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Using electronic Raman scattering and calculations of the full random-phase-approximation in-

verse dielectric function, we show that in a modulation-doped GaAs/Al Ga& „As multiple-

quantum-well structure with X quantum wells and M occupied subbands per we11, the intrawell in-

teractions split the plasmon dispersion into M groups of modes. The interwell Coulomb interac-
tions split each group further into X eigenmodes and differ strongly between the different groups of
plasmon modes. We observe "acoustic" plasmon modes in regions where Landau damping occurs.
The splitting of the plasmon modes measures the strengths of the interwell and the intrawell in-

teractions in modulation-doped GaAS/Al„Ga& As quantum wells. We determine the plasmon

dispersion by electronic Raman scattering for a sample with three filled subbands per well and five

superimposed wells. The present work shows how Raman scattering can be used to characterize
multiple quantum wells with multiple subband occupations.

I. INTRODUCTION

Modulation-doped multiple quantum wells attract
much interest because of their device applications (see,
for example, Ref. 1) and because of their novel fundamen-
tal physical properties. Although plasmons in layered
electron systems have been extensively studied theoreti-
cally, there is a far smaller amount of experimental
work published, which can be used to test these calcu-
lations. Plasmons in layered electron systems have also
been discussed in the context of high-temperature super-
conductivity in copper-oxide materials. ' In this article
we identify the hierarchy of effects of the interwell and of
the intrawell interactions on the plasmon dispersion of an
MBE-grown GaAs/Al„Gai „As multiple-quantum-well
sample (where MBE means molecular-beam epitaxy) with
several occupied subbands per well. In the course of this
work we also observe and identify "acoustic" plasrnon
modes at low energies in the single-particle electron-hole
continua, where Landau damping occurs. The aim of
this article is twofold: It serves as a test of the accuracy
of the large number of theoretical papers using the
random-phase approximation (RPA) to investigate the
properties of plasmons in layered electron systems, and
second, it shows that the determination of the plasmon
dispersion by electronic Raman scattering is a method to
characterize complex multiple quantum wells with rnulti-
ple occupation of the subbands as applicable for power
(FET) field-effect transistor applications, for example.

In a single two-dimensional electron gas the plasmon
dispersion depends as

q~~
on the in-plane wave vector

q~~.
" In a modulation-doped quantum-well sample with

N periods and a single occupied subband in each well, the
plasmon branches of all sheets are coupled through the

interwell Coulomb interaction and one finds a set of N in-
trasubband plasmons. ' ' In the limit where N becomes
infinite these modes form a continuous superlat tice
plasmon band whose dispersion relation is given within
the RPA by the well-known expression ' '

2mn, e qll sinh(q

cosh(q~~ a )
—cos(q~a )

where q~ is the wave-vector component perpendicular to
the layer and all the other symbols have their usual
meanings. In Eq. (1) the high-frequency, long-
wavelength form of the RPA polarization propagator has
been used. In addition it has been assumed that the elec-
tron sheets are infinitely thin. These two approximations
are frequently used in calculations of the dielectric prop-
erties of layered electron systems —in the present paper
we do not use these simplifying approximations: We use
the ful/ RPA dielectric function, we include the
electronic-subband structure of our samples, and we use
realistic electron wave functions calculated self-
consistently to determine the plasrnon dispersion.

A multiple-quantum-well structure with 1V wells and M
occupied subbands per well has NXM plasmon eigen-
modes. We show in the present work that the relatively
strong intrawell interaction splits these plasmon modes
into M groups. The N modes within each of these groups
are split to varying degrees by the weaker interwell
Coulomb interaction.

Using Raman spectroscopy, we measure the plasmon
dispersion of a five-period multiple-quantum-well sample
with three occupied subbands per well, except in the first
well. We compute both the inverse dielectric response
function and the density-density correlation function by
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an extension of the results of King-Smith and Inkson.
This method is closely related to the formalism of Ref. 6.
We take account of realistic electron wave functions
determined by self-consistent calculations and of the pop-
ulation of several subbands within each well. We use the
full expression for the random-phase-approximation po-
larizability (full means that we do not simplify the calcu-
lation by using the high-frequency long-wavelength ap-
proximation). Thus we can study the influence of Landau
damping, which lies beyond the scope of the commonly
applied high-frequency approximation. The inAuence of
higher subbands on the plasmon dispersion of quantum
wells was recently studied (see, for example, Refs. 3, S,
12, and 13) and is also taken into account here.

II. EXPERIMENTAL DETAILS

The Raman measurements were performed using a
krypton-ion laser pumped dye laser operating with
LD700 dye, 0.85 m Spex double monochromator, and
photon counting. The sample was situated in a helium-
flow cryostat on a cold finger, which could be rotated
around a vertical axis. There is no conservation of q in
the case of light scattering from a quantum-well sample
with only five layers, since there is no translational sym-
metry perpendicular to the sample-growth direction.

Thus light coupling to all in-plane plasmons is
possible —this is the e6'ect which enabled us to see the
splitting of the coupled-layer plasmons reported earlier.

I I I I I I

We measure the layer plasmon dispersion as a function of
k~i by varying the angle of the incoming- and the
outgoing-light beam with respect to the plane of the
quantum well and by accurately measuring the angle opti-
cally. '

The structure of the present sample is shown schemati-
cally in the insert of Fig. 1. Each of the five 500-A-wide
GaAs quantum wells is surrounded by a 50-A A1As
spacer layer on the "inverted" side and by a 100-A
Alo 3Gao 7As spacer layer on the "normal" side, followed
by a 250-A-wide n-doped A103Ga07As:Si layer. Note
that the first well (next to the substrate) has a dopant lay-
er on one side only and therefore contains approximately
half as many carriers as the other wells of the system.
This is taken into account in our calculation. The
present sample has a mobility of 245 000 cm /V s (deter-
mined by Hall measurements at 6 K after saturating il-
lumination).

III. SAMPLE CHARACTERIZATION AND SELF-
CONSISTKNT BAND-STRUCTURE CALCULATIONS

In the course of this work we found similar results in
12 samples, and for the present paper we concentrate on
one sample, which consists of five superimposed periods
as described above. We have characterized this structure
as follows.

(1) Figure 2 shows Raman scattering measurements of
the intersubband excitations. In crossed polarization and
in resonance with the Eo+Ao gap the single-particle in-
tersubband excitations are seen. These spectra show in-
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FIG. 2. Intersubband Raman spectra are used to determine
the subband structure of the sample. The peaks in the single-
particle spectrum measured in crossed polarization z(x', y'}z
yield the intersubband spacings as indicated. Parallel polariza-
tion spectra z(x', x'}z yield the intersubband plasmon modes.
MQW means multiple quantum well.
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TABLE I. Caiculated subband energies and subband occupations for the present sample. (Energies
are measured from the potential minimum next to the "inverted" heterojunction).

Subband No.

Subband energy (meV)
Numerical Variational'
integration method

Subband occupation N, (cm )

Numerical Variational'
integration method

79.8
85.5

104.3
114.0
132.5
149.9

81.1
86.5

106.4
115.9
130.7
152.4

9.0X 10"
7.2X10"
1.8 X 10"
0
0
0

8.7X10"
7.4X 10"
1.8 X10"
0
0
0

'Reference 16.

tersubband transition energies of 24.4, 34.2, and 50.9
meV, respectively.

(2) Hall measurements at T=6 K, under saturating il-
lumination and with a magnetic field of 1 kG yield a total
carrier concentration of 5.4X 10' cm and a mobility of
p =245 000 cm /V s.

(3) Raman measurements of the in-plane single-particle
excitation spectra are shown in Fig. 3. They are found
to measure the carrier concentration at the high mobility,
"normal" interface. Their fit' with the Lindhard-
Mermin dielectric function determines a carrier density
of 0.74X10' cm at the "normal" interface and a
single-particle scattering time of ~, = 1.5 ps at T=7.5 K.
[The small features at the higher-energy side of the main
single-particle excitation peak are likely to be due to

I I I I I

CU

some penetration of the plasmon mode "Q" of Fig. 5(a)].
In addition, we have performed luminescence, lumines-

cence excitation, and Shubnikov —de Haas measurements
on several samples of the same series. Combining the
various experimental results with self-consistent band-
structure calculations, we build a consistent picture of
the subband structure and the subband occupation densi-
ties.

We solve Poisson's equation and the effective-mass
Schrodinger equation self-consistently using both numeri-
cal integration' and a variational method, ' neglecting
exchange and correlation contributions to the potential'
to determine the subband structure and the wave func-
tions. Both methods yield very similar results, as shown
in Table I. Selfconsistency was achieved using the stan-
dard iteration method described in the review article of
Ando, Fowler, and Stern. ' For the band offsets we use'
b,E, /b, Es,~

=0.69. We assume that the conduction sub-
bands fill up until the Fermi level reaches the position of
the donor levels outside the depletion regions. The tran-
sition energies between several of the lowest subbands are
determined from intersubband Raman spectra measured
in crossed polarization as shown in Fig. 2. By comparing
these experimental subband separations with the calculat-
ed values we determine the subband energies and the
population of the subbands as shown in Table I. The
self-consistently calculated Hartree potential and wave
functions are shown in Fig. 1. These results agree well
with those of a variational calculation' using a
modification of the methods of Ref. 19. The electrons in
the lowest subband (N = l) are localized at the inverted
interface, those for the second subband are localized at
the normal interface. The charge density for the third
level has a strong peak in the middle of the well and
secondary maxima both at the inverted and at the normal
interfaces. We attribute the difference in carrier distribu-
tion reported for a different sample to the di%culty of
obtaining the electron density localized at the inverted in-
terface by Shubnikov —de Haas measurements alone since
these electrons have low mobility.

6 4 2
Energy (meV)

FIG. 3. Intrasubband single-particle Raman spectra. These
spectra yield the carrier concentration at the "good" interface.

IV. PLASMON DISPERSION

A. Measurements

Figures 4(a) and 4(b) show Raman spectra of the
coupled-layer plasmon modes of the present sample as a
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FIG. 4. Raman spectra of coupled-plasrnon modes of modulation-doped quantum well with five periods, as a function of the in-
plane wave-vector component kl. Letters (O, P, Q, R,S) and numbers (1,2,3,4) refer to the different types of plasmon modes discussed
in the text. The temperature is T= 10 K. (a) E~„„=1.5566 eV, (b) E~„,„=1.5616 eV.

function of in-plane wave-vector component k~~, mea-
sured with two different laser energies. The laser energies
are in both cases close to the lowest excitation energy, so
that these measurements are done close to the Ep reso-
nance. The dependence of these spectra on the laser en-
ergy shows the importance of resonance effects, which we
are investigating at present. The spectra show a set of
peaks (O, P, Q, 1,2,3,4) which vary strongly as a function
of k~1. We attribute these peaks to coupled-layer in-
trasubband plasmon modes. A second set of Raman sig-
nals (R near 10.5 meV and S near 13.8 meV), depend only
weakly on k~~, and are therefore attributed to intersub-
band excitations. Peak S is assigned to the 3—+4 inter-
subband plasmon transition. Signal R could be due to an
intersubband transition in the first quantum well grown
next to the substrate, which has a dopant layer on one
side only. Signal I' could also be due to this well. An al-
ternative explanation would be that P and R are due to
lower carrier concentration in the quantum well next to
the surface due to surface depletion. The 1~2 collective
intersubband transition is not observed, because the cor-
responding wave-function overlap is too small, as shown
in Fig. 1.

Figure 5(a) shows the plasmon resonances of the sam-
ple as a function of k~~. The shaded areas in Fig. 5(a)
show the regions of both intrasubband and intersubband
single-particle continua. Modes Q and 1, 2, 3, 4 are ob-
served both outside and within the regions of intersub-
band Landau damping. In the bulk, plasmons would be
strongly Landau damped within the regions of single-

particle excitations. Our work shows that in a layered
sample, the coupling of intrasubband collective modes to
the single-particle excitations is weak. We observe
acoustic-type (i.e., linear dispersion) intrasubband
plasmons in the region, where Landau damping, i.e., de-
cay into intrasubband electron-hole excitations is possi-
ble. This is an important result, which confirms specula-
tions about the nature of acoustic plasmon modes in su-
perlattices. ' ' This behavior is completely different
from three-dimensional systems, where the plasmons be-
come strongly damped, when their dispersion is in a re-
gion of Landau damping —they decay strongly into
single-particle excitations.

The sample consists of five wells. In the present calcu-
lation, four of the wells have three filled subbands. For
the well closest to the substrate, we use half the regular
carrier concentration and take only two filled subbands.
Thus there are 14 sheets of electrons in total and conse-
quently we expect the complete intrasubband plasmon
dispersion to consist of 14 branches. Because of the com-
plexity of this situation, we proceed in two steps to ex-
plain the plasmon dispersion. First we study the plasmon
dispersion of a single isolated well in a simple model, and
second we calculate the density-density correlation func-
tion and the plasmon frequencies for the full five-well
sample, using realistic wave functions from the self-
consistent band-structure calculation. The plasmon
eigenmodes are determined by calculating the real-space
inverse dielectric function using the methods set out in
Ref. 5.
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B. Calculations for a single well

At first we determine the plasmon dispersion of a sin-
gle isolated quantum well in a simple model. We assume
a well of width 2b with three filled subbands resembling a
single-period of our multiple-quantum-well sample. We
assume that the two lowest subbands have equal popula-
tion n

&
=n2 and that their charge densities are located as

infinitely thin layers at the "normal" and at the "invert-
ed" interface of the well. The charge density n3 popu-
lates the third subband and is located on an infinitely thin
layer in the rniddle of the well. We assume further that
n3 n)—3 « n =n, and we neglect interband scattering and
image potentials. The plasmon dispersion is given by the
solutions of

2 2
~II p /f g p

PP

Xdz dz' . (3)

In Eq. (3) we are using the high-frequency form for the
polarization propagator. Since we assume in the present
section that the electrons are on infinitely thin sheets at
the edges and in the middle of the well, the wave func-
tions are A'(z)=5(z b), Az(z)=5(z—+b), and A (z)
=&(z).

We obtain the following plasma frequencies:
22mn)e Ill

co&= (I+e " ),
Em

26)(i1—
6)
2

CO2 )

CO

2
C03 )

CO

2
Ct) )p

CO

2

1—
CO

2
co23

CO

2 2
CO32 c0331—
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2

=0,

2

co'= (l —e ~~ ),2mn, e q() 2q g,

C02-
em*

22mn3e q~~
(6)CO3

= —2q bem *
].+e ~ll

In the long-wavelength limit (q~~b ((1) co& is proportional
to q' while both co and co2 are proportional to q~~,1
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(7)

These electrical potentials are demonstrated in Fig. 6.
The potential N, for the highest-energy plasmon mode in
Fig. 6(a) decays relatively slowly outside the well. The

representing acoustic plasmon modes. The dispersion of
these plasmon modes is shown in Fig. 5(b) together with
the 3—+4 intersubband plasmon and the intrasubband,
1~2 and 3~4 intersubband single-particle continua.
Comparing the plasmon dispersion of the single well [Fig.
5(b)] with that of the five-well sample [Fig. 5(a)j, clearly
shows how the interwell Coulomb interaction splits the
plasmon bands.

The electrical potentials 4& (z) corresponding to these
three plasmon modes are

-qIIb,28 3 —
q lzl —

q lz+bl
II +p II

n(l+ e i' )

potential +z for the intermediate mode decays much
more rapidly, while for the lowest energy mode the elec-
trical potential W3 vanishes outside the wells.

The carrier-density modulations parallel to the plane of
the well are shown in Fig. 7(a) for the highest frequency
mode (v=1) and in Fig. 7(b) for the mode v=2. The
carrier-density modulations are shown for the carriers in
the lowest subband (n = 1) at the inverted interface, in
the second subband (n =2) at the normal interface, and
in the third subband (n =3) in the middle of the well.

Calculating the eigenvectors and the electric potentials
4 (z) corresponding to the three coupled plasmon modes,
we find that for the highest frequency mode (v= 1) all
electrons move in phase, producing the highest possible
field outside the well. For the mode v=2 the charges at
both interfaces move antisymmetrically, whereas the
charges in the rniddle of the well do not move appreci-
ably. Thus the fields outside the well are smaller than for
the plasmon move v=1. For the lowest energy mode
(v=3) the fields outside the well are very small. Thus it
is obvious that in a multiple quantum well, plasmons of
type v= 1 will show strong Coulomb coupling, plasmons
of type v=2 will show much weaker coupling, and those
of type v= 3 cannot show any Coulomb coupling at all.

C. Calculations for the Ave-well sample

If we bring several such single quantum wells together
from infinite separation, the fivefold degenerate modes
will interact due to the interwell Coulomb interaction and
a set of nondegenerate plasmon modes will result. The
stronger the interwell interaction, the stronger we expect
the splitting to be. The strength of the interwell interac-
tion for a particular type of mode will depend on the
Coulomb field outside the wells. Thus the single-well
mode v=1 at highest energy has maximum Coulomb
field outside the well, and therefore the inter well

t

-1000 -500 0 500 1000
position (A)

FIG. 6. Electrical potential associated with the three
plasmon eigenmodes co&, co„co3 of a single quantum well with
three filled subbands using the model of Sec. IV B. The shaded
area shows the thickness of the quantum well. (a} Highest ener-

gy mode co&, {b}intermediate mode co2, (c} lowest energy mode
c03 Note that for the lowest energy mode co3, the carriers move
such that the potential outside the well is zero. Thus there can-
not be any Coulomb coup1ing between wells for mode co3.

(b)

FIG. 7. Charge-density modulation parallel to the quantum
well plane. (a} Highest energy mode co&, (b} intermediate mode
~2. We do not show the result for the Landau damped lowest
energy mode co3.
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FIG. 8. Imaginary part of the density-density correlation
function calculated for the present sample to demonstrate the
character of the plasmon resonances within the regions of the
single-particle excitation continua. (a) The imaginary part of
the density-density correlation function Do for vanishing
Coulomb interaction between electrons —the RPA polarizabili-
ty. This case corresponds to the single-particle excitations. (b)
Im( —D) including Coulomb interaction. The calculation is for

q~~
=0.7X10' cm '. Weakly Landau damped plasmon reso-

nances within the single-particle continua appear as spikes near
1.1, 4.4, 5.0, 6.3, and near 9.3 meV. The single-particle intrasub-
band continua are visible as the background below 2.0 meV, the
continuum of the 1~2 intersubband single-particle excitations
is visible as the background between 3.6 and 7.5 meV. Between
8.6 and 10.3 meV, the 3~4 intersubband single-particle contin-
uum is visible.

Coulomb coupling is expected to be maximal. Similarly,
we expect the interwell Coulomb coupling to be inter-
mediate for modes of type v= 2 and negligible for modes
of type v=3. The modes for v=2 and for v=3 are
acoustic plasmon modes, and they are closely related to
the plasmons studied in Ref. 12.

To demonstrate this behavior, we show the results of
our full plasmon dispersion calculation as the solid lines
in Fig. 5(a). We have now taken the realistic wave func-
tions from our self-consistent band-structure calculation
and the ful/ RPA forms for the polarization propagators
to include the effects of Landau damping within the
electron-hole continua. '" Outside the shaded Landau
damping regions, we obtained the plasmon dispersion by
searching for the zero's of the determinant of the dielec-
tric function. Within the electron-hole continua, we ob-
tain the plasmon spectra by calculating the imaginary
part of the density-density correlation function
[ImD(q~~, z, z, co)) which is directly related to the inverse
dielectric response function. It has peaks at those fre-
quencies, where long-lived Landau-damped plasmons ex-
ist, as shown in Figs. 8(b). The result shown is for

q~~
=0.7X 10 cm '. It can be seen that there are a series

of sharp spikes at energies of about 1.1, 4.4, 5.0, 6.3, and
9.3 meV. These spikes show the existence of long-lived
collective modes in the sample. The lifetime of a mode is
proportional to the width of the peak in Im(D). The
lowest frequency mode at 1.1 meV is caused by a super-
position of the peaks of the four nearly degenerate
plasmons. It is superimposed onto the single-particle
continuum ranging from 0 to around 2.0 meV. The
figure clearly shows that the plasmon peak at 1.1 meV is
only weakly Landau damped. The higher-frequency
spikes, which correspond to simple single plasmon
modes, are associated with poles of the inverse dielectric
response function lying just off the real frequency axis.
They have the usual Lorentzian line shapes of long-lived
quasiparticles. Intraband plasmons in the 1~2 continu-
um are very weakly damped because of the small wave-
function overlap between the first and second subbands
localized at opposite interfaces. Only modes lying inside
the electron-hole continua are seen here. Plasmons out-
side the single-particle regions have infinite lifetime
within the RPA approximation and do not appear in
Im(D). Thus, to obtain the full picture of the plasmon
dispersion of our sample, we combine the results from (1)
finding the zero's of the determinant of the dielectric
function and (2) the spikes in the imaginary part of the
density-density correlation function. For comparison,
Fig. 8(a) shows the imaginary part of Do, the density-
density correlation function in the absence of Coulomb
interaction. This function represents, therefore, the
single-particle excitation spectra.

We find three groups of intraband plasmon modes.
(1) A group of plasmon modes, labeled "1,2,3,4,5," at

high energies. For these modes all charges within each
well move in phase (corresponding to the v= 1 plasmon
in the single-well model above). We have shown that in
this case the Coulomb fields outside the wells are strong.
Therefore the interweH Coulomb interaction for these
modes is strong and leads to strong splitting of the cou-
pled plasmon modes (modes n= 1,2,3,4,5). These modes
are analogous to those obtained by Fasol et al. using a
much simpler model. Mode 5 is not observed in the
present sample. We did observe a corresponding mode in
a different sample structure, but its intensity was ex-
tremely weak under the conditions of measurement.

(2) A group Q of plasmon modes at intermediate ener-
gies and showing intermediate splitting due to the inter-
layer Coulomb interaction in the calculation. The charge
density associated with these modes corresponds to the
v=2 plasmon mode in the single-well model above.

(3) A group 0 of plasmon modes at lowest energy. For
this group of modes the charge density oscillations within
each well are thus that the fields outside the wells ex-
tremely small (similar to mode v=3 in the single-well
case). As the Coulomb fields outside the wells are very
small, the coupling between the wells is also very small.
Consequently, Fig. 5(a) shows no splitting and this mode
is fourfold degenerate. This degeneracy explains the very
strong Raman scattering strength at this mode.

Mode S is the 3~4 intersubband plasmon. This mode
is seen in our measurements, and it is well reproduced by
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the calculation, since we are using the fu// polarization
propagator. Our calculated split-off mode P is an in-
trasubband plasmon mode presumably due to the first
well which we have taken to have only two filled sub-
bands. In isolation these two subbands would support a
symmetric and an antisymmetric plasmon branch. Once
coupled with the other four wells, the symmetric branch
becomes part of the band of modes 1 to 5. The asym-
metric mode couples only weakly and is seen as mode P.
An alternative explanation would be that P is due to a
lower carrier concentration in the top well due to some
surface depletion. Figure 5(a) thus shows that our calcu-
lation and the above explanations describe the measured
plasmon dispersion of our sample satisfactorily.

It must be. pointed out that in order to obtain quantita-
tive agreement between theory and experiment for modes
0 and Q it is essential to use the full RPA form for the
two-dimensional electron-gas polarizability, as we have
done here, rather than the long-wavelength high-
frequency form for the polarization propagator. The
reason for this is that modes 0 and Q lie close to the in-
tra subband electron-hole continua where the simple
high-frequency form for the two-dimensional electron-gas
polarizability is no longer valid.

V. COMPARISON WITH PREVIOUS WORK

It is appropriate at this point to place the present re-
sults and interpretations in context of previous work.
The first report of intrasubband plasmons in modulation-
doped multiple-quantum wells is by Olego et a/. The
sample of Ref. 7 has a su%ciently large number of wells
that qz is conserved during the light scattering, and in
addition the coupled plasmon modes lie very close to-
gether. Thus, the Raman signal consists of a few close-
lying coupled plasmon mode lines, which are not
resolved. In Ref. 8 a sample with a smaller number of
layers (X =15) is used: qi conservation still applies ap-
proximately. Thus, the Raman scattering still selects a
few plasmon lines, but the splitting between them could
be observed.

An initial part of the work was reported previously.
In Ref. 9 we studied a single five-well sample, and we
concluded from Shubnikov —de Haas and from Hall mea-
surements that only a single subband per well was occu-
pied. We obtained the coupled-layer plasmon spectra.
We reported observation of single-particle excitation
spectra, and we demonstrated the sharply peaked shape
of the single-particle spectra, characteristic for two-
dimensional electrons. We interpreted the measured
plasmon dispersion using a simple model, assuming a sin-
gle infinitely thin sheet of electrons in each well. Using
these approximations we obtained reasonable explanation
for the coupled plasmon spectra as well as for the single-
particle excitation spectra.

The present work shows, that in our specific quantum
wells, three subbands are occupied. The discrepancy
seems to arise from the fact that Hall, Shubnikov —de
Haas, and single-particle Raman measurements seem to
be much less sensitive to the electrons at the "inverted in-

terface, " which has much lower mobility, and second,
from the fact that the third subband only shows very low
occupation. Thus our work shows that a very thorough
study is necessary to establish a complete characteriza-
tion of the subband population —particularly to deter-
mine the carrier concentration at the "inverted, " low mo-
bility, interface. Comparing the plasmon dispersion in
Fig. 2 of Ref. 9 with the present results [Fig. 5(a)] shows
that we now understand several features in Ref. 9. Thus
the very strong plasmon peak 0, which was not under-
stood in Ref. 9, corresponds to those plasmon modes,
where the carriers within each well oscillate such that the
fields outside the wells vanish. The splitting of modes B
and C in Ref. 9 can be understood as the mixing of inter-
subband and intrasubband plasmon No. 5. The present
paper shows that mode C of Ref. 9 is now attributed to
the coupled plasmon mode 5 with some admixture of the
3—+4 intersubband transition. The mixing of the in-
trasubband plasmons with the 3~4 intersubband transi-
tion is shown in the calculated results in Fig. 5(a) of the
present paper. We also see that Jain and Allen's model
of a single infinitely thin sheets of electrons would be ex-
pected to give a reasonable description of the highest-
energy plasmon mode [mode (a) in Fig. 6 of the present
paper], where all electrons in each well oscillate in phase.
Thus the present paper demonstrates how the details of
the subband population are reAected in the intrasubband
plasmon dispersion.

VI. CONCLUSION

In conclusion, we have measured with Raman scatter-
ing the dispersion of the plasmon modes of a multiple-
quantum-well structure with X=5 wells and M= 3 filled
subbands per well. To explain the experimental plasmon
dispersion we have calculated the full inverse dielectric
function in the RPA. We argue that the long-wavelength
high-frequency limit is not adequate in the present case.
We determine the subband structure experimentally and
calculate the wave function using self-consistent band-
structure calculations. We calculate the plasmon disper-
sion and the single-particle excitation spectra using the
subband structure and the calculated wave functions.

We show that in this sample with %=5 wells and
M=3 filled subbands per well (M=2 subbands in the case
of the first well), the dispersion of the intrasubband
plasmon modes consists of M groups of modes. The sepa-
ration of these M groups is due to the strong intrawell in-
teraction of the carriers in diferent subbands within the
same well. Each of these M groups of modes corresponds
to a particular plasmon eigenmode of a single isolated
well. For the highest group of modes all charges inside
each well move in phase. The interlayer Coulomb in-
teraction splits each of these M groups of modes into X
plasmon eigenmodes. This splitting diA'ers strongly for
diff'erent types of modes according to the magnitude of
the electric field outside the well. We identify the
diFerent modes by comparing fu// RPA calculations
("full" means that we do not use the common high-
frequency, long-wavelength approximation) of the inverse
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dielectric function with Raman Ineasurements. We inves-
tigate the Landau damping. We find Raman spectra
from "acoustic" plasmons in regions, where intrasubband
Landau damping occurs.

Thus we find a hierarchy of splittings in the plasmon
dispersion: a strong splitting into various groups of
modes due to the strong intrawell interaction and a weak-
er splitting of the modes within these groups due to the
weaker interwell Coulomb interaction. Thus Raman
measurements of the plasmon dispersion together with
calculations enable us both to test the calculational
methods and, second, we show that these Rarnan mea-

surements also are a method to analyze the electron dis-
tribution in modulation-doped quantum-we11 samples.
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