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Thermopower of a double quantum well based on GaAs
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The resistivity and thermopower of a double quantum well have been investigated in the temperature range
0.324.2 K as a function of voltage applied to a top gate. As in previous studies, the resistivity showed a strong
resonance when the carrier densities in each well were approximately the same. In contrast, neither diffusion
nor phonon-drag thermopower showed any sensitivity to the resonance. We have calculated the thermopower
based on a model of two independent two-dimensional electron gases~2DEG’s! connected in parallel. In the
case of phonon-drag thermopower,Sg, it was necessary to take into account the mutual screening of the
electron-phonon interaction by electrons in each layer and also the local-field correction to the static dielectric
function. We find thatSg exhibits aT5 dependence at low temperatures instead of the standardT4 expected for
single GaAs quantum wells. We also find that, for the lowest densities examined, the local-field correction
enhances the magnitude of the calculatedSg by over a factor of 2, in good agreement with experiment. As a
check on the model of two independent 2DEG’s we have also calculatedSg at resonance taking into account
interwell coupling. The calculated values ofSg so obtained are in good agreement with those obtained for
uncoupled wells. This confirms the experimental result thatSg is insensitive to the resonance condition.

DOI: 10.1103/PhysRevB.67.155328 PACS number~s!: 73.50.Lw, 73.40.Kp
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I. INTRODUCTION

Over the last decade, double quantum wells~DQW’s!
coupled by tunneling have been found to exhibit a wide
riety of interesting properties. If we confine ourselves to
research on transport measurements in the plane of the w
previous work has almost invariably focused on the electr
conductivity of the wells, studied either in parallel~i.e., the
wells are connected together at the contact points! or sepa-
rately. The parallel conductivity shows a resonance when
two wells are adjusted to be symmetric so that their ene
levels coincide~usually by one or more gates which vary th
local potential seen by the wells!. When the energy levels in
the two wells are very different, tunneling is weak and ea
well contributes to the current essentially independently.
resonance the wave functions of the wells combine to fo
symmetric and antisymmetric states which are separate
an energy gap and the electrons spend equal times in the
wells. This averages the scattering of the electrons in the
wells and leads to an increase in the measured par
resistance.1,2

Practically all the published transport work on these s
tems has involved only electrical resistivity. The only exce
tions of which we are aware are the experimental work
Hyndmanet al.3 who measured the thermopower of ap-type
DQW in strong perpendicular fields, and the calculation
Lyo4 for the diffusion thermopower of a symmetric DQW
a parallel magnetic field.

The system studied by Hyndmanet al.3 had strong Cou-
lomb interactions and the authors were primarily interes
in the effect that this had on the quantum and fraction
quantum Hall effects. They also presented some data at
field which showed that the thermopower was dominated
phonon drag.

The present work reports an investigation, both exp
mental and theoretical, of the thermoelectric properties
0163-1829/2003/67~15!/155328~11!/$20.00 67 1553
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zero magnetic field of ann-type AlGaAs/GaAs/AlGaAs
DQW as the occupation of the wells is varied using a t
gate. Perhaps the most interesting result is that the t
mopower is found to be insensitive to the resonance co
tion.

In most of our theoretical work we have modeled t
system as two independent two-dimensional electron ga
~2DEG’s! connected in parallel. We give an elementary a
count of the diffusion thermopower, but most of our calc
lations have focused on the phonon-drag contribution,Sg. In
contrast to resistivity and diffusion thermopower, which a
largely controlled by elastic impurity scattering,Sg is known
to be determined by the momentum relaxation time due
electron-phonon~e-p! scattering.5,6 The e-p coupling in each
layer is screened by the electrons in the opposite layer. T
significantly reduces the magnitude ofSg at low T and also
leads to Sg}T5 at the lowest temperatures examinedT
,0.4 K) rather than the standardSg}T4 appropriate to
single wells.7–9 In order to check the validity of the model o
two independent 2DEG’s we have also carried out a deta
calculation ofSg at resonance, taking into account the effe
of interwell coupling on the electronic wave functions. W
find that the calculated values ofSg in both theoretical treat-
ments are in good agreement.

A considerable amount of theoretical work10–15 has fo-
cused on the dielectric properties of dilute gases when
random-phase approximation is no longer accurate due
exchange and correlation effects. The present work prov
clear evidence for the importance of the role of the local-fi
correction to the static dielectric function in 2DEG’s at lo
densities. We were able to obtain good agreement betw
experiment and theory only by including this correction
the calculations.

The paper is set out as follows. After discussing the
perimental methods in the next section, we outline our th
©2003 The American Physical Society28-1
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retical calculations in Sec. III. This provides a framework
understand our experimental results in Sec. IV and the
cussion in Sec. V. In the Appendix we present a full calcu
tion of the phonon-drag thermopower of two coupled qu
tum wells at resonance. A preliminary report on this work
available in conference form.16

II. EXPERIMENTAL TECHNIQUES

The sample had two 18-nm GaAs wide wells separated
3.4 nm of Al0.33Ga0.67As. A d-doped Si layer on each side o
the wells, separated by 120 nm of Al0.33Ga0.67As, provided
the electrons. A top gate, consisting of a gold film on 30
of SiO2, allowed the total carrier density,ntot , to be in-
creased or decreased. The sample was produced from
same wafer used by Charleboiset al.17 though their experi-
ments used a much thicker oxide for the gate. The poten
and current contacts shorted the two wells so that the m
sured properties corresponded to the wells connected in
allel.

Measurements were made over the temperature ra
0.3–4.2 K. The measured coefficients were very reprod
ible functions of the gate voltage if the sample was kep
liquid-nitrogen temperatures between cooldowns. All m
surements were made by dc techniques. We used an
model N11 nanovoltmeter as the voltage detector for th
mopower measurements and a Keithley model 182 voltm
for resistance measurements. Temperatures were determ
by two ruthenium-dioxide, surface-mount sensors moun
on the sample by epoxy. The thermometry was checked
measuring the thermal conductivity,l, of the sample sub-
strate. At low temperatures (T,0.6 K) l was proportional
to T3 as expected, with a phonon mean free path estimate
be about 3 mm. We expect absolute errors in the th
mopowerSandl to be about 15% because of uncertainty
the spacing of the thermometers, but we mainly dealt w
the quantityS/l (S/l52Ex /Ux where Ex is the electric
field in thex direction andUx the heat current density! which
is independent of this spacing so the errors are smaller.
scatter on the data mainly arose from the precision w
which the voltage differences across the sample could
measured. This is a few nV for thermoelectric quantities.

The calculation of the thermopower required the densi
and the mobilities of the carriers in each well. We have
perimentally determined these in some detail18 as a function
of gate voltage. For the present purposes it is a sufficie
good approximation to assume that the density of carrier
the upper well,nu , was a linear function of gate voltage,Vg ,
given approximately bynu5(2.06Vg10.94)31015 m22 and
that of the lower well,nl50.8631015 m22, was almost in-
dependent of gate voltage until the upper well was deple
We found nu1nl to be in good agreement with the tot
densityntot obtained from Hall measurements. The mobil
of the upper well was usually much higher than that of
bottom well, except near resonance or when the upper
was nearly depleted. This results in a relatively large re
tivity change at resonance which was advantageous for
present study.
15532
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III. CALCULATION OF THERMOPOWER OF A DQW

The thermopower,S, has two components, diffusion,Sd,
and phonon drag,Sg, which have different temperature de
pendencies and so, in principle, they can be separated
assume that the thermoelectric properties of the DQW can
approximated as two independent 2DEG’s connected in
allel. The total thermopower,S, can then be written as

S5
suSu1s lSl

su1s l
, ~1!

wheres is the conductivity and the subscriptsu andl denote
the upper and the lower layers, respectively.

For a degenerate 2DEG,Sd is given by Mott’s
expression:19

Sd52
p2kB

2T

3eeF
S ] ln s

] ln e D
eF

52
p2kB

2T

3eeF
~11p!5AT, ~2!

wheree is the electronic energy,eF is the Fermi energy,e is
the magnitude of the electronic charge, and we assume
the electronic~elastic! relaxation time obeystel(e)}ep.

The phonon-drag thermopower is calculated within t
Cantrell-Butcher framework.20 This formalism is based on
the solution of the coupled Boltzmann equations for el
trons and phonons in which two-dimensional~2D! electrons
with wave vectork5(kx ,ky) are scattered by 3D phonons o
wave vectorQ5(q,qz), whereq is the component ofQ in
the plane of the 2DEG. The phonon-drag thermopower
layer i ~upper or lower! when only the ground subband
occupied is

Si
g5

2e~2m* !3/2l pt i
el

s ikBT2\4

V

~2p!3

3(
s

vp
sE

0

`E
2`

`

dq dqzuUi~Qs!u2NQs
0 eq

3E
g

`

dek

f 0~ek!@12 f 0~ek1\vQs!#

Aek2g
, ~3!

wherem* is the electron band mass,V is the volume of the
sample,s i5nie

2t i
el/m* is the conductivity, andl p is the

phonon mean free path. In Eq.~3! we have summed the
contributions of the three acoustic branches which are
noted by the polarization indexs. We should also mention
that a constant elastic relaxation time is assumed,tel(ek)
5tel(eF); previous work suggests6,21 that this approxima-
tion is accurate for degenerate 2DEG’s. The frequency
phonons with wave vectorQ and polarizations is vQs and
their phase velocity isvp

s . NQ
0 is the phonon distribution in

equilibrium,eq5\2q2/2m* , andg5(\vQ2eq)2/4eq . f 0 is
the Fermi-Dirac distribution function andek5\2k2/2m* is
the electron energy. Finally,Ui(Q) is the screened e-p po
tential. Equation~3! is equivalent to the standard expressio
used in the literature for the calculation of the phonon-d
thermopower in single quantum wells~see, for example,
Refs. 6 and 23!.
8-2
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The expression for the screened e-p interaction is gi
by

Ui~Q!5Ubare~Q!Ri~q!, ~4!

whereUbare(Q) is the Fourier transform of the unscreen
e-p potential,6,20,22

Ubare~Q!5 iJe f f~Q!~\/2%VvQ!1/2QZ~qz!. ~5!

Here% is the density of the sample. In GaAs,Je f f accounts
for both deformation potential and piezoelectric couplin
For the longitudinal branch and for each of the transve
branchesJe f f(Q) is given by $Jd

21@(eh14)
2Al /Q2#%1/2,

and@(eh14)
2At /Q2#1/2 respectively,22 whereJd is the defor-

mation potential constant,h14 is the piezoelectric constan
andAl , At are the anisotropy factors given by Lyo.22 Finally,
Z(qz) is a form factor that accounts for the finite thickness
the 2DEG. The expression forZ(qz) is ~see, e.g., Ref. 7!

Z~qz!5E f2~z!exp~ iqzz!dz, ~6!

wheref(z) is the envelope function in the ground state. B
approximating the confining potential by a hard wall pote
tial we take

uZ~qz!u25
2@12cos~qzW!#

qz
2W2@~qzW/2p!221#2

, ~7!

whereW518 nm is the width of each well.
The factorRi(q) that appears in Eq.~4! introduces screen

ing effects to the e-p coupling. In a single layerR(q)
51/e(q) where e(q) is the static dielectric function.24,25

Here we take into account the mutual screening of the
interaction by electrons in each layer, andRi(q) is given by26

Ri~q!5
11Vj j P j j 2Vi j P i i

e intra~q!
. ~8!

In Eq. ~8! the subscriptsi , j denote the layersi andj, respec-
tively, P j j is the polarization function in the random-pha
approximation24 ~RPA!, andVi j is the Coulomb interaction
given by

Vi j 5
e2

2kk0q
Fi j ~q!, ~9!

wherek is the permittivity of GaAs,k0 is the permittivity of
free space, andFi j (q) are the screening form factors fo
which we use the form for square wells.27,28 Finally,
e intra(q) is the intralayer dielectric function~see, e.g., Ref.
28!:

e intra~q!5@11Vii P i i #@11Vj j P j j #2Vi j
2 P i i P j j . ~10!

We see by inspection that, if we neglect the screen
effects of the electrons of the opposite layer, then Eq.~4!
becomesUi(Q)5Ubare(Q)/e(q) wheree(q)511Vii P i i is
the static dielectric function for a single layer. Then, at lowT
15532
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whereq!2kF ~Bloch limit!, we obtain the familiarT4 law
for Sg. More specifically, it can be shown that in the Bloc
limit we can write8,9

Sg}
l pT4

n3/2
. ~11!

The full expression and details on the several approximati
which lead to theT4 power law ofSg at low T are given in
Ref. 8.

An important result of the present calculations is that
phonon-drag thermopower of a DQW at low temperature

Sg}
l pT5

na
~12!

with

a'2

instead of the standard result in Eq.~11!. Note that Eq.~12!
is a numerical result which has been tested in the Bloch li
for the lowest temperatures of interest here (0.2,T
,0.4 K) and for all the measured densities of the upp
layer (0.26,nu,1.431015 m22). It does not seem to be
possible to derive an analytic approximation forSi

g of the
layer i at low T in the case of a DQW because the fact
Ri(q) @Eq. ~8!# which describes the screening effects is
complicated function ofq, kFi , andd. However, the differ-
ence from the standardT4 power law is due to the mutua
screening of the e-p coupling by electrons in each layer a
in order to understand the origin of this difference, we co
pare the behavior of the dielectric factorsR(q) andRi(q) for
a single layer and a DQW system, respectively, at low te
peratures. In a single layer the dielectric function at low te
peratures is e(q)'Qs /q,8,23 where Qs
5e2m* /(2p\2kk0). Consequently,R(q)'q/Qs}T. By in-
spection of Eq.~8! we see that at low temperaturesRi(q)
'q/$Qs@11exp(2qd)#%. This simple result is obtained b
assuming that the screening form factorsF11 and F22 are
unity andF12'exp(2qd) when T→0 ~see Ref. 27!. More-
over, in the static, long-wavelength limit, the polarizatio
functions areP11'P22'P12'm* /p\2. The factor 1/@1
1exp(2qd)# is an increasing function ofT which explains
the stronger temperature dependence ofSi

g in a DQW. At the
lowest temperatures examined here the productqd is of the
order of unity. We see by inspection that when the center
center distance of the two layers is large (qd@1) the theo-
retical values ofSi

g become identical to those of a sing
layer and will show aT4 dependence at lowT. Also, at very
low temperatures (T,20 mK) we should again obtain aT4

power law, but now the calculated values ofSi
g are smaller

by a factor of 4 than those of a single layer.
Another important point we should make here is that

RPA gives a good description of the dielectric properties
an interacting electron gas in the high-density limit (r s,1,
wherer s is the RPA parameter!. However, the carrier densi
ties considered here are relatively low and for this reason
necessary to take into account the local-field correct
8-3
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T. SMITH et al. PHYSICAL REVIEW B 67, 155328 ~2003!
~LFC! to the RPA due to the effects of exchange a
correlation.10 The RPA parameter for 2DEG’s is29 r s
51/(a* 2pn)1/2 wherea* is the effective Bohr radius which
is 10.3 nm for GaAs. For the densities of interest here
,r s,4. The LFC is incorporated in our calculations b
writing the intralayer Coulomb potentialVii as

Vii 5
e2

2kk0q
@12G~q!#Fii ~q!, ~13!

whereG(q) is given by Gold and Calmels:10

G~x!5r s
2/3 1.402x

@2.644C12
2 1x2C22

2 #1/2
~14!

with x5q/q0 , q052/(r s
2/3a* ), C1251.914r s

0.119, and C22

51.640r s
0.530.

The LFC to the RPA leads to a significant increase of
calculated values ofSu

g at low densities for the upper laye
~recall that this layer depleted to zero density in these exp
ments!. However, the inclusion of the LFC does not signi
cantly affect theT dependence ofSg. Recently, Pillarisetty
et al.30 observed a strong enhancement of the drag resist
of dilute hole double-layer systems in the regime ofr s519
239. In addition they observed deviations from the stand
T2 dependence expected from Boltzmann calculation28

which were not related to phonon-mediated, plasm
enhanced, or disorder-related mechanisms~see Ref. 30, and
references therein!. Our present analysis suggests that
LFC to the static dielectric function could lead to significa
effects to the drag calculations in dilute gases and it sho
be taken into account. The effect is expected to be strong
hole gases because the short-range correlations are more
nounced due to the higher effective mass of holes.31

We should mention here that the picture of the two ind
pendent quantum wells is an approximation to the real s
tem and ignores interwell coupling. The approximation
valid whenkFd@1 wherekF is the Fermi wave number an
d is the center-to-center distance between the 2DEG’s,
for our sample we find thatkFd'1.5 whennu5nl . There-
fore, it is essential to carry out a full self-consistent calcu
tion of Sg at resonance to make sure that one does ind
find essentially the same result as with two independ
wells. Such a calculation is described in the Appendix. T
results of the two sets of calculations are in good agreem
which strongly supports the validity of our approximation

IV. RESULTS

The resistivity was measured at various temperatures
function of gate voltage, but Fig. 1 shows only the data at
K. The resonance is clearly seen atntot'1.7231015 m22

(Vg'20.04 V) so that nu'nl'0.8631015 m22 at this
point. The solid line is the estimated behavior if there was
tunneling between the layers. As seen in previous work,
resonance broadens as the temperature increases.2 Over most
of the figure the resistivity is dominated by the high-mobil
upper layer, except near resonance~where the mobilities be-
come equal due to tunneling! and near total depletion of th
15532
4

e

ri-

ty

d

-

e
t
ld
in
ro-

-
s-

nd

-
ed
nt
e
nt,

a
3

o
e

upper layer. The small kink in the resistivity nearntot51.1
31015 m22 (Vg'20.34 V) corresponds to the regio
where the conductivities of the layers are approximately
same. The upper layer becomes fully depleted atVg'
20.46 V.

We measuredS as a functionT at ten different gate volt-
ages. In Fig. 2 we present the experimental values ofS/l for
nu51.47, 1.66, 1.80, and 2.2131015 m22. Plotting the data
like this is useful for a number of reasons. First, over mos
the temperature rangeSg is dominant and varies rapidly with
temperature. UsingS/l eliminates most of the dependenc
Second,Sg andl are each proportional to the phonon me
free path,l p , so their ratio becomes independent ofl p and
closer to being a quantity independent of the particular s
strate dimensions and properties. Finally, this quantity d
not require the measurement of the temperature gradien
the random errors should be somewhat smaller than forS.

The low-temperature parts of these curves were analy
assumingS/l5A8/T21BTm wherem51 or 2 depending on
whether Eq.~11! or Eq. ~12! is appropriate. The constantA8
arises from diffusion and is related in a simple way toA in
Eq. ~2!. This analysis could not definitively distinguish be
tween the two possibilities, mainly because the density of
wells is typically so low that the temperature required f
Eqs. ~11! and ~12! to be valid is often&0.4 K and this is
where Sd ~which is proportional toT) becomes dominant
Indeed, for two of the data sets taken with the upper la
almost totally depleted, neither form represents the data
isfactorily which probably results from the upper well de
sity being so low that the low temperature requirement w
not reached.

When the remaining eight data sets’ data were analy

FIG. 1. The resistivity as a function of gate voltage and to
electronic density showing the resonance. The small kink in
curve at low densities is caused by the conductivities of the
wells becoming similar.
8-4
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usingm51, Sd was found to have almost no dependence
Vg , a very unexpected result and unlikely to be correct.
the other hand the use ofm52 as predicted by theory lead
to a behavior forSd in keeping with expectations. Because
this, only results form52 are shown here. The values d
duced forA5Sd/T are shown in Fig. 3 as a function ofVg
~open circles!. In the same figure we also present the cal
lated values ofSd/T obtained using Eqs.~1! and ~2! with p
50.5 ~solid circles!. This value ofp was chosen to fit the
data in the midrange.

The simple theory fits the data surprisingly well, perha
fortuitously so. If p had been significantly different for th
two wells we would have expected to see a reflection of
resonance inSd. Over most of the range the upper we
dominates Eq.~1! because of its high conductivity, and th
rise inSd/T is due to the decreasing number of carriers asVg
decreases. However, near resonance the wells contr
equally so there would be a peak or trough around the re
nance position ifp had a different value in each well. It i
also possible thatp might depend on layer density and th
may be responsible for the discrepancy seen just before
upper well completely depletes.

If the diffusion termA8/T2 is subtracted from the data i
Fig. 2 we obtain data onSg/l which are plotted in Fig. 4 as
symbols. For comparison,Sg has been evaluated numerical
using Eqs.~1!–~14! and the standard parameters for GaAs7,6

To eliminate l p we have made use of the lattice therm
conductivity l which is predicted to bel53.89l pT3 for a
GaAs substrate at low temperatures,8 with l p in mm. The

FIG. 2. The experimental values ofS/l as a function ofT. The
values on the curves are the total electronic densities in unit
1015 m22. The symbols ares, 1.4731015 m22 (Vg520.16 V);
h 1.6631015 m22 (Vg520.07 V); n, 1.8031015 m22 (Vg

50.00 V); andL, 2.2131015 m22 (Vg50.20 V).
15532
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calculated results forSg/l are shown in Fig. 4 as solid lines
We find that the theoretical values ofSg have a very similar
T dependence to the experimental values, but are alw
higher by about 25%. This difference could be due simply
the uncertainties in various constants required in the calc
tions and experiments~e.g., average velocities and expe
mental dimensions!.

Figure 5 shows experimental results forSg ~open sym-
bols! plotted in the formSg/lT2 as a function ofVg at two
fixed temperatures of 0.30 K and 0.41 K. In order to obta
more points for this curve,S was measured at many ga
voltages at these two temperatures. We then subtracteSd

using interpolated values from the experimental data sho
in Fig. 3; this curve is not well defined in the region of th
peak but fortunately this is whereSg becomes very large so
the resulting errors remain relatively small. According to E
~12!, Sg/lT2 should be independent ofT in the low-
temperature limit, and indeed the two curves appear to
coincident over most of the range. However, near the pea
Fig. 5 the upper well has a very low density and the lo
temperature requirements are not satisfied, so thatSg/lT2

depends onT in this region.
Again, for comparison,Sg has been evaluated numerical

and the results are shown in Fig. 5 as solid symbols. T
agreement between experiment and theory is generally
good. We should mention that, becauseSg is mainly deter-
mined by the upper well, small absolute errors innu become
very significant when the well is almost depleted~around the
peak in Fig. 5!. We believe the small discrepancy in the pe
positions of the experimental and theoretical curves is larg
due to this. The calculation ofSg as a function of density of
the upper layer provides useful information about the imp

of

FIG. 3. The coefficient of the diffusion thermopowerA5Sd/T
as a function of gate voltage and total carrier density. Experime
values ofA are shown as open circles. The solid circles are
calculated values assuming that the scattering coefficientp50.5 is
the same for both wells and is independent of density.
8-5
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tance of the LFC factorG(q) appearing in Eq.~13!. At nu

50.2631015 m22, which is the lowest value of density ex
amined, we find thatSu

g calculated using Eqs.~13! and ~14!
instead of Eq.~9! is increased by a factor of 2.5. This is
good agreement with the experimental results near the p
of Sg/lT2 in Fig. 5. At high densities (r s'1) the effect of
the LFC is much less pronounced.

Finally we note that when the upper well is empty, E
~11! becomes appropriate so thatSg/lT2 does not become
constant asT→0. However, we have included these data
the plot so that the strong effect of the total depletion of
upper well can be seen.

V. DISCUSSION

In contrast to the behavior of resistivity, there is no ob
ous effect on either component of the thermopower as
DQW is taken through resonance. The model of two in
pendent wells should certainly be appropriate well aw
from resonance. The fact that the model works so well e
at resonance is surprising and this is one of the main po
of interest in this section. We discuss each component s
rately.

FIG. 4. The ratioSg/l, for both experiment~symbols! and cal-
culation ~lines!. The experimental data are obtained by subtract
the diffusion component from the data in Fig. 2, as a function oT.
The meaning of the symbols is the same as in Fig. 2. The calcul
lines are for the same total densities and are in the same order~top
to bottom! as the experimental data, i.e.,n51.4731015 m22,
1.6631015 m22, 1.8031015 m22, and 2.2131015 m22. All the
lines approachT2 at the lowest temperatures.
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Although Sg shows a strong dependence onVg , there is
no superimposed resonance analogous to that in resisti
Both of these features are reproduced by the calculat
assuming uncoupled wells. As we have shown in the App
dix, a full calculation ofSg at the resonance gives almost th
same result as for two independent wells, which adds str
support for the model. The lack of any feature around
resonance position seems to result mainly from the fact
Sg is independent of impurity scattering of the electron6

The main effect of the resonance on the electron propertie
to average the impurity scattering in each well, but phon
scattering is independent of mobility and is primarily dete
mined by the densities of electrons in the wells@cf. Eqs.~11!
and~12!#. Away from resonance the high-mobility upper we
dominates the resultantSg @via Eq. ~1!# and the rise in
Sg/lT2 as Vg is decreased seen in Fig. 5 is due to the d
crease innu . Interestingly, at resonance both wells have t
same conductivity so that they contribute equally to the
sultantSg @again, see Eq.~1!#, but they also have identicalSi

g

and so their resultantSg is the same as if the upper well sti
acted alone.

The numerical calculations show that forVg,20.17 V
the contribution of the lower layer starts to give a noticea
contribution toSg due to the decreasing number of carriers
the top layer. Finally, around20.34 V the conductivities of
both layers become equal andSg is just the average ofSu

g and
Sl

g . This corresponds to the peak observed inSg/lT2. Below

g

ed

FIG. 5. The calculated results forSg/lT2 as a function of gate
voltage and carrier density. The open symbols are the experime
points and the solid symbols are the calculated values. The cir
correspond to 0.30 K and the squares to 0.41 K.
8-6
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this value ofnu the contribution of the lower layer become
dominant causing a significant decrease ofS sincenl is now
larger thannu . Finally, when the upper layer becomes ful
depleted (Vg520.46 V) Sg again increases asVg decreases
due to the decrease ofnl .

As with resistivity, diffusion thermopower is controlle
by impurity scattering in the temperature region of intere
so it seems likely that the resonance would be reflecte
this coefficient. In view of Eq.~2!, one might initially have
expectedSd to resemble the derivative of resistivity wit
gate voltageVg ~cf. Fig. 1!. However, the effect of varying
Vg is to change the density of the electrons in the top w
leaving the bottom well almost unchanged. This changeseF
only for the top well~relative to the bottom of the well! and
allows resonance to be achieved in this system. This is q
different from varying the energy of both wells simult
neously as Eq.~2! requires at any particular fixed value o
Vg . In this case the system is not swept through resona
by varyinge. A full calculation would be needed to confirm
that this explanation is quantitatively correct.

As we have noted earlier, if the partial diffusion the
mopowers for each well happen to have the same magnit
as a function of density@i.e., the factorp5(] ln t/] ln e)eF

is
the same# then the total thermopower given by Eq.~1! will
not show a resonance. This will presumably remain va
even when the two wells are strongly coupled and the e
trons spend equal time in the two states. The fact that b
wells seem to have a similar value ofp might be partly
coincidental in the present case where the two wells h
very different mobilities. Perhaps other DQW’s will sho
some sensitivity to the resonance.

VI. CONCLUSIONS

In general the theoretical and experimental results on
aspects of the thermopower in a double quantum well ar
excellent agreement. The data on phonon-drag thermopo
as a function of gate voltage at two fixed temperatures oT
50.30 K and 0.41 K are particularly interesting. First, th
reveal that phonon-drag thermopower does not show
resonance structure and, second, they have allowed u
investigate the role of the local-field correction to the sta
dielectric function in dilute 2DEG’s. A considerable amou
of theoretical work has focused on the dielectric properties
dilute gases when the RPA is no longer accurate due to
change and correlation effects. Our experiments prov
clear evidence for the importance of the LFC at low den
ties.
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APPENDIX: CALCULATION OF THE PHONON-DRAG
THERMOPOWER OF TWO COUPLED SYMMETRIC

QUANTUM WELLS

In this Appendix we outline a calculation ofSg for two
coupled symmetric quantum wells. The parameters co
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spond to the present case, i.e., width 18 nm each, ba
height 228 meV, and separation 3.4 nm. We consider only
two lowest subbands, the so-called symmetric and antis
metric, with energiese1512.02 meV ande2512.91 meV,
respectively. The electron density in each well isni
5(m* /p\2)(eF2e i), with i 51,2, respectively, givingn1
50.98631015 m22, n250.73531015 m22, and correspond-
ing Fermi wave numbers ofkF150.079 nm21, kF2
50.068 nm21.

The phonon-drag thermopower in the two-subband qu
tum well system is given by20

Sg52(
i , j

L i j /s, ~A1!

wherei , j 51,2; s is the total conductivitys5s11s2 with
s i5nie

2t i
el/m* , andLi j are the thermoelectric coefficient

L5Jx /Ex , whereJx is the thermoelectric current in thex
direction andEx is the associated electric field. The subscr
i j denotesi→ j transitions. The expressions forLi j are given
by Cantrell and Butcher,20

Li j 52
etpt i

el

AkBT2 (
Q

(
k

(
k8

\vQvp•v~k!$ f i
0~ek!@1

2 f j
0~ek8!#Pi j

a ~k,k8!2 f j
0~ek8!@12 f i

0~ek!#Pji
a ~k8,k!%,

~A2!

where tp is the phonon relaxation time,f i
0(ek)5@exp(eik

2eF /kBT)11#21 is the Fermi-Dirac distribution function
for the i subband ande ik5e i1ek , with ek5\2k2/2m* , is
the corresponding electron energy. Finally,Pi j

a (k,k8) is the
rate at which an electron will transfer fromik to j k8 by
absorbing one phonon with wave vectorQ when the whole
system is in thermal equilibrium. The expression f
Pi j

a (k,k8) is given by6,20

Pi j
a ~k,k8!5

2p

\
NQ

0 uUi j ~Q!u2d~e j k82e ik2\vQ!dk8,k1q ,

~A3!

whereNQ
0 is the phonon distribution in equilibrium.Ui j (Q)

is the effective screened potential given by32

Ui j ~Q!5(
kl

Ukl
bare~Q!ekli j

21 ~q!, ~A4!

whereUkl
bare(Q) is the Fourier transform of the unscreen

e-p absorption potential given by

Ui j
bare~Q!5 iJe f f~\/2%VvQ!1/2QZi j ~qz!. ~A5!

Here% andV are the density and the volume of the mater
andf i(z) is the electron envelope wave function which co
responds to the energy levele i . The form factorZi j (qz) is
given by

Zi j ~qz!5E f i~z!f j~z!exp~ iqzz!dz. ~A6!
8-7
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In Eq. ~A4! ekli j
21 (q) are the components of the inverse d

electric matrix given by25,26

ekli j ~q!5dkid l j 2Vkli j ~q!P i j , ~A7!

whereP i j is the polarization function25,32andVkli j (q) is the
2D Fourier transform of the Coulomb interaction given b

Vkli j ~q!5
e2

2kk0q
Fkli j ~q!, ~A8!

wherek is the permittivity of GaAs,k0 is the permittivity of
free space, and

Fkli j ~q!5E dzE dz8fk~z!f l~z!

3exp~2quz2z8u!f i~z8!f j~z8!. ~A9!

For the symmetric double quantum well system we cons
here Eq.~A9! imposes the following symmetry relationship
Vkli j 50 if k1 l 1 i 1 j is odd and V12125V21125V2121
5V1221, V11225V2211.

In Eq. ~A2! the summation overk8 is carried out straight-
forwardly by replacingk8 by k1q and kÀq in the terms
proportional toPi j

a (k,k8) andPji
a (k8,k), respectively. More-

over, we make use of the energy conservation condition

FIG. 6. Comparison of the calculatedSg/l at resonance for the
coupled~solid line! and uncoupled~dashed line! wells. The open
circles represent the experimental data.
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r
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posed by thed function appearing in the transition rate
Pi j

a (k,k8) andPji
a (k8,k). Then we take

Li j 52
e\ l pt i

el

m* AkBT2 (
Q

(
k

\ vpq•k$ f i
0~ek!

3@12 f i
0~ek1\vQ!#Pi j

a ~k,k1q!

2 f i
0~ek2\vQ!@12 f i

0~ek!#Pji
a ~kÀq,k!%, ~A10!

where in Eq. ~A10! the productvp•v(k) is replaced by
(\vp /m* )(q•k/Q) and l p5vptp is the phonon mean free
path. The expressions for the transition ratesPi j

a (k,k¿q) and
Pji

a (kÀq,k) are

Pi j
a ~k,k1q!5

2p

\
NQ

0 uUi j ~Q!u2

3dS D j i 1eq1
\2

m*
k•q2\vQD , ~A11!

Pji
a ~kÀq,k!5

2p

\
NQ

0 uUi j ~Q!u2

3dS 2D j i 2eq1
\2

m*
k•q2\vQD . ~A12!

In Eqs.~A11! and~A12! D j i 5e j2e i andeq5\2q2/2m* . By
inspection of Eqs.~A11! and ~A12! we see that the produc
q•k in Eq. ~A10! can be replaced by@\vQ2(D j i
1eq)#m* /\2 and @\vQ1(D j i 1eq)#m* /\2 when it multi-
plies Pi j

a (k,k1q) andPji
a (kÀq,k), respectively.

By expressingk in polar coordinatesk5(k cosu,ksinu)
and Q in cylindrical coordinatesQ5(q cosf,qsinf,qz) we
can replace the summations overk andQ by

(
k

→ A

2pE k dk5
Am*

2p\2E dek , ~A13!

(
Q

→ V

~2p!3E0

`E
2`

` E
0

2p

q dq dqzdf. ~A14!

We see by inspection that the anglef occurs in the argu-
ments of thed functions in Eqs.~A11! and ~A12!. Thus the
integration overf is carried out straightforwardly as

E
0

2p

dF6~D j i 1eq!1
\2kq

m*
cosf2\vQGdf5

eq
21/2

Aek2g j i
7

,

~A15!

whereg j i
65@\vQ6(eq1D j i )#2/4eq .

By substituting Eqs.~A11!–~A15! into Eq.~A10! we take
8-8
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Li j 52
e~2m* !3/2l ptel

2kBT2\4

V

~2p!3 (
s

vp
sE

0

`E
2`

`

dq dqzNQs
0 uUi j ~Qs!u2

3H ~\vQs2D j i 2eq!E
g j i

2

`

dek

f i
0~ek!@12 f i

0~ek1\vQs!#

Aek2g j i
2

2~\vQs1D j i 1eq!E
g j i

1

`

dek

f i
0~ek2\vQs!@12 f i

0~ek!#

Aek2g j i
1 J ,

~A16!

where in the above equation we have added the contributions from the three acoustic branches. For the purpos
analysis we write the second integral in Eq.~A16! in a more convenient form using the identityf i

0(ek)5 f j
0(ek2D j i ).

Moreover, by changing the integration variable fromek to ek1\vQ1D j i we see by inspection that

E
g j i

1

`

dek

f i
0~ek2\vQs!@12 f i

0~ek!#

Aek2g j i
1

5E
g i j

2

`

dek

f j
0~ek!@12 f j

0~ek1\vQ!#

Aek2g i j
2

, ~A17!

whereg i j
25(\vQ2eq2D i j )

2/4eq . Then Eq.~A16! is readily written as

Li j 52
e~2m* !3/2l ptel

2kBT2\4

V

~2p!3 (
s

vp
sE

0

`E
2`

`

dq dqzNQs
0 uUi j ~Qs!u2

3H ~\vQs2D j i 2eq!E
g j i

2

`

dek

f i
0~ek!@12 f i

0~ek1\vQs!#

Aek2g j i
2

2~\vQs1D j i 1eq!E
g i j

2

`

dek

f j
0~ek!@12 f j

0~ek1\vQs!#

Aek2g i j
2 J .

~A18!
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We have calculatedSg using Eqs.~A1! and~A18! and the
standard parameters for GaAs.7,6 The results for the ratio
Sg/l are shown by the solid line in Fig. 6. In the same figu
we also show the values ofSg/l calculated by assuming tw
independent 2DEG’s with sheet densitiesnu5nl50.86
31015 m22 ~dashed line!. Considering the wells as couple

FIG. 7. The form factorsuZi j (qz)u2 obtained from Eq.~A6! for
the case of two coupled wells of width 18 nm. An interesting po
in our analysis is the similarity of the sumuZ11(qz)u21uZ12(qz)u2

~dash-dot-dotted line! and the form factoruZ(qz)u2 ~dotted line! of a
single well of width 18 nm obtained from Eq.~7!.
15532
the calculated values ofSg are approximately 15% lower fo
all T compared to those obtained by treating them as
coupled. The very good agreement between these two ca
lations justifies the assumption of two uncoupled quant
wells made in the main text. In Fig. 6 we also present
experimental values ofSg/l for nu50.8631015 m22. The
theoretical estimation ofSg by assuming coupled wells i
actually in better agreement with the experiment, but
should not read too much into this. There are various c
stants required in the experimental data~in particular, the
geometric dimensions! and theory~e.g., the averages of th
sound velocities! which lead to uncertainties similar to th
observed differences.

In order to obtain physical insight into the similarity o
the calculated values ofSg appearing in Fig. 6 we return to
Eq. ~A18! and examine the contribution of the intrasubba
i→ i and intersubbandi→ j transitions to the thermoelectri
coefficientL. It can easily be shown that

Lii 5
e~2m* !3/2l ptel

kBT2\4

V

~2p!3

3(
s

vp
sE

0

`E
2`

`

dq dqzNQs
0 uUii ~Qs!u2eq

3E
g

`

dek

f i
0~ek!@12 f i

0~ek1\vQs!#

Aek2g
. ~A19!

t
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Moreover the sum of the intersubband contributionsi→ j
and j→ i to L is

Li j 1L ji 5
e~2m* !3/2l ptel

kBT2\4

V

~2p!3

3(
s

vp
sE

0

`E
2`

`

dq dqzNQs
0 uUi j ~Qs!u2eq

3H E
g j i

2

`

dek

f i
0~ek!@12 f i

0~ek1\vQs!#

Aek2g j i
2

1E
g i j

2

`

dek

f j
0~ek!@12 f j

0~ek1\vQs!#

Aek2g i j
2 J . ~A20!

In order to compare the integrals appearing into Eqs.~A19!
and ~A20! we make the approximationsg i j

2'g j i
2'g which

are valid wheneq@uD i j u. In our systemuD i j u50.9 meV. To
obtain an estimate ofeq we calculatee q̄5\2q̄2/2m* where
q̄55kBT/\ v̄s is the dominant phonon wave number19

and v̄s53368 m/s is a suitable average value of the sou
velocity.33 For the temperature range of intere
0.321.3 K, we find thate q̄ varies between 2 and 37 me
and consequently is much larger thanuD i j u.

The phonon-drag thermopowerSg52( i j L i j /s is now
written in the following form:

Sg52
L111L221L121L21

s
5

2e~2m* !3/2l ptel

skBT2\4

V

~2p!3

~A21!
st

t,

L
B

. J

ys

R
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3(
s

vp
sE

0

`E
2`

`

dq dqzNQs
0 eqH @ uU11~Qs!u2

1uU12~Qs!u2#E
g

`

dek

f 1
0~ek!@12 f 1

0~ek1\vQs!#

Aek2g

1@ uU22~Qs!u21uU12~Qs!u2#

3E
g

`

dek

f 2
0~ek!@12 f 2

0~ek1\vQs!#

Aek2g
J .

At this stage, by omitting the complication of the screeni
effects, we can see that the square of the unscreened
interaction matrix elements are proportional to the form fa
tors uZi j (qz)u2. In Fig. 7 we present the calculated values
uZ11(qz)u2 ~solid line!, uZ22(qz)u2 ~dash-dotted line!, and
uZ12(qz)u2 ~dashed line!. In the same figure we have plotte
the form factoruZ(qz)u2 ~dotted line! for a single well of
width W518 nm. We have calculated the averageq̄z of the
phonons, which contribute to the intrasubband transitio
and we find that for the temperatures of our interest, 0
,q̄z,0.04 nm21. Moreover, 0.04,q̄z,0.1 nm21 and
0.08,q̄z,0.1 nm21 for the 1→2 and the 2→1 transitions
respectively. From Fig. 7 we can see that for those sm
values of qz the sum of uZii (qz)u21uZi j (qz)u2 ~dash-dot-
dotted line! is very close touZ(qz)u2. Based on this simple
result,Sg given by Eq.~A21! is practically the same asSg for
two 2DEG’s with densitiesn1 and n2 and equal elastic re
laxation timest1

el5t2
el5tel connected in parallel. The com

parison between Eqs.~3! and ~A21! is now straightforward.
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