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Collective intersubband excitations, from the ground to the first excited electronic subband, are
studied via inelastic light scattering in modulation-doped GaAs/Al,Gai_5As quantum wells. The
application of a magnetic field, tilted with respect to the growth direction, allows coupling of elec-
tron motion in the plane of the quantum well to motion along the growth axis such that combined
intersubband—cyclotron-resonance transitions are observed. Anticrossing behavior between the com-
bined resonances and the collective charge- or spin-density excitations is exhibited in the polarized or
depolarized Raman-scattering geometries, respectively. The combined resonances show weak collec-
tive effects allowing an extrapolation of the bare subband separation and hence measurements of the
depolarization and exchange-correlation shifts. Comparison to a theory employing the local-density

approximation yields excellent results.

Intersubband excitations in confined structures have
long been a topic of keen research interest.! Measure-
ments of the intersubband separation are burdened by
electron-electron correlations which arise from the direct
Coulomb and exchange-correlation interactions. Col-
lective intersubband charge-density excitations (CDE’s
or plasmons), which are observable in both far-infrared
absorption? and Raman-scattering measurements, ex-
hibit shifts from the “bare” intersubband energy due
to both depolarization® and exchange-correlation? ef-
fects. In addition to the CDE'’s, electronic Raman-
scattering measurements® 7 allow the observation of col-
lective intersubband spin-density excitations (SDE’s or
spin waves). The SDE’s are especially exciting because
they are not affected by the direct Coulomb interaction
and are thus a sensitive probe of the exchange-correlation
interaction if the value of the bare intersubband transi-
tion energy is well known.

In this paper we use inelastic light scattering to study
collective intersubband excitations in magnetic fields
which are tilted with respect to the plane of modulation-
doped GaAs-Al,Gaj_,As quantum wells. In this geom-
etry there is coupling between the intersubband tran-
sitions and cyclotron resonance such that combined
resonances®9 are observed. Because the amplitudes of
the combined resonances are smaller than the amplitudes
of the main intersubband transitions, they exhibit weaker
collective effects.®:10 In principle, if the amplitudes of the
combined transitions are small enough, the energy corre-
sponding to the bare subband separation can be obtained
by extrapolating the energy of the combined transitions
to zero magnetic field. A comparison of this energy to
the energies of the collective excitations yields a mea-
sure of electron-electron interactions. This method has
previously been used to measure the depolarization shift
associated with charge-density excitations in far-infrared
transmission studies.!® In those measurements only the
plasmon could be observed at zero magnetic field, while
at higher, tilted fields combined resonances could also be
observed.
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In the present work both spin- and charge-density in-
tersubband excitations and their associated combined
resonances were studied. In addition, the predicted anti-
crossing behavior® 1% between the collective intersubband
transitions and combined resonances was clearly observed
in both Raman polarizations. Two samples with rela-
tively high electron densities were studied. In the lower-
density sample the combined resonances corresponding
to the spin- and charge-density geometries occurred at
the same energies as a function of magnetic field, a sign
that very weak collective effects were involved. In con-
trast, the higher-density sample exhibited a clear depo-
larization shift between the energies of the combined res-
onances observed in the two geometries. In addition,
the plasmon-phonon interaction strongly affects the CDE
combined resonances in this sample indicating that care
must be taken in extracting the bare subband separa-
tion from the combined resonances. We will show that
a more reliable experimental value for the bare subband
separation is obtained from the SDE data. Experimental
results for both samples were compared to a calculation
based on a theory by Ando® employing the local-density
approximation (LDA); excellent agreement was obtained.

The samples used in this study consisted of single GaAs
quantum wells with 1000-A Al o5Gag 75As barriers. The
lower (higher) density sample had a quantum-well width
of 275 A (285 A) and a delta-doped Si layer in the top
barrier separated by 300 A (150 A) from the quantum
well. The electron density N, was estimated” to be
2.8 x 10" ¢cm~2 and 6.5 x 10! ¢cm™2 in the two sam-
ples. All Raman measurements were performed in the
backscattering geometry with the exciting dye laser en-
ergy in resonance with the FEy + Ao gap of the GaAs
quantum well. At the tilt angles used in these mea-
surements the wave-vector transfer into the plane of the
sample ¢ = 1 x 10% cm~!. The scattered light was dis-
persed with a Dilor triple monochromator and detected
with a liquid-nitrogen-cooled EG&G charge coupled de-
vice (CCD) detector. Magnetic fields from 0 to 7.2 T
were applied by a superconducting magnet in an optical
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access cryostat where the sample was kept at 5 K. Raman
spectra in tilted magnetic fields for the low- and high-
density samples are shown in Fig. 1. The dotted curves
show spectra obtained in the depolarized Raman geome-
try, where the polarizations of the incident and scattered
light are perpendicular, and the solid spectra were ob-
tained in the polarized Raman geometry where the inci-
dent and scattered polarizations are parallel.

The two-dimensional electron gas in a tilted magnetic
field was first considered by Ando.® He showed that the
parallel and perpendicular motions of the electron gas are
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FIG. 1. Collective intersubband excitations as a function

of magnetic field. The angle 8 gives the direction of the mag-
netic field with respect to the sample normal. The dotted
spectra are taken in the depolarized (SDE) Raman-scattering
geometry and the solid spectra in the polarized (CDE) geom-
etry. (a) Lower-density sample. Here the spectra have been
truncated in order to facilitate ease of interpretation although
all significant features remain intact. (b) Higher-density sam-
ple. The broad background is due to photoluminescence.
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coupled by the in-plane component of the magnetic field
such that combined intersubband-cyclotron transitions
are observed. The states can be labeled as |n, N), where
n is the subband index and N the Landau-level index.
The transitions observed in Fig. 1 occur between different
Landau levels of the ground and first excited subbands,
|0,N) — |1,N’), where AN = N’ — N = 0,+1. The
values of N and N’ depend on the Landau-level filling
factor v(B) = hcN,/eB,, which for the lower (higher)
-density sample varies between more than 28 (62) at 0.5
T to less than 2 (5) at 7 T. Assuming that the in-plane
component of the magnetic field can be treated as a small
perturbation and ignoring electron-electron interactions,
the states |n, N} correspond to energies®

EN(B) = En + (N + )hwei + ER,. 1)
Here E, is the energy at the bottom of the nth subband
in the absence of magnetic fields, w.; = eB) /m*c is the
cyclotron frequency corresponding to the magnetic field
normal to the sample, and EF,, is the diamagnetic shift®
of the nth subband due to the in-plane component of the
magnetic field. The transitions |0, N) — |1, N’) occur at
energies

N(B) = Eio + ANhw,, + AEq,, (2)

where AN = 0,+1 and Eg = E; —
band separation.

Collective effects are included within what is often re-
ferred to as the time-dependent local-density approxima-
tion. Assuming a two-subband system where only the
lowest subband is occupied at zero temperature, we ob-
tain the energies of the combined resonances at ¢ = 0

Ey is the bare sub-

from1!
0= 1+’)’,;L1(LU,B), (3)
where qepp = F2 (g5 — 0) and yspe = 3=(-A).

Here oo and B, which are the zero-field depolanzatlon
and exchange-correlatlon corrections, respectively, have
been defined prev1ously and the phonon contribution is

included via e(w) = mé:%, and
B
Ll(va) EIOZ (B) )(hw)z' (4)

The coefficients

occupied
2

CAN(B)=;(—B—) > JinianlAw(B)] (5)
N

are essentially the amplitudes of the combined transi-
tions. The orbit center separation

eBsin? 6
A10(B) = ([ (211 — 200), (6)

where 2n, = (n|z|n) are zero-field matrix elements be-
tween subband states. The functions
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(7

are the overlap integrals of the Landau-level wave func-
tions with L (z) being the associated Laguerre polyno-
mials.

The energy shifts of the observed transitions due to col-
lective effects depend directly on the values of CAV (B).
These are plotted as dashed curves in the insets to Figs. 2
and 3. For our samples the amplitudes of the main inter-
subband transitions, C°(B), are virtually constant and
of order unity at all magnetic fields of interest whereas
the amplitudes of the combined transitions C*!(B) are
considerably smaller. At low magnetic fields the main
AN = 0 CDE (SDE) transitions exhibit larger shifts to
higher (lower) energies than the AN = +1 combined
transitions. As the magnetic field is increased the main
transitions remain independent of field (except for a small
diamagnetic shift) while the combined transitions move
up or down in energy as tAw,.; and thus cross the main
transitions. Since these resonances are coupled by the
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FIG. 2. A comparison between measured and calculated
values for the energies of the peak positions of the combined
resonances for the lower density sample as a function of mag-
netic field. M denotes peak positions measured in the po-
larized (CDE) Raman-scattering geometry and A those mea-
sured in the depolarized (SDE) geometry. The solid curves
correspond to the AN = 0,%1 combined resonances calcu-
lated in the CDE geometry and the dashed curves to cal-
culations for the SDE geometry. The inset shows values of
CAN(B) with curves corresponding to AN = 0, AN = +1,
and AN = —1 displayed from top to bottom, respectively.

in-plane component of the magnetic field, an anticrossing
results. This behavior is clearly exhibited in the calcu-
lated AN = 0, 1 transitions which were obtained from
Eq. (3) and are shown in Figs. 2 and 3 as the solid (CDE)
and dashed (SDE) curves. It should be stressed that the
calculated curves constitute a simulation of the experi-
ment using empirically measured input parameters and
not a fit to the data. In order to obtain some of the quan-
tities which are used in the theory, such as «, 8, zgo, and
211, it is necessary to calculate the electron wave func-
tions in the quantum wells. This is done self-consistently
within an effective-mass approximation using the growth
parameters of our samples. This along with the determi-
nation of N, has been described previously.®” Nonlocal
exchange-correlation”'? and nonparabolicity!® effects on
the collective excitations were not included. The in-plane
effective masses used in the calculations, m* = 0.076m.
(low-density sample) and m* = 0.080m. (high-density
sample), were obtained from the in-plane cyclotron res-
onance of energy hw., (where m* = eB, /w.)c) which
were observed in the Raman data but are not shown.
Extrapolating the combined resonances back to zero field
yielded bare subband separations of Fjo = 161 cm~! and
E10 = 200 cm ™!, for the lower- and higher-density sam-
ples, respectively. These values are 8 cm™! lower than
the peak positions of the single-particle bands measured
at k = 0 and at zero magnetic field.%7'14 If one uses
these bare intersubband energies, the magnitude of the
exchange-correlation interaction is in excellent agreement
with that predicted by the LDA.”

The peak positions of the CDE and SDE spectra are
plotted versus magnetic field in Figs. 2 and 3. The as-
signments were made based on Raman selection rules
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FIG. 3. Same as Fig. 2 but for the higher-density sample.
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and the arguments above. In Fig. 2 a peak observed
in both polarizations and identified as the single-particle
excitation'? was left out in order to simplify the figure.
The magnetic-field dependence of this feature was pre-
viously described in Ref. 14. Similarly in Fig. 3, a peak
previously identified” as the intersubband transition from
the first excited to second excited subband (e.g., F21) was
left out of the analysis. The appearance of two peaks
corresponding to the AN = +1 SDE at 2.4 T is not
understood but may be related to Es; which occurs at
~ 223 cm~!. The small discrepancy between the cal-
culated AN = 0 CDE and experiment in Fig. 3 is also
thought to be due to interaction with E5;. The small en-
ergy differences, which are both observed and calculated,
between the SDE and CDE combined resonances are due
to depolarization effects. For the lower-density sample
these effects are small. This is because the amplitudes
C*! are quite small at all fields, as seen in the inset to
Fig. 2. In fact, C~! vanishes at ~ 7 T where the Landau-
level filling factor drops below 2 and the N = 1 Landau
level is completely depopulated. Referring to Fig. 2 we
see that theory and experiment are in very good agree-
ment and that the predicted small depolarization shifts
are verified. In this sample it is thus possible to use ei-
ther the SDE or CDE data in order to obtain the bare
subband separation by extrapolating back to zero field.
From Fig. 3 we see that agreement between theory and
experiment in the higher-density sample is again excel-
lent. In this sample C~! does not vanish until ~ 16 T
so that both C*! remain relatively large at all fields of
interest. The depolarization shift between the AN = —1
CDE and SDE combined resonances is essentially con-
stant and clearly observable at all fields [see also Fig.
1(b)]. Interpretation of the AN = +1 data is consider-
ably more complicated due to interaction with the LO
phonon which occurs at fwpo = 295 cm™! [the tail of
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which is visible on the high-frequency side of Fig. 1(b)].
The resonance we have been associating with the charge-
density excitation is actually the L~ branch of the cou-
pled plasmon-phonon excitation!® which is further cou-
pled to cyclotron resonance. In essence, the AN = +1
resonance, which we observe in the charge-density ge-
ometry, is depressed due to an interaction with the Lt
branch. In contrast, the spin-density excitation does not
couple to the polarization field of the phonon and its en-
ergy is unaffected by the presence of the phonon. The ex-
pected large depolarization shift between the AN = +1
CDE and SDE resonances is thus depressed due to the
interaction between the CDE and phonon and, in fact,
the calculation predicts that they will cross near the TO-
phonon energy. In this sample, it is thus not possible to
simply extrapolate the CDE data back to zero field!° in
order to obtain the bare subband separation. However,
since the SDE is unaffected by the electron-phonon in-
teraction, an extrapolation back to zero field of the SDE
data would give a reliable value for the bare intersubband
energy.

In conclusion, we have studied collective intersub-
band excitations associated with GaAs/Al;_,GazAs
modulation-doped quantum wells in tilted magnetic
fields. We have observed combined intersubband-
cyclotron transitions in both the CDE and SDE geome-
tries and clear anticrossing behavior between the AN = 0
and AN = =1 resonances. In addition, we have estab-
lished that in order to obtain a reliable measure of the
bare subband separation by extrapolating the combined
transitions back to zero magnetic field, the SDE geome-
try should be used.
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