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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
0.3—4.2 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 g2B&S's) connected in parallel. In the
case of phonon-drag thermopow&®, 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 thaB® exhibits aT® dependence at low temperatures instead of the staifdagspected for
single GaAs quantum wells. We also find that, for the lowest densities examined, the local-field correction
enhances the magnitude of the calcula®dy over a factor of 2, in good agreement with experiment. As a
check on the model of two independent 2DEG’s we have also calcuBdtat resonance taking into account
interwell coupling. The calculated values 8% so obtained are in good agreement with those obtained for
uncoupled wells. This confirms the experimental result 8%is insensitive to the resonance condition.
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[. INTRODUCTION zero magnetic field of am-type AlGaAs/GaAs/AlGaAs
DQW as the occupation of the wells is varied using a top
Over the last decade, double quantum welQW'’s) gate. Perhaps the most interesting result is that the ther-
coupled by tunneling have been found to exhibit a wide vaimopower is found to be insensitive to the resonance condi-
riety of interesting properties. If we confine ourselves to thetion.
research on transport measurements in the plane of the wells, In most of our theoretical work we have modeled the
previous work has almost invariably focused on the electricatystem as two independent two-dimensional electron gases
conductivity of the wells, studied either in paralléke., the  (2DEG's) connected in parallel. We give an elementary ac-
wells are connected together at the contact ppiotssepa-  count of the diffusion thermopower, but most of our calcu-
rately. The parallel conductivity shows a resonance when thgations have focused on the phonon-drag contribut®n,In
two wells are adjusted to be symmetric so that their energy.ontrast to resistivity and diffusion thermopower, which are
levels coincidgusually by one or more gates which vary the |argely controlled by elastic impurity scatterir®f is known
local potential seen by the wejlsihen the energy levels in 1 he determined by the momentum relaxation time due to
the two wells are very different, tunneling is weak and eacrblectron-phonome-p) scattering® The e-p coupling in each

symmetric and antisymmetric states which are separated ar ds t0S%T® at the lowest temperatures examined (

an energy gap and the electrons spend equal times in the two 2 :
wells. This averages the scattering of the electrons in the two<.0'4 K) rather than the standargT" appropriate to

wells and leads to an increase in the measured parall§i"9'e wells’~%In order to check the validity of the model of
resistancé:2 two independent 2DEG’s we have also carried out a detailed

Practically all the published transport work on these Sys_(:alculation ofSY at resonance, taking into account the effects

tems has involved only electrical resistivity. The only excep-Of interwell coupling on the electronic wave functions. We
tions of which we are aware are the experimenta| work Offind that the calculated values 8% in both theoretical treat-
Hyndmanet al® who measured the thermopower op@ype = ments are in good agreement.
DQW in strong perpendicular fields, and the calculation of A considerable amount of theoretical w&tk™ has fo-
Lyo* for the diffusion thermopower of a symmetric DQW in cused on the dielectric properties of dilute gases when the
a parallel magnetic field. random-phase approximation is no longer accurate due to

The system studied by Hyndmamt al2 had strong Cou- exchange and correlation effects. The present work provides
lomb interactions and the authors were primarily interesteatlear evidence for the importance of the role of the local-field
in the effect that this had on the quantum and fractionalcorrection to the static dielectric function in 2DEG's at low
guantum Hall effects. They also presented some data at zedensities. We were able to obtain good agreement between
field which showed that the thermopower was dominated byexperiment and theory only by including this correction in
phonon drag. the calculations.

The present work reports an investigation, both experi- The paper is set out as follows. After discussing the ex-
mental and theoretical, of the thermoelectric properties irperimental methods in the next section, we outline our theo-
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retical calculations in Sec. Ill. This provides a framework to  lll. CALCULATION OF THERMOPOWER OF A DQW

understand our experimental results in Sec. IV and the dis- e
T X The therm
cussion in Sec. V. In the Appendix we present a full calcula- e thermopower$, has two components, diffusiofs’

i f the oh d th f o led and phonon drags?, which have different temperature de-
lon ot th€ phonon-drag thermopower of o couple qua.n'pendencies and so, in principle, they can be separated. We
tum wells at resonance. A preliminary report on this work is

: . 16 assume that the thermoelectric properties of the DQW can be
available in conference forr. approximated as two independent 2DEG’s connected in par-
allel. The total thermopowef, can then be written as

Il. EXPERIMENTAL TECHNIQUES oSt aS

S (1)

The sample had two 18-nm GaAs wide wells separated by out o

3.4 nm of Ab 3Gay sAs. A 5-doped Si layer on each side of whereo is the conductivity and the subscriptsind| denote

the wells, separated by 120 nm of AlGa ¢AS, provided the upper and the lower layers, respectively.

the electrons. A top gate, consisting of a gold film on 30 nm For a degenerate 2DEGS! s given by Mott's

of Si0,, allowed the total carrier densityy,, to be in-  expressiort?

creased or decreased. The sample was produced from the

same wafer used by Charlebasal’ though their experi- 72KET (dIno m2k3T

ments used a much thicker oxide for the gate. The potential §'=- 3eer (m) = 3eer

and current contacts shorted the two wells so that the mea- €

sured properties corresponded to the wells connected in pafherec is the electronic energy; is the Fermi energye is

allel. the magnitude of the electronic charge, and we assume that
Measurements were made over the temperature rangge electronidelastio relaxation time obeys®'( ) eP.

0.3-4.2 K. The measured coefficients were very reproduc- 1he phonon-drag thermopower is calculated within the

ible functions of the gate voltage if the sample was kept aganrell-Butcher framewor®® This formalism is based on

liquid-nitrogen temperatures between cooldowns. All meay,e sojution of the coupled Boltzmann equations for elec-

surements were made by dc techniques. We used an Ellhg and phonons in which two-dimensioraD) electrons

model N11 nanovoltmeter as the voltage detector for therg i \wave vectok= (ky k,) are scattered by 3D phonons of

mopower measurements and a Keithley model 182 voltmetgy ., o vectorQ=(q,q,), whereq is the component o in
for resistance measurements. Temperatures were determi plane of the 2'DZE’G The phonon-drag thermopower of

by two ruthenium-dioxide, surface-mount sensors mounte ; :
' er er or lower when only the ground subband
on the sample by epoxy. The thermometry was checked ngcup;ie(gﬁg wey w y ground subbanc IS

measuring the thermal conductivity, of the sample sub-

(1+p)=AT, (2

strate. At low temperaturesT& 0.6 K) A was proportional —e(2m*)%¥ & v

to T2 as expected, with a phonon mean free path estimated to J— Pl

be about 3 mm. We expect absolute errors in the ther- oikgT?h*  (2m)°

mopowerSand\ to be about 15% because of uncertainty in o ro

the spacing of the thermometers, but we mainly dealt with XD ”sf f dq dg,|U;(Qs)|2N2.e
. _ . - p ! Qs™q

the quantityS/N (S/IA=—E,/U, whereE, is the electric s 0 J—e

field in thex direction andJ, the heat current densjtyhich 0 0
is independent of this spacing so the errors are smaller. The % dee (e[l (ethwgs)] 3)
scatter on the data mainly arose from the precision with ¥ k Ve—y '
which the voltage differences across the sample could be
measured. This is a few nV for thermoelectric quantities. Wherem* is the electron band masg,is the volume of the
The calculation of the thermopower required the densitiesample, o;=n;e?77/m* is the conductivity, and, is the
and the mobilities of the carriers in each well. We have exfhonon mean free path. In E¢3) we have summed the
perimentally determined these in some détaik a function ~contributions of the three acoustic branches which are de-
of gate voltage. For the present purposes it is a sufficientiyioted by the polarization index We should also mention
good approximation to assume that the density of carriers ithat a constant elastic relaxation time is assuméte,)
the upper welln,, was a linear function of gate voltagé, , =7®(ep); previous work suggesté® that this approxima-
given approximately by, = (2.06V 4+ 0.94)x 10 m—2and tion is accurate for degenerate 2DEG's. The frequency of
that of the lower welln,=0.86x 10" m~2, was almost in- phonons with wave vectdQ and polarizatiors is wqs and
dependent of gate voltage until the upper well was depletedheir phase velocity i@f). N% is the phonon distribution in
We found n,+n; to be in good agreement with the total equilibrium, e;=7%2g%/2m*, andy=(fwq— €;)%/4e,. f°is
densityn,,, obtained from Hall measurements. The mobility the Fermi-Dirac distribution function ane,=7%2k?/2m* is
of the upper well was usually much higher than that of thethe electron energy. Finally);(Q) is the screened e-p po-
bottom well, except near resonance or when the upper wetential. Equatior(3) is equivalent to the standard expressions
was nearly depleted. This results in a relatively large resisused in the literature for the calculation of the phonon-drag
tivity change at resonance which was advantageous for thihermopower in single quantum wellsee, for example,
present study. Refs. 6 and 2B

155328-2



THERMOPOWER OF A DOUBLE QUANTUM WELL BASED . .. PHYSICAL REVIEW B7, 155328 (2003

The expression for the screened e-p interaction is givemhereq<2kg (Bloch limit), we obtain the familiaT* law

by for S%. More specifically, it can be shown that in the Bloch
X limit we can writé"
Ui(Q)=U *%(Q)Ri(a), 4)
4
whereUP3'¢(Q) is the Fourier transform of the unscreened I IP_T_ (12)
e-p potentiaf:222 nd?2

bare; ) — i =eff 1 The full expression and details on the several approximations
UHQ=IET QI (h2eV 09" Q2. () which Ieadpto theT power law ofS? at low T ar(g%iven in
Here g is the density of the sample. In GaAS¢'f accounts Ref. 8.
for both deformation potential and piezoelectric coupling. An important result of the present calculations is that the
For the longitudinal branch and for each of the transversg@phonon-drag thermopower of a DQW at low temperatures is
branches=°(Q) is given by {E3+[(ehy)?A /Q%}Y2,

and[ (ehy4) %A, /Q?]¥? respectively? whereZ 4 is the defor- |,T5
mation potential constant),, is the piezoelectric constant, S na (12)
andA, , A, are the anisotropy factors given by L§oFinally,
Z(q,) is a form factor that accounts for the finite thickness ofwith
the 2DEG. The expression f@{(q,) is (see, e.g., Ref.)7 )
a%
z(qz):f $?(z)exp(iq,z)dz, (6) instead of the standard result in EG1). Note that Eq(12)
is a numerical result which has been tested in the Bloch limit

where ¢(z) is the envelope function in the ground state. Byfor the lowest temperatures of interest here (012

approximating the confining potential by a hard wall poten-<0.4 K) and for all the measured densities of the upper
tial we take layer (0.26<n,<1.4x10®m~2). It does not seem to be

possible to derive an analytic approximation 8 of the
2[1-cogq,W)] layeri at low T in the case of a DQW because the factor
, i(q g. which describes the screening effects is a
7 P11 (7)  Ri(q) [Eq. (8)] which describes th ing eff [
9 W (a Wizm)" 1] complicated function ofj, kg;, andd. However, the differ-
whereW=18 nm is the width of each well. ence from the standar@* power law is due to the mutual
The factorR,(q) that appears in Eq4) introduces screen- screening of the e-p coupling by electrons in each layer and,
ing effects to the e-p coupling. In a single lay&(q) in order to understand the origin of this difference, we com-
— 1/E(Q) where E(Q) is the static dielectric functio?ﬁ,25 par_e the behavior of the dielectric facthé,q) andRI(q) for
Here we take into account the mutual screening of the e-@ Single layer and a DQW system, respectively, at low tem-
interaction by electrons in each layer, &Rdq) is given by peratures. In a single layer the dielectric function at low tem-

|Z(qz)|2:

peratures is  €(q)~Q./q,%% where Qs

14V T — Vo IL =e’m*/(2mh?kk,). ConsequentlyR(q)~q/QsxT. By in-

R(q)= o nen (8)  spection of Eq.(8) we see that at low temperatur&(q)
€""(q) ~q/{QJ 1+exp(-qd)]}. This simple result is obtained by

assuming that the screening form factéig, and F,, are
unity andF,,~exp(—qd) whenT—0 (see Ref. 2y. More-
over, in the static, long-wavelength limit, the polarization
functions arell;;~I1,y~I1,,~m*/7#2. The factor 11

In Eq. (8) the subscripts,j denote the layersandj, respec-
tively, IT;; is the polarization function in the random-phase
approximatiod® (RPA), andV;; is the Coulomb interaction

given by +exp(—qd)] is an increasing function of which explains
e2 the stronger temperature dependenc&fih a DQW. At the
ij :m Fij(q), (9) lowest temperatures examined here the produtts of the

order of unity. We see by inspection that when the center-to-

wherex is the permittivity of GaAsk is the permittivity of ~ center distance of the two layers is larggdg-1) the theo-
free space, an(ﬂiij(q) are the Screening form factors for retical values OfSIQ become identical to those of a Slngle
which we use the form for square wefis® Finally, layer and will show ar* dependence at loW. Also, at very
€"'a(q) is the intralayer dielectric functiofsee, e.g., Ref. low temperatures <20 mK) we should again obtain &
28): power law, but now the calculated values 3 are smaller
by a factor of 4 than those of a single layer.
e‘””a(q)=[1+V“H“][1+V“H”]—Visz”H” . (10 Another important point we should make here is that the
RPA gives a good description of the dielectric properties of
We see by inspection that, if we neglect the screeningn interacting electron gas in the high-density limig<(1,
effects of the electrons of the opposite layer, then &§. wherer is the RPA parametgrHowever, the carrier densi-
becomedJ;(Q) =UP2"¢(Q)/e(q) wheree(q)=1+V;;II; is ties considered here are relatively low and for this reason it is
the static dielectric function for a single layer. Then, at [bw necessary to take into account the local-field correction
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(LFC) to the RPA due to the effects of exchange and
correlation’® The RPA parameter for 2DEG's %% rq
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Total carrier density (1 0" m"

3

0.8 1.2 1.6 2.0 2.4 2.8
=1/(a*?mn)Y? wherea* is the effective Bohr radius which 1000 ¢ S
is 10.3 nm for GaAs. For the densities of interest here 1.4 800 %, ]
<rg<4. The LFC is incorporated in our calculations by ggg :\ 1
writing the intralayer Coulomb potentiaf;; as 400 [ . i
5 300 | '.. Resonance
e

Viizm[l_G(Q)]Fii(Q): (13 - 200 |

whereG(q) is given by Gold and Calmef¢: % 0ol

1.40% g o

. ()]

G(x)=rZ" 2 202102 (14) - gg:

[2.644C7,+ x°C5,] 0k

with x=q/qg, qo=2/(rRa*), C1,=1.91421° and C,, sor

=1.64025% 20|

The LFC to the RPA leads to a significant increase of the
calculated values o8] at low densities for the upper layer

10 L 1 L L 1 Il L L L 1 L 1 L 1 1 L L | L
-0.4 -0.2 0.0 0.2 0.4

(recall that this layer depleted to zero density in these experi-
ments. However, the inclusion of the LFC does not signifi-
cantly affect theT dependence o08%. Recently, Pillarisetty
et al* observed a strong enhancement of the drag resistivity FiG. 1. The resistivity as a function of gate voltage and total
of dilute hole double-layer systems in the regimergt19  electronic density showing the resonance. The small kink in the
—39. In addition they observed deviations from the standar@urve at low densities is caused by the conductivities of the two
T? dependence expected from Boltzmann calculaffons wells becoming similar.
which were not related to phonon-mediated, plasmon-
enhanced, or disorder-related mechanigsee Ref. 30, and Upper layer. The small kink in the resistivity negg,=1.1
references therejn Our present analysis suggests that theX 10 m™? (Vy~—0.34 V) corresponds to the region
LFC to the static dielectric function could lead to significant where the conductivities of the layers are approximately the
effects to the drag calculations in dilute gases and it shoul§ame. The upper layer becomes fully depletedVgt
be taken into account. The effect is expected to be stronger i 0.46 V.
hole gases because the short-range correlations are more pro-We measured as a functionT at ten different gate volt-
nounced due to the higher effective mass of hdles. ages. In Fig. 2 we present the experimental values/ pffor
We should mention here that the picture of the two inde-n,=1.47, 1.66, 1.80, and 2.%110"> m 2. Plotting the data
pendent quantum wells is an approximation to the real syshke this is useful for a number of reasons. First, over most of
tem and ignores interwell coupling. The approximation isthe temperature rand# is dominant and varies rapidly with
valid whenkrd>1 wherek is the Fermi wave number and temperature. Using/\ eliminates most of the dependence.
d is the center-to-center distance between the 2DEG's, an@econd,S° and\ are each proportional to the phonon mean
for our sample we find thated~1.5 whenn,=n,. There- free path,,, so their ratio becomes independentl pfand
fore, it is essential to carry out a full self-consistent calcula-<closer to being a quantity independent of the particular sub-
tion of SY at resonance to make sure that one does indeegfrate dimensions and properties. Finally, this quantity does
find essentially the same result as with two independennot require the measurement of the temperature gradient so
wells. Such a calculation is described in the Appendix. Thehe random errors should be somewhat smaller thaisfor
results of the two sets of calculations are in good agreement, The low-temperature parts of these curves were analyzed
which strongly supports the validity of our approximation. assumings/A=A’/T?+BT™wherem=1 or 2 depending on
whether Eq(11) or Eq.(12) is appropriate. The constaAt
arises from diffusion and is related in a simple wayAtdn
Eqg. (2). This analysis could not definitively distinguish be-
The resistivity was measured at various temperatures astaeen the two possibilities, mainly because the density of the
function of gate voltage, but Fig. 1 shows only the data at 0.3vells is typically so low that the temperature required for
K. The resonance is clearly seen mt~1.72<x10®° m™2 Egs. (11) and (12) to be valid is often<0.4 K and this is
(Vg=—0.04 V) so thatn,~n~0.86x10"m 2 at this whereS" (which is proportional toT) becomes dominant.
point. The solid line is the estimated behavior if there was ndndeed, for two of the data sets taken with the upper layer
tunneling between the layers. As seen in previous work, thalmost totally depleted, neither form represents the data sat-
resonance broadens as the temperature incré&es. most isfactorily which probably results from the upper well den-
of the figure the resistivity is dominated by the high-mobility sity being so low that the low temperature requirement was
upper layer, except near resonaradere the mobilities be- not reached.
come equal due to tunnelingnd near total depletion of the When the remaining eight data sets’ data were analyzed

Gate Voltage (V)

IV. RESULTS
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1002 0'3 0'4 0I6 0I8 1' 5 FIG. 3. The coefficient of the diffusion thermopowar S%/T
: ) ) ) : as a function of gate voltage and total carrier density. Experimental
T (K) values of A are shown as open circles. The solid circles are the

) ] calculated values assuming that the scattering coeffigier.5 is
FIG. 2. The experimental values 8f\ as a function ofl. The  {he same for both wells and is independent of density.

values on the curves are the total electronic densities in units of

10" m~2. The symbols are®, 1.47<10"* m 2 (V4= —0.16 V); L o
0 1.66<10%m 2 (V,=—0.07V); A, 1.80x10®m 2 (V calculated results fo8%/\ are shown in Fig. 4 as solid lines.

=0.00 V); and ¢, 2.21x 10" m~2 (V4=0.20 V). We find that the theoretical values 8% have a very similar
T dependence to the experimental values, but are always

usingm=1, S¢ was found to have almost no dependence orhigher by about 25%. This difference could be due simply to
Vg, a very unexpected result and unlikely to be correct. Orthe uncertainties in various constants required in the calcula-
the other hand the use af=2 as predicted by theory leads tions and experimenté.g., average velocities and experi-
to a behavior foS? in keeping with expectations. Because of mental dimensions
this, only results fom=2 are shown here. The values de- Figure 5 shows experimental results 8% (open sym-
duced forA=S%T are shown in Fig. 3 as a function [y bols) plotted in the formS%/AT? as a function ofVy at two
(open circles In the same figure we also present the calcufixed temperatures of 0.30 K and 0.41 K. In order to obtain
lated values oY/ T obtained using Eqg1) and(2) with p more points for this curveS was measured at many gate
=0.5 (solid circles. This value ofp was chosen to fit the voltages at these two temperatures. We then subtre&ted
data in the midrange. using interpolated values from the experimental data shown

The simple theory fits the data surprisingly well, perhapsin Fig. 3; this curve is not well defined in the region of the
fortuitously so. Ifp had been significantly different for the peak but fortunately this is whei®® becomes very large so
two wells we would have expected to see a reflection of thehe resulting errors remain relatively small. According to Eq.
resonance inS". Over most of the range the upper well (12), SY\T? should be independent of in the low-
dominates Eq(1) because of its high conductivity, and the temperature limit, and indeed the two curves appear to be
rise inSY/T is due to the decreasing number of carrier¥gs  coincident over most of the range. However, near the peak in
decreases. However, near resonance the wells contribukgég. 5 the upper well has a very low density and the low-
equally so there would be a peak or trough around the resdemperature requirements are not satisfied, so $atT?
nance position ifo had a different value in each well. It is depends o in this region.
also possible thap might depend on layer density and this  Again, for comparisonS? has been evaluated numerically
may be responsible for the discrepancy seen just before thend the results are shown in Fig. 5 as solid symbols. The
upper well completely depletes. agreement between experiment and theory is generally very

If the diffusion termA’/T? is subtracted from the data in good. We should mention that, becaukeis mainly deter-
Fig. 2 we obtain data o8%\ which are plotted in Fig. 4 as mined by the upper well, small absolute errorsijpbecome
symbols. For comparisoi®® has been evaluated numerically very significant when the well is almost deplef@dound the
using Egqs(1)—(14) and the standard parameters for Gd&s. peak in Fig. 5. We believe the small discrepancy in the peak
To eliminatel, we have made use of the lattice thermal positions of the experimental and theoretical curves is largely
conductivity A\ which is predicted to be.=3.89 pT3 for a  due to this. The calculation @&° as a function of density of
GaAs substrate at low temperatufesijth I, in mm. The the upper layer provides useful information about the impor-
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FIG. 4. The ratioS%\, for both experimentsymbolg and cal- FIG. 5. The calculated results f&/\T? as a function of gate

culation (lines). The experimental data are obtained by subtractingvoltage and carrier density. The open symbols are the experimental
the diffusion component from the data in Fig. 2, as a functioff.of points and the solid symbols are the calculated values. The circles
The meaning of the symbols is the same as in Fig. 2. The calculategbrrespond to 0.30 K and the squares to 0.41 K.

lines are for the same total densities and are in the same @oger

to bottom) as the experimental data, i.en=1.47x10" m~2, Although S shows a strong dependence gy, there is
1.66x10° m2, 1.80x10® m 2, and 2.2X10"® m~2. All the no superimposed resonance analogous to that in resistivity.
lines approachi? at the lowest temperatures. Both of these features are reproduced by the calculations

assuming uncoupled wells. As we have shown in the Appen-

tance of the LFC facto65(q) appearing in Eq(13). At n, dix, a full calculation ofS? at the resonance gives almost the
=0.26x 1015 m~2, which is the lowest value of density ex- S&me result as for two independent wells, which adds strong

amined, we find thag? calculated using Eq€13) and (14) support for the model. The lack of any feature around the
instead of Eq(9) is inL;:reased by a factor of 2.5. This is in resonance position seems to result mainly from the fact that

good agreement with the experimental results near the pea?iI is independent of impurity scattering of the eIectans. .
of SY\T2 in Fig. 5. At high densitiesr,~1) the effect of The main effect of the resonance on the electron properties is

the LFC is much less pronounced. to average thedimpur(ijty sca:ctterir;)grin eagh WeI_I, bu_;t pgonon
Finally we note that when the upper well is empty, Eq_scatterlng is independent of mobility and is primarily deter-

(11) becomes appropriate so th8%/\T? does not become mined by the densities of electrons ir_1 the Wédé Egs.(1D)
constant a§ — 0. However, we have included these data Onand(_lZ)]. Away from resoganc_:e the high-mobility upper \_/veII
the plot so that the strong effect of the total depletion of thedomlnzates th_e resultarg® [via EQ' (1.)] and the rise in
upper well can be seen. SUNT _ang is decr_eased seen in Fig. 5 is due to the de-
crease im,,. Interestingly, at resonance both wells have the

same conductivity so that they contribute equally to the re-
sultantS? [again, see Eq1)], but they also have identic&f

In contrast to the behavior of resistivity, there is no obvi-and so their resultar§’ is the same as if the upper well still
ous effect on either component of the thermopower as thacted alone.
DQW is taken through resonance. The model of two inde- The numerical calculations show that fofy<<—0.17 V
pendent wells should certainly be appropriate well awaythe contribution of the lower layer starts to give a noticeable
from resonance. The fact that the model works so well evegontribution toS? due to the decreasing number of carriers in
at resonance is surprising and this is one of the main pointthe top layer. Finally, around-0.34 V the conductivities of
of interest in this section. We discuss each component sepoth layers become equal aBlis just the average & and
rately. SP. This corresponds to the peak observe8M T2. Below

V. DISCUSSION
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this value ofn, the contribution of the lower layer becomes spond to the present case, i.e., width 18 nm each, barrier
dominant causing a significant decrease&aincen, is now  height 228 meV, and separation 3.4 nm. We consider only the
larger thann,,. Finally, when the upper layer becomes fully two lowest subbands, the so-called symmetric and antisym-
depleted ¥/4=—0.46 V) S° again increases a4, decreases metric, with energiess;=12.02 meV ande,=12.91 meV,
due to the decrease of . respectively. The electron density in each well iis
As with resistivity, diffusion thermopower is controlled =(m*/7%2)(ex—€;), with i=1,2, respectively, giving1,
by impurity scattering in the temperature region of interest.— g 9g86x 101° m~2, n,=0.735< 10® m™~2, and correspond-
so it seems likely that the resonance vyoulq pg reflected Ihg Fermi wave numbers ofkg,=0.079 nm?,
this coefficient. In view of Eq(2), one might initially have =0.068 nm't
expectedS? to resemble the derivative of resistivity with - '
gate voltageV, (cf. Fig. 1). However, the effect of varying tu
Vg is to change the density of the electrons in the top well
leaving the bottom well almost unchanged. This changes
only for the top well(relative to the bottom of the weland I=-> Lij /o, (A1)
allows resonance to be achieved in this system. This is quite i
different from varying the energy of both wells simulta-
neously as Eq(2) requires at any particular fixed value of "~ = 5 = . .
V,. In this case the system is not swept through resonanc& ~ i€ 7i /m*, andL;; are the thermoelectric coefficients
by varyinge. A full calculation would be needed to confirm L=Jx/Ex, whereJ, is the thermoelectric current in the
that this explanation is quantitatively correct. _d_lrectlon amoE_X is th(_e_assomated electrl_c field. The su_bscrlpt
As we have noted earlier, if the partial diffusion ther- ij denotes —j transitions. The expressions foy; are given
mopowers for each well happen to have the same magnitudéy Cantrell and Butchéf)
as a function of densitjj.e., the factop=(dIn 7/dIn €)._is

Ke2

The phonon-drag thermopower in the two-subband quan-
m well system is given B

wherei,j=1,2; o is the total conductivityo= oy + o, with

el

the sam¢then the total thermopower given by Ed.) will _ ETpT 0

not show a resonance. This will presumably remain valid =i~ AKaT2 % ; kz haogvp-V(K){fi(e)[1

even when the two wells are strongly coupled and the elec- B

trons spend equal time ir_l the two states. _The fact that both —f?(ek,)]Pﬁ(k,k’)—f?(ek,)[l—fio(ek)]P]”‘i(k',k)},
wells seem to have a similar value pf might be partly

coincidental in the present case where the two wells have (A2)

very different mobilities. Perhaps other DQW'’s will show

-t where 7, is the phonon relaxation timef’(e,)=[exp(e
some sensitivity to the resonance. i P i (€1) =[explei

—er/kgT)+1] 71 is the Fermi-Dirac distribution function
VI. CONCLUSIONS for thei Subbar’]d an(tik: €t €y, Wlth €k:ﬁ2k2/2m*, is
the corresponding electron energy. Flnamﬁ-(k,k’) is the
In general the theoretical and experimental results on alfate at which an electron will transfer frofk to jk’ by
aspects of the thermopower in a double quantum well are iRbsorbing one phonon with wave vec®rwhen the whole
excellent agreement. The data on phonon-drag thermopowgystem is in thermal equilibrium. The expression for
as a function of gate voltage at two fixed temperature$ of pa (i k') is given by>?°
=0.30 K and 0.41 K are particularly interesting. First, they )

reveal that phonon-drag thermopower does not show any 27 )
resonance structure and, second, they have allowed us ton}(k,k')=7NQ|Uij(Q)| O(€jkr— €ik— o) ks k+q»
investigate the role of the local-field correction to the static (A3)

dielectric function in dilute 2DEG’s. A considerable amount

of theoretical work has focused on the dielectric properties of7vhereN°Q is the phonon distribution in equilibriuntJ;;(Q)
dilute gases when the RPA is no longer accurate due to ejs the effective screened potential givertby

change and correlation effects. Our experiments provide

clear evidence for the importance of the LFC at low densi- _
ties. Uij(Q):% URr"™(Q) €ij (a), (A4)
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samples. Here andV are the density and the volume of the material
and ¢;(2) is the electron envelope wave function which cor-
responds to the energy level. The form factorZ;(q,) is
given by

APPENDIX: CALCULATION OF THE PHONON-DRAG
THERMOPOWER OF TWO COUPLED SYMMETRIC
QUANTUM WELLS

In this Appendix we outline a calculation & for two
coupled symmetric quantum wells. The parameters corre-

Zij(qz):f ?i(2)pj(2)expliq,z)dz (A6)
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60 - - - T T posed by thed function appearing in the transition rates
50 | | (k k") andP i(k',k). Then we take
40 | “ 1 efil ;7o
e — P 0
Li=———— f k{f;
ij m*AkBT2 % ; Upd {fi(ew)
S0r I X[1— e+ fwg) IPA(K,k+0)
3 — e~ fiwg)[1- () IPi(k—a,k)},  (AL0)
£ 2t ; . .
=4 where in Eq.(A10) the productv,-v(k) is replaced by
: (hvp/m*)(q-k/Q) andl,=v,7, is the phonon mean free
o 15F g path. The expressions for the transition r;ﬂ’ﬁsﬁk,k+q) and
D P%(k—q.k) are
ol i Pk, o= N°|U.J(Q>|2
8t . 52
7r . o Aji+5q+ Ekq_ﬁa)Q y (All)
6 - .
5 1 1 1 1 | 1
02 03 04 06 08 1 15 2 P%(k—q, k)— |U,J(Q|

T(K)
FIG. 6. Comparison of the calculat&i/\ at resonance for the (A12)
coupled(solid line and uncoupleddashed ling wells. The open
circles represent the experimental data.

hZ
X6 _Aji_6q+ qu—ﬁwQ .

In Egs.(A11) and(A12) Aji= €;— & ande,=%g%/2m*. By

inspection of Eqs(Al1l) and (A12) we see that the product
g-k in Eg. (A10) can be replaced by[hwg—(Aj

g:ei?w(fn‘gtrf;"é(lggnatr%tzr%e components of the inverse di- +eQ) M/ and [fag t (A + &) Im* /4 when it mult-
pl|esP (k,k+0q) andP i(k—q,k), respectively.

€aij (@)= 88— Vigi (TT;; , (A7) By expressmg< in polar coordinates = (k cosé,k sin 6)

and Q in cylindrical coordinate€)= (g cos¢,qsin¢,q,) we

wherell;; is the polarization functioi**andVy,;;(q) is the  can replace the summations okeandQ by

2D Fourier transform of the Coulomb interaction given by

dey, (A13)

2
Vkl|j(q) e Ko kI|](Q) (A8) 2 H_f kdk—

Q —>(27r)3f:f—mwfozwqdqdofd¢- (A14)

wherex is the permittivity of GaAskg is the permittivity of
free space, and

F f dz f dz' ¢(z i , )
iy (A) = P2 4i(2) We see by inspection that the angleoccurs in the argu-
/ ments of thes functions in Eqs(Al11) and (A12). Thus the
X —q|z— i i . . . ) . .
exp(—qlz=2') (2’ )¢i(2") (A9) integration overe is carried out straightforwardly as
For the symmetric double quantum well system we consider
here Eq.(A9) imposes the following symmetry relationships: o 5‘1’2
Vigij=0 if k+l+i+] is odd and Vip= Vi Vas J dop— f,
=Vi221, V11257 Vo211 0 Ve Yji
In Eq. (A2) the summation ovek’ is carried out straight- (A15)
forwardly by replacingk’ by k+qg andk—q in the terms
proportional toPa(k k") andP (k' k), respectively. More- wherey, [hwg*® (eq+AJ|)]2/4e
over, we make use of the energy conservation condition im- By subsntutmg EqgstA11)—(A15) into Eq.(A10) we take

12kq
6| £(Ajj+€q)+ ——cos¢p—tfiwg
m*
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o e(2m*)¥ o v

Lij=— Sfxfwd dgN3 | U;; 2
L 2k T2 (277)325 Up ), )49 daNedUsi(Qs)]

o f9e)[1— e +hwo) o e —hw 1—-f%e
x((thS—A“—eq> e M et hog] ([ g a a1 ]
Yji \/Gk_')’ji Yji \/fk_in

(A16)

where in the above equation we have added the contributions from the three acoustic branches. For the purposes of our
analysis we write the second integral in E@16) in a more convenient form using the identitﬁ(ek)=ff(ek—AJ—i).
Moreover, by changing the integration variable frepito €,+7% wq+ A we see by inspection that

f‘”d fPle—hwg)[1— ()] jwdEkf?(fk)[l_f?(6k+ﬁwQ)]

€4 = — , (A17)
% \/ek—y;{ Yij \/Ek_%j
wherey;; = (hwg— eq—Aij)2/46q. Then Eq.(A16) is readily written as
e(2m*)¥3 1 v = [
Li=— Sff dg dg,N2 U, (Qs)|?
L 2k T2 (277)325 U], ]9 daNod Ui (Qs)]
»  fe)[1— e+ hwos) = fe)[1-fAext+hw
X‘(ﬁwQs—Aji—eq) de— I 1, K QS]—(ﬁwQs-i-Aji-i-Eq) de Sl < o}
Yji \/Gk—7ji Yij \/fk—%j
(A18)

We have calculate89 using Eqs(Al) and(A18) and the the calculated values & are approximately 15% lower for
standard parameters for GaA8.The results for the ratio all T compared to those obtained by treating them as un-
S9/\ are shown by the solid line in Fig. 6. In the same figurecoupled. The very good agreement between these two calcu-
we also show the values &/\ calculated by assuming two lations justifies the assumption of two uncoupled quantum
independent 2DEG'’s with sheet densitieg,=n,=0.86 wells made in the main text. In Fig. 6 we also present the
X 10'® m~2 (dashed ling Considering the wells as coupled, experimental values o8%\ for n,=0.86x10" m~2. The

theoretical estimation o8 by assuming coupled wells is

1.0 = : - - actually in better agreement with the experiment, but we
N — |Z11|z should not read too much into this. There are various con-
0l - —— 12l stants required in the experimental ddba particular, the
' P — geometric dimensionsand theory(e.qg., the averages of the
/ \ T 2yllzgl sound velocities which lead to uncertainties similar to the
o 06} / L— 4 ] observed differences.
= / [ In order to obtain physical insight into the similarity of
N W\ the calculated values @& appearing in Fig. 6 we return to
041 / Vo 1 Eq. (A18) and examine the contribution of the intrasubband
/ \(\\ L i—i and intersubband— | transitions to the thermoelectric
ool // /' o ] coefficientL. It can easily be shown that
\ NS
o0 // / N 2O _e(2m)¥q 2 v
00 01 02 01.3 04 05 i KsT2h%  (2m)°
q, (hm™)
FIG. 7. The form factor$Z;;(q,)|* obtained from Eq(A6) for X 253 U?’fo fﬁxdq szNOQs|Uii(QS)|2€q

the case of two coupled wells of width 18 nm. An interesting point

in our analysis is the similarity of the sufi,,(q,)|%+|Z1(q,)|? . 0 0 e 4
(dash-dot-dotted lijeand the form facto[Z(q,)|? (dotted ling of a % f de, file[1-fi(et+hagy)] .
single well of width 18 nm obtained from E7).

Y VE€—Y

(A19)
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Moreover the sum of the intersubband contributionsj o o
andj—itoLis X > u;f f dq quNoneq [|U14(Qs)|?
S 0 J—w
e(2m*)¥ 1 v
R 7 S P +lu (QS)IZ]fwde file)[1 (et hogs)]
m k
XES: szo fﬁ dg dgNQ(U;;(Qs)|eq +[[U2Qs)|?+[U1AQs)|%]

= ()1 U ex+hwgs)
X[ - B Pacthooy)] x [Cae 2 e a3
_Ueg = Y €&~V
Vi V€™ Yiji
0 0 At this stage, by omitting the complication of the screening
+f°° de file[1-fi(ethwg)] (A20) effects, we can see that the square of the unscreened e-p
% K Ve Vi) ' interaction rr;atrix glements are proportional to the form fac-
) o tors|Z;;(q,)|°. In Fig. 7 we present the calculated values of
In order to compare the mtegra}ls a_ppegrmg_lnto Eqs_Lg) 1Z,4(a,)|? (solid line), |Z,q,)|? (dash-dotted ling and
and (A20) we make the approximationg; ~y;; ~y which 7“4 312 (dashed ling In the same figure we have plotted
are valid wheneg>[Aj;|. In our systenfAj;|=0.9 meV. To  he"form factor|Z(q,)|? (dotted ling for a single well of

obtain an estimate of, we calculates,=#7g%/2m* where  yigth W= 18 nm. We have calculated the averageof the
q=5kgT/hvs is the dominant phonon wave number phonons, which contribute to the intrasubband transitions,
andv,=3368 m/s is a suitable average value of the soundnd we find that for the temperatures of our interest, 0.02
velocity®® For the temperature range of interest, <q,<0.04 nm ! Moreover, 0.04q,<0.1nm? and

0.3-1.3 K, we find thate; varies between 2 and 37 meV 0-08<Ez<0-1 nmi ! for the 1—2 and the 2-1 transitions

and consequently is much larger thak);|. , respectively. From Fig. 7 we can see that for those small
The phonon-drag thermopow@®= —X;Ljj /o is noW  ygjues ofq, the sum of|Z;(q,)|>+|Z;(q,)|? (dash-dot-
written in the following form: dotted ling is very close tdZ(q,)|?. Based on this simple

32 el result,S% given by Eq.(A21) is practically the same & for
_ Lutloptliptls —e@m®)™H, vV two 2DEG’s with densities1; andn, and equal elastic re-
o okgT2h*  (2m)3 laxation times7$'=7$'= 7°' connected in parallel. The com-
(A21) parison between Eq$3) and(A21) is now straightforward.
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