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Large Exchange Interactions in the Electron Gas of GaAs Quantum Wells
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Inelastic-light-scattering measurements show that exchange Coulomb interactions in the two-
dimensional electron gas of GaAs microstructures are more important than previously anticipated.
Small-wave-vector spectra from modulation-doped quantum wells exhibit unexpected single-particle in-
tersubband transitions in addition to collective spin-density and charge-density modes. From the mea-
sured spectral energies the direct and exchange intersubband Coulomb interactions are determined and
found to be of comparable strengths.

PACS numbers: 71.45.6m, 73.20.Dx, 73.20.Mf, 78.30.Fs

Free electrons in semiconductor microstructures reveal
new behaviors that arise from fundamental electron-
electron interactions and the reduced dimensionality. '

Strong correlations in the electron gas, as in the fraction-
al quantum Hall effect, are revealed in rnagneto-
transport and also in magneto-optics. '" More generally,
Coulomb interactions and reduced dimensionality have
strong manifestations in the elementary excitation spec-
trum of the free electrons. The energies and character of
these excitations are directly studied in optical experi-
ments, such as infrared absorption and inelastic light
scattering.

The light-scattering method is especially powerful be-
cause both spin-density and charge-density excitations
can be measured. ' At small wave vectors the energies
of spin-density modes are shifted from single-particle
transition energies by the exchange Coulomb interac-
tion. ' Charge-density modes have energy shifts due to
direct as well as exchange terms. ' However, since ex-
change interactions were expected to be small in GaAs,
spin-density excitations were previously interpreted as
the energy spacings of the quantum-well states and re-
ferred to as single-particle excitations. ' ' Similarly,
the shift of charge-density excitations from single-
particle transition energies was considered in terms of
direct Coulomb interactions and coupling to polar optical
phonons. 6'7, '0

This Letter presents new results showing that such
widely used interpretations of inelastic-light-scattering
experiments require important revisions. In spectra of
small-wave-vector intersubband excitations we 6nd
unexpected single-particle transitions in addition to the
peaks of collective spin-density and charge-density
modes. The significant shifts of the spin-density excita-
tions from intersubband transition energies reveal large
exchange interactions. With increasing wave vector, the
collective spin-density and charge-density modes display
enhanced broadening when their energies overlap the
continua of single-particle transition (Landau damping).
Analysis of the energies of the three excitations yields
quantitative determinations of Coulomb interactions in

which the exchange and direct terms have comparable
strength. These observations highlight the role of elec-
tron-electron interactions in the physics of the electron
gas in semiconductor microstructures.

The samples are GaAs-(Ala 3Gao 7)As quantum-well
heterostructures grown by molecular-beam epitaxy. The
well widths are 250 A. Si dopants are introduced in the

top barrier layer. The free electrons have extremely high
mobilities in the range (1-5)x10 cm /Vsec (at 2K)
and their areal densities are within (1.5-3)x10" crn

Light-scattering spectra are measured in a conventional
backscattering geometry. The incident photon energies
are resonant with excitonic optical transitions of the
GaAs quantum wells. ' Spectra are obtained with in-

cident power densities below 1 W/cm and as low as
10 W/cm . Optical multichannel detection is used in

the acquisition of lowest intensity spectra. Spin-density
excitations are active in depolarized spectra, when in-

cident and scattered polarizations are orthogonal.
Charge-density excitations occur in polarized spectra
with parallel polarizations.

Figure 1 shows spectra of intersubband excitations ob-
tained with high resolution (0.06 meV=15 GHz). The
illuminated area of the sample is a circle of radius about
50 pm. The sharp peaks that have well-de6ned polariza-
tion selection rules are assigned to collective spin-density
excitations (SDE) and charge-density excitations
(CDE). They are shifted from the spacing between the
two lowest-conduction subbands by the effects of direct
and exchange Coulomb interactions. These peaks are
the sharpest intersubband excitations ever reported in

GaAs. The line shapes are not changed when the il-

luminated area is increased by a factor of 10. This indi-
cates that inhomogeneous broadening is not important in

these measurements. These results are typical of the
high-electron-mobility quantum wells studied.

The spectra of Fig. 1 also show unexpected bands la-
beled SPE (single-particle excitations). To identify the
elementary excitations associated with these features we

studied the dependence on the in-plane scattering wave

vector k. Results from a higher-density sample are
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FIG. 1. Inelastic-light-scattering spectra of intersubband
excitations of the high-mobility 2D electron gas in a GaAs
quantum well. The peaks of spin-density excitations (SDE),
charge-density excitations (CDE), and single-particle excita-
tions (SPE) are shown.

presented in Figs. 2 and 3. Here, the spectral resolution
is 0.15 meV. The inset to Fig. 2 shows the geometry of
the experiment. The depolarized spectra in Fig. 2 revea l

that the width of the SPE band has a marked depen-
dence on in-plane scattering wave vector. Such k depen-
dence is expected for nonvertical single-particle intersub-
band transitions. In the long-wavelength limit k«kF,
the energies of these transitions, as sketched in the inset
to Fig. 3, cover a continuum bounded by 10& ~kvF,
where vF is the Fermi velocity and Eo& is the subband
spacing at k 0. At the large wave vectors, the width of
the SPE bands is indeed about 2kUF. The k dependence
identifies the SPE features as single-particle intersub-
band transitions centered at Eoi.

This assignment explains the changes in the line shape
of the charge-density collective mode in the spectra of
Fig. 3. With increasing k CDE overlaps the continuum
of single-particle excitations, as shown in the inset to
Fig. 3. This causes the decay of CDE into intersubband
electron-hole pairs (Landau damping). The linewidths
of the collective spin-density modes in the spectra of Fig.
2 also increase with k. The eA'ect is less pronounced in
this case because the k —0 SDE is further away from
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FIG. 2. Depolarized light-scattering spectra of intersubband
excitations for several values of the scattering wave vector k.
The lines are fits of SDE spectra using Eqs. (1)-(4). Inset:
The scattering geometry and the expression for k.

26 28 30
ENERGY [meV]

FIG. 3. Polarized light-scattering spectra of intersubband
excitations for several values of the scattering wave vector k.
The lines are fits of CDE spectra using Eqs. (1)-(4). Inset: A
sketch of the k dependence of intersubband excitations in the
long-wavelength limit k && kF.
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I, (k, co)-rm2, (k, co).

In the response functions for intersubband excitations,
g1(k, co), we use phenomenological k-dependent local-
field corrections similar to those obtained within general-
ized random-phase approximations (RPA),

gp(k, co)
2

1 —);(k)~o(k, ~) '

where go(k, co) is the intersubband susceptibility. ' '
For k 0, Eqs. (1) and (2) yield peaks at energies coj
-Ep~ +2ny~ (0)EpI For spin. -density excitations we set
ysD(0) pp|, where ppI is a positive parameter that
accounts for the exchange Coulomb interaction, i.e., the
"excitonic" efI'ect between the electron in the excited
subband and the hole in the ground state. For charge-
density excitations ycD(0) ap|/e(co) —pp|, where ap~ is
the direct ("depolarization" ) term and e(co) is the
dielectric function of the polar lattice. For ap| and pp~

we obtain

g, (k, co)-

E01 SD2 2

2nPpI,
Eo~

CD SD2 2

e(coco) -2naoi (4)

In the present study we consider ap| and Po~ as para-
meters that are obtained from the measured energies of
intersubband excitations using Eqs. (3) and (4). Figure
4 shows the results from four quantum wells of width
250 A. Also shown are the results from a higher-density
sample of well width 200 A. While the values of 2nap|
are comparable to those previously reported, ' those of
2nPp~ indicate exchange interactions considerably larger
than anticipated. Clearly, the two Coulomb interactions
have cpmparablc strength. Fpr pg (3x10&i cm 2 their
ratio is approximately independent of electron density
and equals Po~/apI=0. 4. An estimate based on local-
spin-density-functional theory predicts a smaller ratio of

EpI. This result shows that spin-density excitations are
subject to Landau damping and demonstrates their col-
lective character.

The assignment of the SPE to single-particle intersub-
band transitions allows measurements of Eo~. The inset
to Fig. 3 shows that for finite k the single-particle contin-
uum is (i) centered at Ep~ and (ii) symmetric about this
energy. The spectra of Fig. 2, where Landau damping
has only a minor CA'cct on the line shape, show that the
SPE bands broaden indeed symmetrically with increas-
ing k. This identifies Eo~ as the peak position of the SPE
band. The uncertainties in these determinations of Eo~
are less than 0.25 meV.

The measurement of Ep~ in addition to that of the en-
ergies of SDE and CDE, cosD and coco, allows direct
determinations of Coulomb interactions in intersubband
transitions. In the analysis we write the spectral intensi-
ties as

20—
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0

Po|/aoi =o 2.'
Figures 2 and 3 also shoe one-parameter theoretical

fits to the experimental spectra, based on Eq. (2) convo-
luted with a Lorentzian of k-independent width. Al-
though the experimental k's are smaller than the Fermi
wave vector (but comparable to the inverse well width),
the yj(k)'s are found to decrease with k. This should be
contrasted with the k independent ppI resulting from
local-spin-density-functional theory. A constant ppi
would yield a stronger dispersion of the SDE than ob-
served experimentally. The fits reproduce the overall be-
havior of the collective excitations. The deviations at
larger k (the experimental SDE and CDE are somewhat
sharper than the theoretical ones) could be attributed to
several experimental factors like microscopic ( ( 10 pm)
variations in electron density and the geometry of the ex-
periment which tends to emphasize small-angle scatter-
ing. Qn the theoretical side, a frequency-independent
local-field correction might not accurately model the
solution of the Bethe-Salpeter equation for the particle-
hole propagator away from k 0.

The one-parameter fits do not account for the unex-
pected SPE structures in the small-k data. It is present-
ly unclear to us which light-scattering processes are at
work. Fermi sea "shake-up, " in which intersubband and
intrasubband excitations would be simultaneously creat-
ed, docs npt appear to prpduce such spectra i7, is This
leaves us with elastic scattering due to residual disorder
as the most likely candidate. In fact, in high magnetic
ficlds, disorder-induced breakdown of eave-vector con-
servation has been clearly observed in light scattering
from high-mobility GaAs quantum wells. ' Similar pro-
cesses could accommodate the wave vectors —S&10
cm ' required to explain the widths of the SPE bands in
zero 6eld.
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FIG. 4. Density dependence 2ao|n and 2Po~n obtained from
measured spectral energies using Eqs. (3) and (4). The dots
are from 250-A wells and the squares from a 200-A well.
Lines are a guide to the eye.
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In conclusion, light-scattering spectra were used to
determine for the first time the absolute magnitude of
exchange intersubband Coulomb interactions in the elec-
tron gas of GaAs quantum wells. Contrary to wide-
spread belief, exchange and direct terms are found to be
of comparable strength. The ground-state intrasubband
exchange interaction is expected to be of a similar mag-
nitude, which casts some doubt on RPA-based theories
of the two-dimensional electron gas. We also note that
an exchange enhancement of the size reported here was
postulated earlier to explain certain polarization
anomalies in quantum-well luminescence.
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