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Scattering mechanisms and many-particle interactions

C. Schiiller, J. Kraus, and G. Schaack
Physikalisches Institut der Unioersitat Wurzbury, 9707$ Wurzburg, Federal Republic of Germany

G. Weimann
Walter Sebo-ttky Insti-tut der Technischen Unioersitat Munchen, 857/8 Garetung, Federal Republic of Germany

K. Panzlaff
Abteilung Optoelektronik der Uniuersitat Ulm, 89075 Ulm, Federal Republic of Germany

(Received 18 August 1994)

By means of resonance Raman spectroscopy we have investigated intersubband transitions of
quasi-two-dimensional (2D) hole gases in p-type modulation-doped GaAs/Gap Al As quantum-
well structures. The observed excitations have an essentially single-particle character due to Landau
damping of collective excitations and due to single-particle scattering by energy-density Suctuations
under conditions of extreme resonance. In samples with well widths of typically 100 —200 A and
2D hole densities p ~ 10 cm, we observe a characteristic variation of intersubband-transition
energies with laser frequency in depolarized and in polarized scattering con6gurations. This vari-
ation is caused by the nonparabolic subband dispersion of the 2D single-particle hole subbands.
Experiments under variation of p, by illuminating the sample with photons that have energies above
the band gap of the Gaq Al As barriers, allow an estimate of the relative strengths of direct and
exchange Coulomb interactions. From these experiments a greater relative strength of the exchange
interaction, in comparison to that found for 2D electron gases, can be deduced.

INTRODUCTION

In inelastic light scattering experiments one can ob-
serve intersubband excitations of two-dimensional (2D)
carrier systems in semiconductor quantum-well struc-
tures. These excitations can be of collective type, so-
called spin-density (SDE's) and charge-density excita-
tions (CDE's), or they can be single-particle excitations
(SPE's). CDE's are shifted with respect to the corre-
sponding SPE due to direct and exchange Coulomb inter-
actions. The total amount of the corresponding collective
shift depends on the relative and total strengths of direct
and exchange Coulomb interactions. SDE's have shifts to
lower energies due to exchange interaction. The dif-
ference in excitation energy between SDE's and CDE's
belonging to the same intersubband transition is called
depolarization shift. CDE' s and SDE's can be separated
experimentally by polarization selection rules. Excita-
tions of collective character only exist if energetically well
separated from the spectrum of SPE's (single-particle
continuum), whose width depends on the transferred in-
plane wave vector and on the shape of the single-particle
subband dispersion. Within a single-particle continuum
the collective excitations (SDE's and CDE's) decay into
uncorrelated electron-hole pairss ~s (Landau damping).

Many-particle interactions in 2D electron gases in n-
doped quantum-well structures have been extensively in-
vestigated by Raman spectroscopy (see, e.g., Refs. 7,
ll —14). These experiments demonstrated the importance
of both the direct and exchange Coulomb interaction for

determination of intersubband-transition energies of 2D
electron gases in n-doped GaAs/Gaq Al As quantum-
well systems. In contrast, only a little information is
available about 2D hole gases. By means of resonance
Raman spectroscopy we have investigated intersubband
transitions of the 2D hole gas ofp-type modulation-doped
GaAs/Gaq Al As quantnm-well structures. The most
important feature of such systems is the strongly non-
parabolic subband dispersion of the single-particle hole
subbands due to mixing of heavy- and light-hole bands
for k~~ P 0 (k~~ means the in-plane wave vector). ~s This
nonparabolicity is de6nitely not negligible in the case
of p-doped samples of any material with zinc-blende or
diamond structure ' and also has to be taken into
consideration for n-doped quantum-well structures with
narrow band gap. 2 Magnetotunneling spectroscopy, and
hot-electron-acceptor luminescence, 4 were recently
described as techniques which are able to probe the
complicated dispersion curves of hole states in 2D sys-
tems, where these methods can even study the cubic
anisotropy. 4 For intersubband-transition energies of
2D hole systems measured by resonance Raman spec-
troscopy the subband nonparabolicity results in a char-
acteristic variation of the observed transition energies
(in depolarized as well as in polarized geometry) with
laser energy as reported previously. We brieBy dis-
cuss this consequence of subband nonparabolicity in this
publication. Special attention in the present work is
paid to the innuence of the nonparabolic subband dis-
persion on the scattering mechanisms for resonant exci-
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tation and hence on the character (collective or single-
particle) of the observed excitations. The first investi-
gations of intersubband excitations of 2D hole gases in
GaAs/Gai Al As quantum-well structures by Raman
spectroscopy were made by Pinczuk and co-workers.
These authors found that collective effects are of minor
importance in these samples. Their experiments showed
that for quite high hole densities (p = 5.8 x 10 cin )
the depolarization shift is smaller than for lower densi-
ties (p = 2 x 10 cm ) in contrast to theory. Theo-
retical calculations of Ando predict that the depolar-
ization shift should increase with increasing carrier con-
centration p, as is the case in the 2D electron gas in n-
doped samples. We assume that the decreasing depolar-
ization shift in these experiments may be due to stronger
Landau damping of collective excitations at high dop-
ing concentrations. For p = 5.8 x 10» cm 2 the single-
particle continua of intersubband excitations are quite
broad, even for in-plane wave vector transfers q = 0
(vertical excitations in k~~ space), so that the collective
excitations partly overlap the continuum of SPE's and
hence are strongly Landau damped. In samples of lower
hole density (p & 2 x i0 cm ), as investigated in
this work, we assume that the single-particle character
of the hole excitations also dominates, again due to Lan-
dau damping of collective excitations and due to strong
single-particle scattering by energy-density Huctuations
under conditions of extreme resonance. The scattering by
energy-density Huctuations is caused by the nonparabolic
subband dispersion of the 2D hole subbands.

For a detailed discussion of this we provide some gen-
eral theoretical considerations in the following section
about scattering mechanisms (Sec. IA) and especially
about resonant single-particle scattering (Sec. IB) in p-
doped GaAs/Gai Al As quantum-well structures, tak-
ing into account the strong nonparabolicity of 2D single-
particle hole subbands. In Sec. II our experimental re-
sults are described. The efFects of subband nonparabol-
icity on intersubband-transition energies are brieHy dis-
cussed (Sec. IIA). Furthermore, the etfects of many-
particle interactions on intersubband-transition energies
have been investigated. An estimation of the relative
strengths of direct and exchange Coulomb interaction is
given (Sec. lIB). Finally the results are summarized in
Sec. III.

sequence of nonparabolicity for intersubband-transition
energies for resonant single-particle scattering is inves-

tigated theoretically. These investigations confirm th~'

interpretation of the experimentally detected, character-
istic variation of intersubband-transition energies with
laser energy reported previously ' as an. efFect of the
nonparabolic dispersion of the single-particle hole sub-
bands (see also Sec. II).

A. Scattering mechanisms

(a) Spin density -and charge densit-y fluctuations. In
Fig. 1 the transitions, which contribute to the resonant
single-particle scattering by charge-density Quctuations
(CDF's) and spin-density fluctuations (SDF's) in the
two-step (a) and three-step (b) carrier-density scattering
mechanism, are sketched. In the two-step mechanism a
hole is excited from the i = 0 subband to the i = 1 sub-

band (a). In the third step of the three-step mechanism

(b) the excitation energy of the SPE is transferred to an-

other SPE due to direct Coulomb interaction (Coulomb
screening) or exchange interaction (exchange screening).
This process represents the screening of the SPE by other
SPE's.2 In systems with parabolic subband dispersion
the screening of SPE's is nearly complete.

In the scattering by collective ezcitations (SDE's and
CDE's), the photoexcited hole couples in the third step
of the three-step mechanism to the SDF's and CDF 's

of the system. Scattering due to SDF's is observed in
depolarized scattering geometry (e; i e, ) and scattering
due to CDF's in the polarized scattering configuration

(e, ~~
e, ), where e; (e, ) means the polarization direction

of the incident (scattered) beam.
(b) Energy density P-uctuations. In strongly non-

parabolic systems another scattering mechanism, due to
so-called energy-density fluctuations (EDF's), becomes
important. The scattering efBciency for resonant
scattering by density Huctuations is proportional to 2

I. THEORETICAL CONSIDERATIONS

In this section some theoretical considerations are
given to explain the dominant single-particle character
of the observed intersubband excitations. In Sec. IA the
scattering mechanisms which may contribute to resonant
inelastic light scattering by intersubband excitations in
p-doped GaAs/Gai Al As quantum-well structures are
discussed. The inelastic scattering of light in 2D car-
rier systems is due to various density Huctuations of the
carrier system. The strong nonparabolicity of single-
particle hole subbands may be responsible for relatively
strong single-particle scattering by unscreened energy-
density fluctuation (see below). In Sec. IB the con-

(b)

FIG. 1. Schematic representation of single-particle transi-
tions, which contribute to the two-step (a) and three-step (b)
carrier-density scattering mechanism (Ref. 28) of the reso-
nant inelastic light scattering process in 2D hole gases. In (a)
a hole is excited from the i = 0 subband to the i = 1 sub-
band. The third step in (b) represents the screening of the
single-particle transition by other single-particle transitions.
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e' '(N(t) N(O))dt,

N=) p pCp~C

where N(t) means the time-dependent operator in the
Heisenberg picture corresponding to N, which is the gen-
eralized density-fluctuation operator. ~; (u, ) is the fre-

quency of the incident (scattered) light and C&t (C ) are
creation (annihilation) operators of the single-electron
states (Bloch states). If the scattering amplitude 7 p
is independent of k~~ (e.g., far away from resonance) the
effective interaction Hamiltonian which is responsible for
the scattering of light by the carrier system can be split
into a part which corresponds to the coupling of the elec-
tromagnetic 6eld to SDF's and a part which describes the
coupling to CDF's. Under conditions of extreme reso-
nance, however, this means the energy of the incoming
laser photons is nearly equal to the eH'ective energy band
gap between valence and conduction band, p p takes the
form
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where the sum, in principle, runs over all intermediate
states P' with energy ep~. m means the free electron
mass. Due to the resonance denominator in Eq. (3), con-
tributions from transitions n ~ P, with s —spi hu;,
dominate the scattering amplitude p p. In the case dis-
cussed in this paper, the resonant intermediate state IP')
belongs to the cq conduction band subband. p p
p p(k~~) since the dispersion relations s(k~~) [see Fig. 2(a)j
as well as the wave functions, which determine the ma-
trix elements in Fig. 2(b), of the 2D hole system depend
on k~~. This is responsible for a scattering mechanism
which causes scattering by unscreened SPE's and which
is called scattering due to energy-density fluctuations.

The curves displayed in Fig. 2(a) for the subband dis-
persion and in Fig. 2(b) for the square of momentum
matrix elements between valence- and conduction-band
states are calculated within k p formalism for a single
quantum well with GaAs well width I,, = 106 A and 2D
hole density p = 2.1x10' cm . The Al content x of the
Gaq Al As barriers was chosen as x = 0.32. Heavy-hole
states are labeled as h, corresponding to their character
at k~~ ——0, where i gives the subband quantum number.
Correspondingly light-hole states are labeled l;.

Thus the nonparabolicity of the 2D hole subbands in
GaAs/Gaq Al As quantum-mell structures has mainly
two important e6ects concerning resonant inelastic light
scattering by density fluctuations.

(i) Due to resonant scattering by energy-density Iluc-
tuations SPE's may contribute considerably to the light
scattering spectra of intersubband excitations in addition
to collective SDE's and CDE's, which occur due to scat-
tering by spin-density and charge-density fluctuations.

k~~ (10P/cm )

FIG. 2. Dispersion of the hp, lp, and hz subband of
s single quantum-well structure with L, = 106 A snd

p = 2.1 x 10 cm calculated for the Sst band case (s).
The arrows mark single-particle transitions with minimal (st
k~~ = 0) snd maximal possible energy (st k~~

——kp). In

(b) the dependence of momentum matrix elements of sin-

gle-particle transitions, which contribute to the scattering by
(hp ~ hq) single-particle excitstions [see also Fig. 1(s)), from
the in-plane wave vector k)) ls shown.

(ii) SDE's and CDE's are Landau damped because
they, at least partly, lie within the continu»r» of SPE's
(see also Fig. 7 below). For the nonparabolic single-
particle hole subbands, the continu»m of SPE's has even
for vertical transitions, i.e., q = 0, a 6nite width and
so the collective SDE's and CDE's overlap the single-
particle continuum and are hence Landau damped, even
for q=0.

B. Resonant single-particle scattering

The scattering efEciency for scattering by noninteract-
ing particles can be written in the form

where in the scattering process at a wave vector k)),
with Ik((I & 1k~I (Fer~ wave vec«r) a smgle p~&-
cle is excited from a state with subband energy e (k~~)
to a state with energy sp(k~~) with a probability Ip~pl .
In this picture we consider only vertical transitions in

k~I space. This means we are dealing with quasiexact
backscattering geometry and neglect any mechanism of
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wave vector nonconservation. f; in Eq. (4) means the
Fermi-distribution function of the ith subband. Because
of the k~~ dependence of p p [see also Fig. 2(b)] and s;(k~~)
[see Fig. 2(a)] the shape and maximum position of single-
particle intersubband excitations, which were described
by Eq. (4), depend on the laser energy fuu, .

Figure 3 displays calculated spectra of (ho —+ hi)
single-particle intersubband excitations as schematically
shown in Fig. 1(a) (heavy-hole transitions) for differ-
ent laser energies ~; for the same system as in Fig.
2. The vertical dashed lines mark the borders of the
(ho -+ hi) single-particle continuum for vertical transi-
tions [see also vertical arrows in Fig. 2(a)]. All calculated
spectra, which are shown in Fig. 3, are normalized to
unity for better comparison of the maximum positions.
The calculations displayed in Fig. 3 clearly show that the
(ho ~ hi) single-particle excitation energy, which can be
observed by resonance Raman spectroscopy, depends on
the energy br', of the incoming laser photons. Before res-
onance (negative Abc'; in Fig. 3) the excitation energy of
the (ho ~ hi) single-particle excitation is higher than in
resonance (Aku, = 0). After resonance (b,~; ) 0) the
observable (h&& -+ hi) energy again increases with increas-
ing laser energy. A~; means the detuning of the laser
energy Ru, with respect to the subband spacing between
the hq and the cq subbands at k~~

-——0. The observa-
tion of the characteristic variation of the intersubband-
transition energies with laser energy in experiment (see

. Ah~; (m

20

M
8 15

5

0

below and Refs. 17 and 18) confirms the assumption that
there is a strong single-particle scattering due to EDF's.

The 2D subband dispersion and wave functions used
for the calculations presented in this publication were
determined by solving I uttinger's 4 x 4 Hamiltonian.
The four coupled difFerential equations forming the
Schrodinger equation were solved for the Hat band
case, which gives a good approximation for low dop-

ing concentrations. For well thicknesses of the square-
well potential around 100 A and carrier concentrations

p 10 cm ~ the efFects of band bending on the calcu-
lated intersubband-transition energies are less than the
experimental error (& 0.1 xneV). Thus for the sample pa-
rameters we used (see below), the effects of band bending
can be neglected.

II. EXPERIMENTAL RESULTS

The experiments were performed in backscattering
con6guration at T = 2 K under resonant excitation using
a tunable cw dye laser. The samples were immersed in

liquid superfiuid helium in a bath cryostat. The scattered
light was analyzed with a triple spectrograph (DILOR
XY) and a multichannel detector. The experimental re-
sults presented in this publication were derived Rom two
samples. In Table I the essential parameters of the inves-
tigated p-type modulation-doped samples are listed. The
samples were grown by molecular-beam epitaxy. Sample
S is a one-side modulation-doped single quantum weB.
The undoped spacer of this structure is 200 A thick and
the doping area has a thickness of 60 A. Sample M is
a Be-doped multiple quantum-well structure containing
10 periods. The Gai Al As barriers are 525 A. thick,
with Be-doped center layers 35 A. thick. On sample M
a 100 pm x 100 p,m mesa structure was etched for the
experiments presented in Sec. II B.

A. EfFects of subband nonparabolicity
5

~ ~
-10

15

Raman shift (meV)

Figure 4 shows a 3D plot of Raman spectra of the
(ho -+ hi) intersubband excitation of sample S, the single
quantum-well structure, in polarized scattering configu-
ration for difFerent laser energies. The dashed line marks
the positions of the maxima of the (ho m hi) excitations.
One can recognize the resonance behavior of the excita-
tion. If the energy of the laser photons is in the vicinity
of the band gap between the hq valence subband and the
cq conduction subband, the observed Raman signal of the

FIG. 3. Calculated and normalized (ho —+ hi) sin-
gle-particle excitations of the same system as discussed in
Fig. 2. The solid curves represent spectra, which are calcu-
lated with Eq. (4) and the results of Sec. IIB for resonant
excitation. A~; gives the detuning of the laser energy fuo,-

relative to the energy of the subband spacing between the h&

valence subband and the cq conduction subband. One recog-
nizes the dependence of the line shape and maximum position
of the (hp —+ hi ) excitation from laser energy hew, . The dashed
curve is calculated for nonresonant excitation for comparison.

Type
Sample S SQW
Sample M MQW

0.32
0.43

p(2 K) (10"/cm )
2.1 + 0.2
1.6 + 0.2

TABLE I. Most important parameters of the samples in-

vestigated. The well widths I and 20 hole densities p were

determined from our optical measurements (Sec. II A). This
means p is the value of the carrier density under illumination.
The Al contents 2: were taken from the growth parameters.
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scattering configuration. The characteristic variation of
the intersubband transition energies in depolarized as
well as in polarized scattering configuration is caused by
the nonparabolic subband dispersion 7'~ [see Figs. 2(a)
and 2(b)]. The solid line gives the theoretically calcu-
lated variation of the (hp ~ hq) SPE with laser energy
which was calculated with Eq. (4) and the results of Sec.
IIB. It visualizes the variation of the maximum positions
of the calculated single-particle spectra displayed in Fig.
3 with laser energy.

This characteristic variation of the observed (hp ~ hq)
transition energies with laser energy can be understood
in the following way. The Raman scattering probability
is given by the product of the squares of the momentum
matrix elements of the intersubband transitions partic-
ipating in the scattering process, i.e., the (hx ~ cx)
transition and the (cq m hp) transition [see Fig. 2(b)].
With the theoretical results displayed in Fig. 2 it fol-

lows that single-particle transitions around k~~
——0 do

not signi6cantly contribute to the observed Raman sig-
nal, whereas the contribution to the signal increases with
increasing kI~. OfI' resonance, i.e. , when the laser en-

ergy ~, is well below the energy of the hq-cz band gap
at k~~

——0, the most probable single-particle transitions
around k~~

= k~, with energies higher than those around

k~~
——0, dominate the observed spectrum. If the laser en-

ergy reaches the value of the hq-cq band gap, transitions
around k~~ ——0 are resonantly enhanced and the observed
(hp M hy) transition energy decreases accordingly. If the
laser energy is above the hq-cq band gap at k~~

= 0, the
maximum position of the observed (hp ~ hq) transition
increases with increasing laser energy, because the ho-hq
subband spacing also increases with increasing k~~ [see
Fig. 2(a)]. Above resonance, i.e. , when the laser energy
is above the energy of the hq-cq band gap at kt

~

——k~, the
spectrum is again dominated by the most probable tran-
sitions around k~~

——ky. The increasing branch of the
theoretical curve in Fig. 6 is mainly determined by the
Fermi wave vector k~. So from the 6t of the theoretical
curve to the experimental data the carrier concentration
p = k&2 j2vr under illumination can be determined with
quite good accuracy (see Table I).

We have observed similar variations of the (hp ~ hq)
transition energies with laser energy in various other sam-
ples with well widths around 100 A (not published here).
In a sample with I, 200 A. the (hp m h2) intersubband
excitation could be observed. These investigations are
interesting, because the curvature of the h2 subband has
a sign opposite to that of the hj subband. Correspond-
ingly the variation of the intersubband-transition energy
with laser energy is different for the (hp m hq) and the
(hp ~ h2) excitation. The fact that the variation of
the observed excitation energies with laser energy can be
explained quite well by the behavior of calculated single-
particle spectra demonstrates that the observed excita-
tions have essentially single-particle character. As stated
above in Sec. I this strong single-particle scattering can
be understood in terms of scattering by energy-density
fluctuations under conditions of extreme resonance. Fur-
thermore, the observed excitations lie within the contin-
uum of single-particle excitations and hence the collec-

B. Effects of many-particle interactions

To test the relative strengths of direct and exchange
Coulomb interaction in the 2D hole gas, we have per-
formed experiments under variation of the carrier density

p by illuminating a 100 pm x 100 pm mesa (sample M)
with an additional Ar laser (A = 514 nm). The energy
of the green Ar-laser line was well above the band gap
of the Gaq Al As barriers, so that electron-hole pairs
have been generated in the barriers. The reduction of
the density of the 2D hole gas in the wells is very sim-
ilar to a mechanism which was reported by Jusserand
et at. for n-type modulation-doped quantum wells. In
our experiments the mesa structure was nearly homo-
geneously illuminated by an Ar-laser spot of about 200
p,m diameter. The Raman signals were recorded &om
a dye-laser spot of about 50 pm diameter in the center

0
e ~

V

. single —particle continuum

]6&0

a I

]620 "630

sample M
l

laser energy (rneV)

FIG. 7. Same as Fig. 6, but for sample M. The solid line
was 6tted to the experimental values in depolarized geome-
try. The dashed lines give the upper and lower hmits of the
(ho m h~) single-particle continuum for vertical transitions
[see also arrows in Fig. 2(a)].

tive parts suffer Landau damping (see Fig. 7). The ver-
tical shift between the excitation energies in depolarized
and polarized con6guration in Fig. 6 is the depolarization
shift. This shift is a consequence of the remaining col-
lective part of the observed excitations, e.g. , SDE's and
CDE's. The collective efI'ects are further investigated in
Sec. II B.

Figure 7 shows the variation of the (hp ~ hq)
intersubband-transition energies of sample M versus laser
energy. The solid line gives the calculated variation of
the (hp m hq) SPE which was for the time being fit-
ted to the experimental points in depolarized scattering
con6guration. The dashed lines mark the borders of the
single-particle continuum for vertical transitions. This
shows, as already mentioned, that the observed excita-
tions lie within the single-particle continuum and hence
sufI'er Landau damping.
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of the mesa. The power density of the dye-laser beam
was about 200 W cm, whereas the power density in
the Ar-laser beam was varied between 0 and 2 W cm
While the additional photogenerated holes remain in the
valence band of the barriers, their electron partners are
transferred into the wells, where they recombine radia-
tively with some carriers of the 2D hole gas. By the
additional illumination the 2D hole density p in the quan-
tum wells could be reduced to a value of about 60%
of the carrier density in the dark. The actual value of
p was estimated &om the band-gap renormalization
(BGR). The BGR was experimentally determined as the
difference of the calculated single-particle subband spac-
ing between the hp valence band and the cp conduction
band and the corresponding luminescence energy. More
recent investigations3 ' indicate, however, that exci-
tonic effects are not negligible at hole densities of about
2 x 10 ' cm . In p-doped samples they seem to play a
more dominant role than in n-doped samples, where at
densities of about 10 cm 2 excitonic interactions are
almost screened. Therefore the amount of the reduction
of the 2D hole density by additional illumination given
here, which was determined by the interpretation of a
corresponding shift of the quantum-well luminescence as
an efFect of the BGR only without considering excitonic
effects, must be seen as a lower limit. One may find a
stronger decrease of the 2D hole density by additional il-
lumination (up to a factor of about 2) if excitonic effects
are considered in the calculations.

Figure 8 shows the variation of the (ho ~ hi)
intersubband-transition energies in depolarized and po-
larized scattering configuration with p. These energies
were determined as the average of all transition ener-
gies measured for a large number of laser energies in the
range of the resonance of the Raman process, as for ex-
ample displayed in Fig. 7. The dashed line represents the
variation of the average (hs ~ hi) single-particle energy
calculated with the help of Eq. (4) and a k p subband
calculation as described above. The decrease of the aver-

age single-particle energy with decreasing hole density p
is caused by the nonparabolicity of the 2D valence sub-
bands and the decrease of the Fermi wave vector kF [see
Fig. 2(a)j. The dashed-dotted lines are guides to the eye.
The well width of the investigated structure was deter-
mined in the following way. For the spectra series with
minimal 2D hole density there is only an almost vanish-

ing depolarization shift between the excitation energies
in depolarized and polarized spectra observable (marks
at p = 1.15x 10ii cm 2 in Fig. 8). The spectra are nearly
complete single-particle spectra. The well width was de-

termined to L, = 105 A. by fitting a theoretical curve,
as for example displayed in Figs. 6 and 7, to the experi-
mental values (not displayed here). Figure 8 shows that
for p ( 10 cm the spectra should be complete single-

particle spectra with vanishing depolarization shift. Fig-
ure 8 also shows that the excitations in polarized and
in depolarized configuration are shifted symmetrically
with respect to the calculated SPE (dashed line). For
an estimation of the relative strength of direct and ex-
change Coulomb interaction we use relations which were
derived theoretically for the energies of collective SDE's
and CDE's of the 2D electron gas of n-type modulation-
doped GaAs/Ga Ali As quantum-well structures:s

ansDE = nno, —po„
l~flCDE ~01 + a01 p01 ~

(5)
(6)

where AOoi means the (constant) energy of a SPE and

aoi (poi) is the parameter of the direct (exchange)
Coulomb interaction. ii Using Eqs. (5) and (6) the re-
sults displayed in Fig. 8 yield a ratio of 2:1 for api'. Ppi.
If we take the excitonic effects in the luminescence tran-
sitions into account, a ratio of almost 1:1 for aoi.Poi
may follow, because the reduction of the 2D hole den-

sity may have been underestimated. Therefore a ratio,
which lies between 2:1 and 1:1, can be deduced &om
our experiments. The uncertainty comes &om the error
in the determination of the 2D hole density. Neverthe-
less our experiments yield a stronger relative strength
of the exchange interaction in comparison to the di-

rect Coulomb interaction than was found for 2D electron
gases in n-type modulation-doped GaAs/Gai Al As
quantum-well structures by Pinczuk et al. ii (2.5:1 for

aoi.Poi). This might be more understandable if we take
into consideration that the holes have a larger effective
mass than the electrons: From electrons in Si-inversion
layers a considerable influence of the exchange interac-
tion on the band structure is known. The effective mass
of electrons in Si-inversion layers is large compared to the
efFective mass of electrons in GaAs.

200
75 100 125 150

2D hole density p (10 '/cm )

FIG. 8. Averaged energies of the (ho -+ hi) SDE's (open
circles) and CDE's (filled squares) for diferent 2D hole densi-
ties p in sample M around the hq —+ cq resonance. The dashed
line describes the calculated decrease of the (ho m hi) sin-
gle-particle energy arith decreasing p. The dashed-dotted lines
are guides to the eye.

III. CONCLUSION

In conclusion we have investigated intersubband exci-
tations of the 2D hole gas in p-doped GaAs/Ga Ali As
quantum-well structures by means of resonance Raman
spectroscopy. The observed excitations have essentially
single-particle character due to Landau damping of col-
lective SDE's and CDE's and the resonant scattering by
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energy-density Quctuations. An estimate of the relative
strengths of direct and exchange Coulomb interaction
in the 2D hole gas in GaAs/Gsq Al As quantum-well
structures with L, 100 A and p 10~~ cm z has been
given. It was found that exchange Coulomb interaction
is presumably more dominant than in 2D electron gases.
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