PHYSICAL REVIEW B VOLUME 58, NUMBER 19 15 NOVEMBER 1998-I

Many-body correlations probed by plasmon-enhanced drag measurements
in double-quantum-well structures
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Electron drag measurements of electron-electron scattering rates performed close to the Fermi temperature
are reported. While evidence of an enhancement due to plasmons, as was recently di€diimtsberg and
B. Y.-K. Hu, Phys. Rev. Lett73, 3572 (1994)], is found, important differences with the random-phase
approximation based calculations are observed. Although static correlation effects likely account for part of
this difference, it is argued that correlation-induced multiparticle excitations must be included to account for
the magnitude of the rates and observed density depend¢B64€63-1828)00440-§

The plasmons of two-dimensional electron daPEG) dence of plasmon enhanced drag. We find that for remotely
systems provide a valuable platform for the study of elecspaced layers a disagreement in magnitude with theoretical
tronic many-body correlation effects. Fundamental elementpredictions exists, and that there is a greater width in the
of 2DEG plasmons, however, have been stutiiédithout  peak that develops in the density dependence. We also find
resorting to these higher-order effects. Of particular interesthat the dependence on the relative electron densities for low
to our work is the system consisting of two 2DEG's. In ad-gyerall densities yields a behavior inconsistent with funda-
dition to the conventionaloptic) mode, with a plasmon en- mental aspects of RPA-based theoretical predictions; that the
ergy whose leading dependeficen wavevectorg '5_q1 ' maximum enhancement does not occur at matched densities.
such a system supports a second plasmon fibeedisper-  These results are evidence for an additional plasmon damp-
sion relation of which is linear irg at smallq. Recently, g mechanism, and we argue that dynamic correlations play
theoretical work® has moved beyond the random-phase apy,, important role in the plasmon enhancement of drag.
proximation(RPA) to consider the role of many-body corre- In electron drag measuremenis™® electron-electron
lation effects. While the role of these correlations are gener-e_e) scattering rates are probed tﬁrough the momentum
ally believed to lower the plasmon frequencies and provid . . .

ransferred, viae-e scattering, from one current carrying

additional damping in the limit of low densities, a recent | p b it has b
calculatio has found that their effects can be important®€Ctron system to a second nearby system. It has been

1,12 : : H
even at relatively high densities. As both intralayer and in.showrt"*that the ratio of the voltage induced in one 2DEG

terlayer correlations are possible in the double-layer systenfO the current in the other, electrically isolated, 2DEG di-
both layer spacing and electron density dependencies afgCtly determines the interlayere momentum transfer rate
critical to the study of plasmon effects. o 1 This determination of the “drag” scattering rate is a
The traditional experimental probe of 2DEG plasmonsconsequence of the balance that is established between the
has been Raman scatterih§uch studies have, for example, force of the electric field that develops in the drag layer and
confirmed the existence of the acoustic mode in super latticthe effective force of interlayee-e scattering.
structures. The electron densities used in optical studies to A crucial question for this work is how plasmons can play
date, however, have been high enough that correlation ef substantial role in what is essentially a dc transport mea-
fects were not evident. In this paper, we discuss results of aurement, as both plasmon modes lie aBdvie single-
complementary experimental approach to the study of 2DE@article excitation spectrum. It was recently predictéaw-
plasmon modes: electron drag measurements. The motivaver, that plasmons will have a dramatic effect on drag. The
tion for these studies results from recent theoretical predickey element of the calculations is that coupling of currents to
tions of Flensberg and Huhat plasmons are observable in plasmon modes is made possible by high temperafTye
such measurements, and preliminary measurements ofiodifications of the single-particle excitation spectrum when
Eisensteir’. We find convincing evidence for the role of T is of order the Fermi temperatur€:. Earlier high-
plasmons in this transport style experiment. This evidencetemperature approachésneglected these effects and pre-
the overall temperature dependence of the measurements disted no plasmon-related enhancement. Because plasmon
well as the general density dependence, confirm recent meaxcitations substantially alter the 2DEG screening response,
surements observing the enhancement of electron drag lrag scattering rates, which result from screened interlayer
plasmons® The new results presented here, however, resulinteractions, will be substantially affected. According to the
from an exploration of a range of densities below that of bothrRPA-based calculatiorfsthe interlayere-e scattering is in-
the earlier optical measurements and recent drag measurereased by plasmons for>0.2T, with the increase peaked
ments, as well as the first studies of the layer spacing depemt T~0.5T . Theincreaseresults from the real part of the

0163-1829/98/5@.9)/126214)/$15.00 PRB 58 12 621 ©1998 The American Physical Society



12 622

2.2

1.3

(108 /sec K?)

0.4
7.3

Am2
7, T*nz/ny

BRIEF REPORTS

PRB 58

evidence for a plasmon-based drag enhancement.

It is important to note, however, the discrepancies be-
tween our measurements and the published calculations. In-
set in Fig. 1 is a comparison of the measuvng‘znzlnl
at matched density with the calculatinsf Flensberg and
Hu. Theoretical rates appropriate to our sample geometries
were derived fromT dependences for identical 200-A-wide
quantum wells with densitiesi=1.5x10" cm™2, with
layer separations 800 and 400 A. A small correction factor,
taken from a plot of numerical results of the explicit spacing

dependence at 40 K, was then applied to match to our well
center to center spacings of 700 and 425 A, respectively. For
the 225-A barrier sample the measured rates peak at a tem-
perature below that predicted by theory, with reasonable
agreement in magnitude. For the 500-A barrier sample, how-
ever, the measured magnitude lies above that calculated. The
calculations are reasonably accurate in determining the zero-
temperature limit of Coulomb scattering as determiied
these samplegbetter established, perhaps, for the 225-A
sample; a critical point if magnitude comparisons are to be
made. The data for the 500 A barrier sample show similar
FIG. 1. Scaled drag ratﬁng’znzln1 as a function of tempera- behavior to that seen in earlier measureméhts.
ture for (a) 225-A-barrier sample an¢b) 500-A-barrier sample. An additional discrepancy with calculations exists in the
Solid squares are fon,/ny=1, circles forn,/n;=0.5, and tri-  pehavior of 7, *T~2n,/n; as the densities are mismatched.
angles forn,/n;=1.3. Inset: Theoretical curve based on RPA The 500-A-barrier sample data indicate a maximum near
(solio! ling) and the experimental dataolid squarg for matched .\ oiched density, in agreement with the general behavior pre-
density. dicted by theory for both spacings. For the sample with more
closely spaced layers, however, we find tb°|§\fT*2n2/n1 is
effective dielectric constant going to zero at a plasmon resogreatest whem,=0.5n; .
nance, so screening ieduced Reduction of the effect at ~ Two sources for these discrepancies must be considered.
higherT is attributed to Landau damping of the plasmons. The first is a shift in the plasmon spectrum induced by cor-
The samples used in these measurements are modulatioidation effects. One might assume that at the densities of our
doped GaAs/AJsGa As double quantum well structures samples ,~1.4), such effects would be small.
grown by molecular-beam epitaxy. Two samples were usednvestigations of static many-body correlations in a double-
both with 200-A-wide wells, but one with a 225-A barrier |ayer system, however, show that for 250-A |ayer Spacings,
between the We”S, and the other 500 A Electron denSitieﬁy rSZS the acoustic p|asm0n is so Suppressed that it enters
for both samples were 1.5810" cm™?, yielding Tr  the single-particle continuum and is destroyed. While
~65 K, with mobilites of all layers exceeding 2 correlation-induced changes in the plasmon spectrum for our
X10° cn?/V's. By applying voltage to an overall top gate samples will be much smaller, they are clearly possible.
or bias between the layers, the electron densities of the indstatic correlation effects are found wppresgthe energies
vidual layers could be adjusted, as calibrated byof the plasmon modes, so the plasmon enhancement should
Shubnikov—de Haas measurements. We denote the electr@acur at a lower temperature, providing better agreement
density of the drag/drive layer a&/n; . with the observed peak positions in the temperature depen-
7f|gure 1 shows the measu.red temperature dependence @nce ofry T~ 2n,/n; for both samples. Small shifts, how-
75" scaled byT? and the density ratia, /n,, for both layer  ever, would tend toincreasethe coupling to the single-
spacings at various density ratios. The drag rates show twgarticle spectrum, resulting in karger drag enhancement.
distinct maxima, at low and high temperatures. The peakSuch behavior is found when RPA calculations are
below 10 K result from a virtual phonon exchange procéss; modified® with the Hubbard approximation, which includes
this work focuses on the high-temperature behavior. Folntralayer exchange interactions. The calculations show a
matched densitiesng/n;=1), both samples show an in- shift toward lower peak temperatures and an increased mag-
crease in the scaled drag ratg'T 2n,/n, near 15 K, a  nitude, providing better agreement with the measurements of
maximum near 30 K, and a subsequent decrease with irRef. 10. A net increase in magnitude of the enhancement,
creasing temperature. This temperature dependence l®wever, is inconsistent with our results for the 225-A-
expected for plasmon enhancement of drag, as discussetbarrier sample, where the calculated RPA rates already
earlier. We have also measured the temperature dependengratch the observed magnitude. We would anticipate that
for mismatched densitiegFig. 1), and find a shift in the eventual suppression of,*T~2n,/n; resulting in little net
maximum of 75 *T~2n,/n, as the drag layer densitg,, is  change in magnitude could also occur, but only for relatively
changed. Fon,/n;=0.5, the peak moves to 25 K or less in large changes in the plasmon mode energies, yielding a sub-
both samples, and fon,/n;=1.3 it is moves to~35 K.  stantial alteration of the temperature dependences including
The direction and rough magnitude of this shift is consistenthe peak position, which is not observed in our measure-
with the RPA plasmon calculations, providing additional ments.
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FIG. 2. Dependence of the scaled drag rates on the density ratio FIG. 3. Dependence of the scaled drag rates in 500-A-barrier
n,/n, (drag/drive density for (a) 225-A-barrier sample an¢b) sample on the density ratio, /n, for four different matched den-
500-A-barrier sample. Each curve represents the result for every Sities at 30 K. Numbers beside each curve represent the matched
K from 20 to 50 K and is offset for clarity by the amount shown. A densities in 18" cm™2.
dotted line indicates matched density.

predicted for a 200-A-barrier sample. Although some sup-

The second possible source for the discrepancies lies iression of the mode should occur due to static correlation
plasmon dissipation channels only present due to correlatiofiffects, this suppression would, once again, result in an in-
effects. It is well known that a conventional RPA approachcrease in the drag enhancement. As any substantial enhance-
to plasmons results in fully undamped modes, precisely bement is inconsistent with our measurements, we consider it
cause the plasmons lie above the single particle spectrurbinlikely that correlation-induced shifts in the plasmon spec-
Realistic estimates of the plasmon widths, therefore, musfum are the sole reason for the broad widths we observe.
include coupling to multiparticle excitations, intrinsically a Indeed, the recent Hubbard approximation based calculations
correlation effect. The existence of a multiparticle dampingshow no considerable increase in the width of the density
channel could substantially reduce the degree of drag erflependence. Instead, damping of the plasmons via correla-
hancement provided by plasmons, potentially offsetting intion induced multiparticle excitations must again be consid-
creases due to static correlation effects. Such damping h&sed. If the plasmon modes are broadened by multiparticle
been calculatédfor plasmons of a single 2DEG in the den- €Xcitations, then the density dependence would be broad-
sity range of this work, but to our knowledge no such calcu-€ned, as there would be a distribution, beyond thermal ef-
lations exist for double-layer systems. Finite-temperature effects, of energy spacings between the plasmons and the
fects, furthermore, would also be expected to play a role irfingle-particle spectrum. It is our contention that correlation-

the temperature range of the current measurements. induced multiparticle damping plays a significant role in
To further explore these questions, we have measured tHdasmon-enhanced drag. _
detailed dependence of, 1T~ 2n,/n, on the relative densi- Important evidence for this contention comes from the

ties of the two electron layers at various temperatures. Thi§ensity dependence of,*T~?n,/n;, measured for various
measurement probes the p|asm0n enhancement while bo@kpnsities in the drive layer at 30 K. As seen in Fig. 3, there is
the plasmons and the single-particle excitations of one laye? gradual increase in the width of the peak with decreasing
are changed. For the data in Fig. 2, only the drag layer derflensity. Most important in these data, however, is the posi-
sity n, is varied, whilen, is fixed at 1.55 10'* cm~2. This  tion of the peak. Our measurements show that the maximum
is, perhaps, a more sensitive probe of the plasmon enhancé- 75T~ 2n,/n; occurs at mismatched densities, and that the
ment, depending criticalfyon the balance between exciting lower theny, the further the peak is found from matched
the plasmons and damping them through the single-particldensities. Numerical fits to the data confirm that the devia-
excitations. The response is expected to be sharply peakedténs are not artifacts of a sloping background. For the pub-
matched densities. For the 500-A barrier sample, the scaldished calculations, where the only plasmon damping is cou-
drag shows a clear peak near matched density, which broagling to single-particle excitations, the peac|§1T*2n2/n1
ens noticeably a3 increases. The width of this peak, how- must occuf at matched densities. Essential to this result is
ever, is much greater than predicted by the@myt shown at  the fact that the drag scattering rate depends on the product
all measured temperatures. For the 225-A-barrier sample, thef the response of both layers, combined with a symmetry
broadening is so large that no clear peak is discernible in theesulting from the fact that the source of the drag enhance-
data. ment, coupling between the single-particle excitations and
The difference between our measurements and the RPAlasmons, is also the damping mechanism.
based calculations is significant for both samples. The scale The theoretical argument resulting in a peak at matched
for these differences is set by the observation that the widtlklensity fails, however, if an additional damping mechanism
for the 500-A-barrier sample at 30 K is very close to thatis present. As our samples have 20 times higher mobility



12 624 BRIEF REPORTS PRB 58

than a sample of Ref. 10, it is unlikely that disorder temperature dependences and in the density dependences.
scattering® provides the additional damping. Instead, multi- These differences clearly confirm the need to include corre-
particle excitations, which are known to be important in thelation effects in calculations of plasmon-enhanced drag.
plasmon damping in single-layer systénasuld provide the While changes in the plasmon dispersion curve due to static
additional damping. Correlation effects, furthermore, arecorrelation effects may account for part of the difference in
widely recognized to become greater at lower electron denemperature dependence, we expect such corrections to cause
sities. The observed increase in the deviation of the peajreater discrepancies in the magnitude of the scattering rates.
from matched density as, is lowered appears, therefore, t0 \ye have proposed that dynamic correlation effects must also
be consistent with a multiparticle excitation damping mechayg included to explain our observations. These multiparticle
nism. Although the overall effect of plasmon-enhanced dragy, iitations would provide additional damping of the plas-

is reIateq to smgle-partl.cle1exc;tat|ons of pllasmon modes, thﬂwons, which would be consistent with the magnitude of the
o_b_servatlon of a peqk imp T nz_/nl at m|smatc.he.d den- scattering rates, the large width of the peak in the rates as a
sities reveals an additional damping channel. This is a strong . ction of density, and the observation that the maximum in
indication that correlation effects, including the role of mul- he scaled drag ra,tes does not occur at matched densities. A

:g’iﬁ'ﬁ':inegz':aﬁzgid?eﬂzigon damping, must be includeq 1 o, 2 mination of such effects awaits further detailed theo-
p : g@tical investigation.

In summary, we have observed an enhancement by pla
mons of the interlayee-e scattering rates probed by electron  This work was supported by the NSF through Grant No.
drag measurements. While our results agree, in general, witAMR-9503080, by the Alfred P. Sloan Foundation, and by
RPA-based calculations, we find differences in the detailedhe Research Corporations Cottrell Scholar program.
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