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Temperature-dependent Landau damping of the acoustic plasmon in a bilayer system
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We report temperature effects in the Landau damping of the acoustic plasmon mode in a double-quantum-
well system. Its dispersion has been measured using Raman spectroscopy and modeled within the random-
phase approximatiofRPA). The Landau damping of the acoustic plasmon has also been modeled within the
RPA using a 0-K Hubbard correction, with mixed success. This points to the need for further theoretical work
on local-field corrections at higher temperatures, but shows the value of the study of the temperature depen-
dence of Landau damping as a probe of many-body effE8@163-18208)52404-4

Many-body interactions in low-dimensional electron sys-

tems have attracted considerable interest in recent yéuarts,

(C). For each sampld,, is sufficiently large to preclude
significant quantum-mechanical interactiofevident from

at zero magnetic field relatively few experimental studiesour calculated envelope wave functipnbut allows direct

have been able to probe these phenomena relfabliglec-

tron bilayers are particularly intriguing in this context be-

electromagnetic coupling between charge oscillations in each
well.

cause the interlayer Coulomb interaction can counterbalance Raman scattering measurements were made under “in-
the kinetic energy of the electrons, allowing many-body ef-cOMing resonance” conditiorihe incident laser photon en-

fects to dominate.

ergy was in resonance with a high-order quantum-well inter-

A two-layer electron system such as a semiconductoP@nd transitionto ensure that all the Raman modes were

double-quantum-well structure supports two plasmon mode§

corresponding to the in-phageptic plasmon, OPand out-
of-phase(acoustic plasmon, APintra-sub-band oscillations

qgually enhanced. Using a backscattering geometry the
wave-vector transferg, parallel to the 2DEG layers was
varied continuously by rotating the sample about an axis
normal to the growth direction. Polarized spectircident

of the charge densities in each layer. These modes have been

extensively studied theoreticall§ and are ideal testbeds for

studying many-body effects. For example, the dispersion o

the AP mode is strongly affected by correlatidrend both

the OP and AP enhance substantially Coulomb drag effec

in bilayer system&.Compared with the plasmon for a single
two-dimensional electron ga@DEG), the low-lying AP is

also expected to be more susceptible
dampind®—the transfer of energy from the plasm¢a co-

and scattered polarizations parglliédr q=1.35x 10° cm™?

or each sample are shown in Fig. 2. In contrast to previous
bservations? the OP mode is only slightly broader than the

AP mode, probably because of reduced dopant scattering

t§ere. The hot photoluminescen@l) background is associ-

ated with the interband transition responsible for the Raman

herent modgto a single-particle excitatiofSPE. Acoustic
plasmons may also be involved in mechanisms for high-
temperature superconductivity, mediating an attractive inter-
action between electrons in the conducting layers of such
materials’

Inelastic light scattering is used here to probe the plasmon
dispersions of a double 2DEG structure as a function of the
wave vector, in contrast to transport measurements which
effectively integrate over all wave vectdtsTemperature-
induced Landau damping of the AP mode is also reported,
and corresponding random-phase approximatRRA) cal-
culations(including a 0-K Hubbard correction to account for
exchange-correlation effegtshow that the temperature de-
pendence of Landau damping is a valuable test in modeling
many-body phenomena, particularly at high temperatures.

Three molecular-beam-epitaxyMBE) grown samples,
A, B, and C, were studied. Each consisted of two
modulation-doped GaAs quantum wells of widthy,
=200 A (A), 150 A (B), and 180 A C) separated by an
Al 6/Gay 3As barrier of widthL,=600 A (A), 300 A (B),

and 125 A C). The effective inter-2DEG separatiah(see
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FIG. 1. Dispersion of the optic and acoustic plasmons for
samplesA (4) and C (@®). The range of possible SPEs for the
experimentally determined number densitiégiving kp=1.1
x10° cm™Y) are shown as the dashed region. The inset shows the
calculated first subband envelope wave functions for sadplehe
inter 2DEG separatiord, as well as the barrier width,, and the

inset in Fig. 2 is ~800 A (A), ~450 A (B), and~305 A
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well width L,, are also shown.
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FIG. 2. Spectra from samplés(d~800 A), B (d~450A), C 0 5 4 PR— T
(d~305A). g~1.35x 1¢° cm™! and the number densities for all Energy (meV)
three samples are all approximately equal. The “hot PL” back-
ground is also visible(OP, optic plasmon; AP, acoustic plasmon FIG. 3. Experimental spectra fa,=27 K andT,=93 K (dots
The electron temperatuig, =25 K. for sampleC; fitted spectra with the hot and the band-gap PL sub-
tracted are shown as the lower curves, displaced vertically for clar-

. ) o ity. The Fermi temperatur@g for these samples was78 K. The
resonance. No signal was observed with the incident andgf widths at half-maximum discussed in the text,andy,, are

scattered polarizations orthogonal. Figure 1 shows the meaefined as shown. The inset shows the variation of acoustic plas-
sured dispersions for the OP and AP modes for sam@les mon energyw,p with T, along with calculated energies using the
andC out to q~1.6X10° cm ! (~0.2g, the Fermi wave RPA (straight lingé and the RPA with the Hubbard correction
vector for the sample areal 2DEG densities determined begdashed ling
low).
Theoretical plasmon dispersions and Raman scattering
spectra were obtained from the charge-density responsf tuning the laser energy exactly to the incoming resonance,
function, calculated within the RPA, using the full layer and on~5% uncertainties in the well widths; our theory
structure and self-consistently determined wave functions foglso models nonresonant Raman scattering Shiyowever,
the quantum-well states:'? It was assumed that only one pearing in mind these limitations, good agreement is ob-
sub-band in each well was occupi@e., intersubband tran- tzined for sampled andB.
sitions were ignoredand that the sub-bands dispersed para- The effect of the electron temperatufg was studied by
bolically. The Hubbard correction to the electron polarizabil—varymg T.. the lattice temperature, for sample T, under
ity given by Jonsol’ (local-field factor, G(q)=a/[2(4”> illumination was determined from the line shape of the quan-
+k£)¥2]) was used to account for exchange-correlation eftum well PL, assuming that the electron and hole tempera-
fects. The electron number densities in the two wélsand  tures were equal and that the hole density was entirely pho-
N,, were used to fit the calculations to the measured dispettocreated. lllumination heated the electron gas substantially
sions. Excellent fits were obtained witd; and N, both  at low T, , while T, and T, converged at~100 K. As T,
equal to 1.9% 10" cm 2 (A), 2.05<10" cm 2 (B), and increased, the band gap and hence the Raman resonance en-
2.00< 10" cm™2 (C). (The individual values ofN;, N, ergy fell and it was necessary to alter the laser frequency to
were estimated to be accurate to 5%, with the total densitynaintain resonance conditions. The range over which the
N;+ N, accurate to 1%, reflecting the relative insensitivity plasmons could be observed was limited by both the band
of the fits to the values dil; andN, for a given total den- gap and the hot PL, which overwhelm the plasmon signals at
sity.) These are~70% larger than those obtained from higher temperatures.
Shubnikov—de Haas measurements in the dark because of The inset in Fig. 3 shows a plot of the acoustic plasmon
the different illumination conditions; they are, however, con-energywap vs. T, With q=1.6x10° cm™ L. The two theoret-
sistent with the Fermi enerdyr determined from the width ical curves, one including a Hubbard correctiolashedand
of the quantum well PL. Thus, under illumination the num- one not(solid), both show an upward trend ascribable to the
ber densities for the three samples were roughly equivalenincreased smearing of the Fermi surfaceTasrises. The
the principal difference was thus the inter-2DEG separationfailure of the theory to model the data successfully may be
d. As expected from simple theory, the energy separatiomlue to exchange-correlation effects beyond the Hubbard cor-
between the two modes increasesdadecreases$Fig. 2). rection to the RPA, as has been demonstrated for intersub-
The ratio of the AP and OP Raman intensities is stronglyband plasmon¥
dependent on the laser wavelength in the semiconductor and Spectra for T,=27K and T,=93K with q=1.6
on d;® the experimental ratios are 1.2\, 35 (B), and 24 X 10° cm * are shown in Fig. 3. The OP broadens slightly
(C), and the RPA calculations give 1.38), 77 (B), and and symmetrically ad, rises, but the AP becomes even
3.5 (C). These discrepancies can be ascribed to difficultiebroader and markedly asymmetric. The OP is likely to be
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20— measurements; this corresponds to a plasmon FWHM of 0.19
S 45t @a= L6x10%em’! /g (c)g=11x10%cm~! meV atT,=0 K. Calculations were also carried out incorpo-
E ] rating theT.=0 K Hubbard correction to the electron polar-
2 ] ] izability. As with the experimental spectra, values ygrand
+ ] Yy, (see abovewere extracted as parameterizations of the
o line shapes.
. Figures 4a) and 4c) show plots of the experimental and
S 04r ] calculated total AP width \(;+y,) vs T. for q=1.6
E 03] | X10° cm ! and for q=1.1x10° cm™%; the experimental
202t 1 points are closer to the Hubbard corrected cudeashed at
é 0.1l ] low T, (=50K) and to the uncorrected RPA cur¢solid)
0.0 o for higher T.. Nevertheless, the calculations reproduce the
0 20 40 60 80 100 20 40 60 80 100 120 total AP width well, implying that the principal temperature-

T, (K) T, (K) dependent mechanism observed is indeed Landau damping,
since only this is implicitly included in the calculations. It is
FIG. 4. The total acoustic plasmon widti,(+y,) (with Gauss- importapt to note that there are no free parameters in the
ian contributions removedfor (a) q=1.6x10° and (c) q=1.1  calculation: the plasmon FWHM &t.=0 K has been fixed
X 10° cm™%. Asymmetric Landau damping contributiog,(—y,),  from our determination of the single-particle relaxation time.
as a function of T, for (b) q=1.6x10° and (d) gq=1.1 For a givenT, it is expected that the lower-energy side of
X 10° cm™!. Experimental point4®) and calculations using the the AP peak will be more affected by Landau damping than
RPA (stra_light ling and the RPA with the Hubbard correction the higher because the SPE continuum lies below the AP
(dashed lingare shown. dispersion curve. A direct measure of thisys € y,), which
) _ ) is plotted in Figs. &) and 4d) for both experiment and
more susceptible to scattering from, e.g. acoustic phonon@heory, again for bothg values. It is expected thaty{
interface roughness, and remote ionized impurities than is y,)—0 asT,—0 K (the peak shape would be a symmetric
the AP, for which the electric fields are localized in the inter- Lorentzian and increase witfT ., because the lower side of
2DEG region, away from the dopant layers, and interact withne Ap broadens faster as the SPE continuum broadens up-
a smaller sample volume. We therefore ascribe the asymmeya ds in energy. Experimentally for="1.6x 10° cm* [Fig.
try and extra broadening of t_he AP pr!ncip_ally_ to LandaL_|4(b)], (y1—Ys,) increases witT, at low T, as expected, but
dampmg due to the SPE continuum which lies just below it,; higher temperaturesT{~ 70 K) it becomes roughly con-
(Fig.- D. , _ _ stant. For lowg=1.1x10° cm™* [Fig. 4(d)] the discrepancy
To quantify these effects a line-shape analysis was carriefeyeen experiment and theory is greater and there is essen-
out on the AP peaks for a range of valuesTgt The experi- 5y no observable change iry{—y,) over the measured
mental width includes Gaussian contributio@sising from e mnerature range. Thus our calculations suggest a continu-
the spectrometer resolutlon, the f|n|_te s_pread},lnnho_mo- ous increase iy, —Ys) with rising T,—contrary to experi-
geneous broadening, etcand contributions from single- ont \where it becomes approximately constant at higher
particle relaxation and Landau damping. These combine aGy . yoth values ofg. This suggests a flattening of the SPE

cording to distribution over the width of the plasmon—i.e., the damping
becomes more uniform in energy compared to our calcula-
Aw Aot (Awg)®=(Awyg)?, (1)  tions at temperatures of the order of 8.5.0T¢, the Fermi
temperature.
whereAw, (Awg) is the LorentzianGaussiahcontribution For both values of) for low T, the inclusion of exchange-

to the total half width at half maximuniHWHM) Aw,,.  correlation effects, using ¢h0 K Hubbard correction, is
Adapting the analysis of Dobryakd?®,the total Gaussian necessary—and indeed sufficient—to obtain agreement be-
contribution was estimated to be 0.05 meV, in good agreetween experiment and theory. Conversely, at highgthe
ment with the half width of the Rayleigh scattered laser line.calculations without the Hubbard correction match the obser-
Because the AP line shape is asymmetric, HWHMs on eithevations better(with the exception of the asymmetry at low
side were measured and Ef) used to removA wg in each ), presumably because the increasing thermal energy of the
case to producg; andy,, the HWHMSs of the Lorentzians electrons reduces the significance of correlation effects and
underlying the low- and high-energy sid@®e inset, Fig.4  the Hubbard correction fo0 K overestimates their magni-
The lower curves in Fig. 3 show spectra fitted in this way,tude at highefT,. The temperature and wave-vector depen-
after subtraction of the hot and band-gap PL backgrounds.dence of the asymmetric Landau damping <y,) is in-
Corresponding line shapes were calculated from thdriguing and unexplained.
imaginary part of the density-density correlation functtén, In conclusion, by using inelastic light scattering we have
using the Lindhard expression for the free-electron polarizobserved the wave-vector dependent behavior of the plasmon
ability evaluated at finite temperature by using the method ofmodes of a double-quantum-well system to which transport
Flensberg and Hé,adapted to incorporate damping due to measurements are insensitive. The dispersions of both optic
single-particle relaxation. A Mermin correction was not in- and acoustic modes have been measwpdo ~0.2kg) and
cluded. For sampl€, the single-particle relaxation time was successfully modeled within the RPA using only the number
estimated as 3.5 ps using a Dingle fit to Shubnikov—de Haadensities in the wells as fitting parameters. Qualitative agree-
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ment has been obtained for the variation in the intensity ratio>T¢/2, modeling the plasmon asymmetry was less success-
of the acoustic to the optic plasmon with inter-2DEG sepaful, and the upward shift in energy of the acoustic plasmon
ration. with increasingT, was also overestimated in the calcula-
Observations of temperature effects in the Landau dampions. It is not envisaged theD K local-field corrections
ing of the acoustic plasmon have also been made, and theggthin the STLS framework will substantially improve
have been modeled within the RPA with no adjustable pazgreement with experiment, and our work points to the need
rameters, incorporating éh0 K Hubbard correction t0 ac- for further theoretical work on local field corrections at
count for interlayer-exchange effects. Calculations of the tohigher temperatures. Studies of the temperature dependence

tal AP linewidth were in good agreement with experimentqs| anqay damping are likely to prove valuable experimental
and illustrate clearly the decline in the importance of '”ter'probes of these effects.

layer exchange effects 83, rises. At low temperaturesTg,

<Tg/2) good quantitative agreement was obtained between We thank J. T. Nicholls and N. P. R. Hill for useful dis-
experiment and theory for the asymmetric Landau dampingussions, and the U.K. EPSRC and the Royal Society for
contribution using the Hubbard correction. However, Tar ~ support.
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