau quantization of X10°cm™?). The spin-flip SPE spectrum Bt=0 is seen to evolve
the electron gas, although the electron spin is affected by th@moothly into the spectrum of inter-Landau level transitions with
total magnetic field8. The parallel componers, results in  Increasing magnetic field. The component of the magnetic field per-

constant in-plane wave vector shifts of the quantum Well'oend'(:u""1Ir o the plane of th.e ZDE.BLZB/"Z' (b) Theoret".:al
. - SPE Raman spectra determined with Ef). from the Mermin-
subbands and is expected to have no effect on intrasubband Y : o
- L . corrected electon polarizabilityy (g, ) for various magnetic field
(and, therefore, inter-Landau leyeixcitations. The intersub- . ) e
band £ 48 vV in th ¢ strengthdB, perpendicular to the plane of the 2DEG; for simplicity
an engrgy 0 mev in . € presen samp(mga;ure- spin splitting has not been included in these calculations. However,
ments of intersubband energies for a sample of similar strucg

. . e or B, =0 the spin-flip SPE spectrum is also shoxthick solid
ture are reported in Ref. 225 sufficiently large that mixing  |ine) “to enable comparison between theory and experiment. An

between the first and second subbands, induceB”bV. IS electron temperature of 40 K and a damping)ef 0.2 meV have
expected to have no effect in the energy range of interef{een assumed.

studied here.

applied, the SPE peak shifts to lower energy and the high-
frequency cutoff to higher energy. FB=<0.5 T, the electron
system can still be thought of as two-dimensional<1),

For B=0 and nonzeray (the 45° orientatio)) the char- reflected by the broad asymmetric band in the Raman spec-
acteristic double-peak structure for spin-flip single-particletrum. With increasing magnetic field a large number of peaks
excitations in the 2DEG was observed in the depolarizedlue to inter-Landau level excitations emerge smoothly out of
Raman spectrum, shown in Fig(a®, and the non-spin-flip the SPE signal, which preserves a broad asymmetric line
SPE profile and the 2D plasmon were observed in the polashape up td~1 T, suggesting within a semiclassical pic-
ized spectruntincident and scattered polarizations paralfel ture that in this regime ¢.<qug, the 2DEG SPE high-

A fit for the spin-flip SPE line shape, indicated by the thick frequency cutoff momentum-conserving transitions are still
black line in Fig. 2b), was obtained from the electron polar- possible between the different Landau lekkedpace orbits.
izability using Egs.(1), (3), and (6) with an electron tem- SPE spectra calculated from the free electron polarizabil-
peratureT=40 K, dampingZy=0.2 meV, and taking full ity xo for q=1.145<10° cm?, using Egs(1), (4), and(6),
account of the quantum well conduction band spin splittingare shown in Fig. @); for 0.6 T<B=<1 T there is excellent
using the spin-splitting parameters determined in Ref. 10agreement between experiment and theory, with the relative
Although the temperature indicated by the sample spacmtensities of the different inter-Landau level transitions well
thermometer was 10 K, an electron temperature of 40 K iglescribed by the overlap matrix elements for the Landau
not inconsistent with the form of the high-energy tail of the level wave functions given in Eq5). The discrepancies be-
band-gap photoluminescence; given the high excitation enetween theory and experiment f8<0.5 T can be attributed
gies and powers used in these experiments, this degree tf the fact that spin splitting has not been included in these
heating of the electron gas is not unreasonabken electron  calculations.

temperature of 40 K will be assumed for all calculations However, agreement is not so good ®#2 T. For such
presented here. a magnetic fieldv.~qug and momentum-conserving transi-

Depolarized Raman spectra measured in the 45° orientdions between different Landau levielspace orbits will no
tion for magnetic fields up t8=2 T (corresponding td longer be possible. In consequence, the theoretical Raman
=1.414 T) are shown in Fig. @). As the magnetic field is spectrum indicates a rapid decrease in intensity of the inter-

IV. LOW MAGNETIC FIELDS, . <que
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FIG. 4. Depolarized X, incident and scattered polarizations

FIG. 3. Depolarized Raman scattering spectra measured in thSrthogona] and polarized ||, polarizations parall¢lRaman scatter-

45° orientation. The component of the magnetic field perpendicularng spectra measured in the 45° orientation. Numbers below peaks
to the plane of the 2DE®, =B/y2. The Raman shifb has been

. L : . ) indicate the chang&n in Landau level index for inter-Landau level
normalized by the magnetic fieH (i.e., effectively normalized by

- A ' transitions. The narrow peak 2* below then=2 transition is as-
;he cz/clotrotn frequenagyto facilitate comparison between the dif- signed to a Bernstein mode. A should&tP) on the high-energy
erent spectra.

side of theAn=2 peak observedt® T is assigned to the magne-
toplasmon.
Landau level peaks with increasing ord&n, contrary to

experimental observation. Fig. 4); we will return to a discussion of the origin of this

mode in Sec. VI.
Before further analysis, the origin of the inter-Landau
V. MODERATE MAGNETIC FIELD, qur<w <Eg/A level peaks should first be confirmed as Raman scattering
) o , from the 2DEG. For in a magneto-Raman study of a GaAs

Raman spectra measured in the 45° orientation for 1 }o40r6inction of lower electron density, Kirpichetal. ob-
<B<8T, corresponding to filing factors S0v=6, are  gon e signals shifted from the laser line by integer multiples
shown in Figs. 3 and 4. From Fig. 3, where the spectra arg yhe electron cyclotron energyw, which were shown to
shown as a function of a reduced Raman shiftB  rog it from hot magnetophotoluminescence, the recombina-
= (e/m}) w/ 2w, ( is the Raman shift andi is a cyclo-  tion of hot electrons and heavy holes in the bulk of the
tron effective massit is readily apparent that the energies of Gga52526 |y the present measurements, however, the origin
the main equally spaced peaks in the spectra increase linear the observed signal may be confirmed as two dimensional
with magnetic field, and hence cyclotron frequene%  from a comparison of spectra measured in both the 45° and
=eB, /m¢ . It is therefore natural to assign this series ofge orientations, shown in Fig. 6. We can see that the ener-
peaks, for whichAn up to 7 are observed at lo, to inter-  gjes of the inter-Landau level SPE peaks dependBon
Landau level SPE’s, the energies of which will vary asrather than the total magnetic field strength as would be the
Anfiw.. This assignment is supported by a comparison otase for hot photoluminescence from bulk carriers.
the peak energies with those determined from the peaks of The origin of the observed signal can also be determined
the SPE Raman spectra calculated frefh, shown in Fig. 5 from its variation with incident photon energy. Spectra mea-
as a function oB, =B/2. Excellent agreement is obtained sured atB=4 and 8 T in the 45%rientation for a range of
between the experimental and theoretical fan plots, with n@xcitation energie§€, are shown in Fig. 7. AB=4 T the
free fitting parametergexcept for the electron density which form of the spectrum is essentially unchanged with decreas-
was determined from th8=0 experimental plasmon en- ing excitation energy, as would be expected from Raman
ergy; the electron temperature and phenomenological damgcattering, although there does appear to be some broad in-
ing v, determined from th&=0 SPE line shape, have neg- coming resonance behavior, with the strongest signal ob-
ligible effect on the theoretical SPE peak energidhe served forE, =1.602 eV A=—30cm '). ForB=8 T the
effects of nonparabolicity on the Landau level energies havéorm of the spectrum changes more with excitation energy,
been taken into account by E(}). In addition to the inter- although the underlying peak structure remains unchanged.
Landau level peaks, there is also a prominent narrow peak Zfhe 2* mode at a Raman shift of 120 chappears to be
present on the low-energy side of the=2 peak(see, e.g., strongly resonant, as are the features at 25 and 183cm
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FIG. 5. Theoreticallines) and experimentalsymbolg excita-
tion energies, as a function 8f,_, the component of magnetic field S TP PP
normal to the plane of the 2DEG, fay=1.145<10° cm ! (45° 0 50 100 150 200
orientation. The energies of inter-Landau level excitations are in- —r——
dicated by the thin solid lines and of charge-density excitations by
the thick solid and broken lines; the broken lines correspond to
weaker Raman intensities, determined from the imaginary part of
the charge-density response function. Charge-density excitation en-
ergies determined from the experimental spectra are indicated by
the closed symbol®, depolarized, an@8, polarized Raman spec-
tra. Experimental SPE inter-Landau level transition energies are
indicated by the open symbols: (peaks of broad linewidth modes
present in the experimental spectra for both polarizajiamsl O N M SR L
(narrow peak, more prominent in the depolarized spectra at low 0 20 40 60 80 100
fields). A indicate peaks possibly associated with an intersubband Raman shift (cm™)
excitation, or with the maximum in the dispersion of a high-order
magnetoplasmon.

B=4T

B=2T

Intensity

B=2A2T

FIG. 6. Depolarized Raman spectra measured with the plane of
the sample oriented both normab£0°) and atd=45° to the
magnetic field. The top two spectra in each panel correspond to the
1 . o same component of the magnetic field normal to the plane of the
~85 and 155cm*, which do not seem to S_h'ft in absolute 2DEG; the top and bottom spectra correspond to the same total
energy and could result from hot photoluminescence. magnetic field. The fact that the main peaks are present at the same

Further confirmation of the Raman nature of the inter-raman shifts in spectra measured in different orientations but with
Landau level peaks signals is given by the linear variation ofhe same perpendicular component of magnetic field indicates that
their intensities with incident power density, which was var-they result from inter-Landau level transitions in the 2DEG. Inter-

ied between 0.1 and 1 kW ¢ (although note that the elec- Landau level transitions are indicated by changes in Landau level
tron temperature will be less than 40 K for the lower pow-index An. 2* indicates a Bernstein mode.

ers. In conclusion, these peaks may therefore be

unambiguously identified as resulting from Raman scatteringncreasing ordeAn of the inter-Landau level transition. This
by inter-Landau level excitations in the quantum well andbroadening appears to be approximately linear Biths can

not hot magnetophotoluminescence in the bulk. The fact thate seen in Fig. 3, and is in contrast to the behavior of the 2*
the energy dispersion of these peaks with magnetic field is ipeak, the width of which appears to be independer. af/e
good agreement with that of inter-Landau level SPE’s lendsvill return to the question of the nature of these inter-Landau
support to their assignment as single-particle-like in origin.level excitations and a discussion of the anomolous intensity
However, counter to this, we should note that these interand the width of the Raman peaks in Sec. VILI.

Landau level peaks are significantly stronger than predicted We should also note that there appear low-frequency
from calculations of the SPE Raman spectrum from the fre@eaks in the high-field spectra in Figs. 4 and 6, at lower
electron polarizabilitf Egs. (1) and (4)], which predict that energies than that of the first inter-Landau level transition.
for finite g a peak due to thédn=1 transition should be This is particularly prominent at 30 cm for B=4.243T
dominant, with a rapid reduction in intensity with increasing =6/y/2 T in the 0° orientation. A less intense peak also oc-
An. This can be seen from a comparison of such theoreticaturs at the same Raman shift in tBe-6 T spectrum for the
SPE spectra foB=2 and 4 T, shown in Fig. 8, with the 45° orientation, suggesting that this feature is associated
experimental spectra for these fields in Figs. 3 and 4. Iiwith Raman scattering from the 2DEG, and at a slightly
addition, the inter-Landau level peaks develop structure andligher frequency foB=6 T in the 0° orientation. The origin
increase in width with increasing magnetic field and withof these peaks is not clear, but they are probably associated

There also appear to be two broad features, centerddl at
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a narrow line(labeled 2%, on the low-energy side of the
An=2 peak, which is not present in tlgg=0 spectra. A
comparison of the polarized and depolarized spectra in Fig. 4
indicates that this mode 2* is present only in depolarized
Raman scattering. In the polarized spectrumBer6 T a
shoulder(labeled MPB is present on the high-energy side of
the An=2 inter-Landau level transition.

The energies of these modes, 2* and MP, are plotted in
Fig. 5 as a function oB, =B/ /2, the perpendicular compo-
nent of the magnetic field, where they are compared with the
energies of the charge-density excitations of the 2DEG de-
termined within the RPA. The theoretical energies have been
determined from the peaks in the Raman spectra calculated
using the charge-density response functigr Eq. (2)]. Ex-
cellent agreement is obtained between experiment and theory
for the B-field dependence of these modes and, in particular,
the magnetic field independent shift of 0.8 meB/, K4 T)
of the 2* mode below thé\n=2 SPE is well reproduced.
This mode(which was assigned to a spin-density excitation
i Bt G — in Ref. 5)_ is ther.efore a Bernstein mode, resulting from a

50 0 50 100 150 nonlocal interaction between the pls%smon and the first har-
Energy shift Q (cm™) monic of the cyclotron resonané&:*° The anticrossing at
B, ~5 T, where the magnetoplasmon would cross se

FIG. 7. Depolarized Raman scattering spectra measured in the2 SPE energy, is also observed in experiment, with the
45° orientation, with applied magnetic fieldé 4 T and 8 T, for  peak MP assigned to the higher-energy magnetoplasmonlike
various excitation wavelengths. The incident photon energy is exmode.
pressed as a detuninyy from 1.598 eV and the scattered photon  To give an indication of oscillator strength, only those
energy is given as a Stokes energy shiffrom this value(i.e., the  modes above a certain threshold intensity have been in-
Raman shift i) —A). The main features observed occur at a con-cjyded:; the dashed lines indicate peaks with a slightly lower
stant Raman shift, supporting their assignment to inter-Landau levghreshold than those indicated by the solid lines. An electron
transitions. It is possible that the broad features observed in the 8 aensity of 1.2<10'2cm™2 has been assumed in order to give
spectra af) =85 and 155 cm? result from hot photoluminescence. agreement for the energy of te=0 plasmon, and the elec-

Intensity

T T I T N T T T R B B
0 50 100 150 200

L L L L B EL L
9 =45°

B=4T

Intensity

with intra-Landau level excitations. tron temperature and phenomenological dampindiave
been determined from thB=0 SPE line shape, but other-
VI. BERNSTEIN MODES wise there are no free fitting parameters; the effects of non-

As alreadv identified in th . . h arabolicity on the Landau level energies have been taken
S area ycl)sentllle_ In the previous section, the spectrgy, gecount by Eq(7). Note, however, that the Raman in-
for g=1.15<10"cm"" in Fig. 6 also reveal the presence of o of the lower-energy Bernstein mode 2*, determined

T B B from the imaginary part of,, is predicted to become small

at small magnetic fields away from the anticrossing, whereas
this mode, observed in depolarized scattering, is still strong
VB =4 T and well defined in the experimental spectra.
A A . The variation withgl, of the RPA charge-density excita-
tion energies foB, =1.414 and 4.243 Tcorresponding to
B=2 and 6 T, respectively, for the 45° orientatios shown
in Fig. 9; forB, =1.414 T,1,=216 A and forB, =4.243 T,
lo=125 A. The experimentally determined energies are also

indicated. In Fig. 8a) the dominant mode follows the clas-
V2B, =2T sical magnetoplasmon dispersion of the form

Lo b e e b ey _ 2 2
0 50 100 150 200 0= \octwy(q)’ 9

Energy (cm!)

Intensity

fiw. is the energy of thén=1 transition andw,(q) is the

-0 112
FIG. 8. Theoretical SPE Raman spectra determined witi{( Hq. plasmon frequency for yque vectqr_at B—O,. “’p(Q)O‘q
from the electronic polarizabilityyo(q,») for magnetic field N the Iong—wavelepgth limit. In addition to th|s_magnetoplas—.
strengthsB, = 1.414 and 2.828 T perpendicular to the plane of theMoN mode there is also a much weaker series of Bernstein

2DEG (cf. the §=45° experimental spectra f@=2 and 4 T in  modes, the first of which appears to account for the mode 2*

Fig. 4). Wave-vector-conserving spectfthick lines determined Observed in depolarized Raman scattering, as dicussed in the
for q=1.145< 10° cm %, and wave vector breakdown specttain  previous section. For the larger fiel] =4.243 T[Fig. 9Ab)]

lines determined using Eq(10) with Aq=2x1Pcm !, are the charge-density excitation spectrum has evolved into a

shown. series of Bernstein mode dispersiGAdNote that as these
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20 forbidden forq=0, whereas, even in thege=0 experimental

[ (), B, =4243T] spectra(see Fig. 8, strong inter-Landau level peaks of com-
I ] parable intensity are observed. Examples of calculated spec-
e § tra for the 45° orientation are given in Fig(#ick lines for

B=2 and 4 T, which may be compared with corresponding
experimental spectra in Fig. 4.

The presence of these strong inter-Landau level modes in
the Raman spectra can be ascribed to a Raman scattering
process in which wave vector is not conserved, as suggested
in the context of Raman measurements in the integer and
i ] fractional quantum Hall regimés33!Such a breakdown of
%0- — '0'5‘ — -1'0- — wave vector conservation could result from fluctuations in

‘ ) q ' ' the confining potential, associated with remote ionized impu-
0 rities (the spacer layer thickness is only 100 A in the present

FIG. 9. Charge-density excitation dispersions with in-planeSample or well width fluctuations. If we first assume that
wave vectorq calculated within the RPA for magnetic fields per- these peaks are a result of Raman scattering by SPE’s, Ra-
pendicular to the plane of the 2DEG Gf) B, =1.414 T (,=216  man spectra may be calculated within a simple phenomeno-
R) and (b) B, =4.243 T (,=125 A). Only those modes above a logical modef?>3* employing a characteristic breakdown
threshold Raman intensity, determined from the imaginary part ofvave vectorAQ:
the charge-density response function, are sh@hick lines. In (b)
the broken line indicates the dispersion obtained using the classical 1
expression for the magnetoplasmon energy=(/w2+ wzpoq/qo, Rspéw)oc—[N(w)‘i‘l]J’ Im[XO(q,w)]ﬁdq.
wherew. andw,q have been determined from experimang:is the q°+Aq
energy of theAn=1 transition,wy, is the plasmon energy deter- (10

mined atB=0 for wave vectorgy=1.145<10° cm™1). The thin ) . B
lines indicate the energies of the peaks in the SPE spectrum dete'i\)-"’“‘nan spectra calculated using EQO) with Aq=2

mined from the imaginary part of the Mermin-corrected polarizabil- X10° cm™* are also shown in Fig. 8. The relative intensities

ity. Energies determined from Raman measurements performed ﬂf the inter-Landau Ie\,/el peaks are indeed _mUCh Closer,to
the 45° orientation q=1.145< 10°cmY) are indicated by the those observed experimentally, even for this moderate in-

symbols(assignment as for Fig.)5(a) B=2 T and(b) B=6 T. plane wave vectoAq. This value ofAq corresponds to a
length scale for fluctuations in the quantum well potential of
calculations have been performed within the RPA, exchange=500 A, of comparable magnitude to the cyclotron radius
correlation is not included and so the form of these disperfor the magnetic fields considered here, suggestive of a mag-
sions at large wave vectors should be treated with cautiornetic field induced localization of the electron states in the
Nevertheless, they provide a useful picture of the chargeduantum well.
density modes in this system. In particular, the anticrossing However, comparison of the spectra in Figs. 4 and 8 in-
of the magnetoplasmon with then=2 SPE mode can be dicates that the simple model of E(L.O) has failed to ac-
readily seen in Fig. @) to be associated with a maximum in count for the increasing width of the inter-Landau level
the Bernstein mode dispersion. For comparison, the magné&eaks with increasing magnetic field. It is possible that the
top'asmon dispersion predicted using Ea) is also indi- structure and width of the peakS may be attributed in pal’t to
cated. Note that some authors describe the lowest Bernstefi€ complex spin split nature of the conduction subband,
mode as a magnetoplasnigirhere this term will be reserved arising from the interplay between the Zeeman and the in-
for a mode following the classical dispersion given in Eg.trinsic bulk inversion asymmetry and Rashba spin splitting in
(9). a tilted magnetic field'>* However, the results of Ref. 21
We should note at this stage that the well-defined naturévould suggest that the spin-splitting should be much less
of theseqg-dependent charge-density modes in the experithan the observed widths of the inter-Landau level peaks. It
mental spectra, and the fact that they are not presenq for should be noted that conduction band nonparabolicity, which
=0, indicates that their observation results from a wavel€ads to an unequal spacing of Landau levels, has been in-

Energy (meV)

vector-conserving Raman mechanism. cluded in the calculations presented in Fig. 8; although this
does lead to some broadening of the inter-Landau level SPE
VIl. BREAKDOWN OF WAVE-VECTOR CONSERVATION peaks with increasing inter-Landau level ordé&n, it is

clearly not sufficient to explain the observed peak widths at
Although the energies of the broad peaks observed in botlarge B.

polarized and depolarized experimental spectra agree well Apart from the effects of nonparabolicity, the linewidths
with the SPE transition energies between Landau levels presf the calculated peaks in Fig. 8 are essentially determined
dicted by theory, and the peaks are confirmed as Raman ioy the single-particle damping in Eqg. (4), which is kept
nature, we have not yet accounted for the intensity anadonstan{0.2 me\j in the above calculations. As the width of
broadening of these peaks. In particular, from calculations ofhe long-wavelengthg-conserving collective excitation 2*
SPE Raman spectra from the free electron polarizability, theppears to be relatively unaffected by magnetic field, this
relative strengths of the higher-order peaks are predicted twould suggest that the single-particle lifetime of the ex-
decrease with increasinB and decreasing], with Raman tended states in the Landau quantized 2DEG is well de-
scattering from all inter-Landau level SPE’s expected to bescribed by aB-independenty. However, in the case of com-
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widths will provide a measure of the Landau level broaden- i
ing I', which has indeed been observed by some authors to 0.0%
increase with magnetic fielths B2 in accordance with the
model of Ando and Uemut3) although others have fourld

plete breakdown of wave vector conservation, the Raman 1.5¢ ]
spectrum for SPE’s may be taken as representing the single- k .
particle Landau level density of states, which includes all Lop B
states(localized and extendedIn this case the peak line- = o5k 3

to be independent d8.% E,=1.602 eV ‘

Finally, further investigation of Figs. 4 and 6 reveals in | 3
the depolarized spectra measured at figitee presence of a = W/\M <
narrow peak, superimposed on the=1 inter-Landau level z ! ! !
transition, which is not present fay=0 and emerges in the % E =1.598 eV

finite q polarized spectra only at high magnetic fields. This
feature may correspond to the wave-vector-conserving peak
expected for than=1 inter-Landau level SPE transition for
finite g, as shown in Fig. 8. Furthermore, then=2 inter- L bl |
Landau level peaks observed in the depolarized spectra in 5 10 15 20 25
Fig. 4 are more intense than in the corresponding polarized
spectra, whereas the higher-order inter-Landau level peaks
are of comparable intensity for the two polarization configu- FIG. 10. Raman spectra measured with an applied magnetic
rations. This suggests that the welalk=2 SPE feature pre- field of 8 T in the 45°orientation(magnetic field component normal
dicted by theory forg=1.15<10°cm ! for the magnetic to the plane of the 2DE®, =5.657 T) for different incident laser
field strengths considered heisee Fig. 8 may contribute to  energiesE_ and polarizations X depolarized,| polarized are

the observed intensity of then=2 inter-Landau level peak shown in the lower panel. Then=1 and 2 charge-density disper-
observed in the depo|arized Spectra. Therefore, it appeagons calculated within the RPA fCBL:5657 T are shown in the
that wave-vector-conserving Raman scattering from SpE'top panel; the arrows indicate the inter-Landau level transition en-

may also be observed at high magnetic field in the depo|arergies. It is proposed that the depolarized)(spectrum obtained
ized spectra. with E, =1.602 eV essentially represents the density of states of the

charge-density excitations, with the asymmetric peaks at 14.8 and
22.8 meV corresponding to the maxima of the=1 and 2 disper-
sions. These features also appear to be present in the spectra mea-
Vill. CHARGE-DENSITY EXCITATION DENSITY sured withE, =1.598 eV, with the high-energy cutoff from the

OF STATES An=1 dispersion at 15.5 meV occurring just above the Bernstein
énode(Z*) present in the depolarized spectrux)(

Energy (meV)

Instead of Raman scattering by SPE’s, it may be that th
inter-Landau level peaks result from a ngreonserving Ra-
man mechanism involving charge-density excitations; i.e.the An=2 charge-density dispersion. Note that the Bernstein
the spectra will then essentially represent the density ofnode 2*, which is present only in the depolarized spectrum
states of the Bernstein modes a density of states weighted measured &, = 1.598 eV, occurs at a slightly lower energy
by some wave vector breakdown term, such as that given ithan the peak of the feature in the polarized spectrum attrib-
Eqg.(10)]. This could also account for the increasing width of yted to theAn=1 density of states line shape.
the peaks, as the Bernstein mode dispersions cover an energy
range comparable to the inter-Landau level spacing, as can
be seen in Fig. 9. However, counter to this we should note
that the observed peak energies are well reproduced assum-
ing that they are SPE’s, whereas we would expect the peaks . . .
in the Bernstein mode density of states to occur at higher In, concl_uspn, a smoqth transition has been observed in
energies than those of the inter-Landau level transitions. e inelastic light scattering spectrum from an electron gas

Nevertheless, the forms of the high-field spectra in Figs. £0nfined in a GaAs quantum well, as it evolves from a two-
and 6 are suggestive of napeonserving Raman scattering dimensional syst.em to a fuII.y qpantlzed system in the pres-
from charge-density excitations. In Fig. 10 spectra measurefince of an applied magnetic field. For moderate magnetic
at B=8 T in the 45° orientation§, =5.657 1) are com- fields, qup<w <Eg/%, corresponding to filling factors in
pared with the calculated magnetoplasmon dispersions. Ithe range 6 to 50, there is evidence for both wave-vector-
particular, the asymmetric line shape observed on the higheonserving and nonconserving Raman scattering mecha-
energy side of theAn=1 transition, with a peak at-15 nisms from electronic excitations. In particular, wave-vector-
meV, may reflect the density of states of the Bernstein modegonserving Raman scattering from then=2 Bernstein
the high-energy cutoff of this feature corresponds well to themodes has been observed in depolarized scattering. How-
energy of the maximum in the calculatédh=1 charge- ever, the intensity of this mode, which disperses with mag-
density dispersion. Similarly, a strong asymmetric peak ahetic field at a constant energy shift below the bare SPE
~23 meV(most prominent in the depolarized spectrum meadransition, is significantly greater than that predicted by
sured a; =1.602 eV could correspond to the maximum in simple linear response theory when far from the resonance

IX. SUMMARY
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with the magnetoplasmon. There is also evidence for wave- ACKNOWLEDGMENTS
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