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We study the Coulomb drag rate for electrons in a double-quantum- 
well st~ct~e taking into account the el~tron-optimal phon~n inter- 
actions. The full wave vector and frequency dependent random-phase 
approximation (RPA) at finite temperature is employed to describe 
the effective interlayer Coulomb interaction. The electron-electron and 
electron-optical phonon couplings are treated on an equal footing. The 
electron-phonon mediated interaction contribution is investigated for 
different layer separations and layer densities. We find that the drag rate 
at high tem~ratures (i.e., T 2 0.3 EF) is dominated by the coupled 
plasmon-phonon of the system. Including the local-meld efIects in an 
approximate way we estimate the important of intralayer correlations 
to be si~i~cant. @ 1997 Elsevier Science Ltd 

1. INTRODWCTION 

Advances in the semiconductor processing technol- 
ogy such as molecular-beam epitaxy and lithographic 
methods made it possible to manufacture high-quality 
quantum structures to study various physical ef- 
fects. In particular, a double-quantum-well system 
composed of two parallel, spatially separated two- 
dimensional (ZD) electron gases is well suited to 
investigate the effects of mutual Coulomb interaction 
between the carriers in different layers. If the separa- 
tion distance bet,ween the coupled quantum wells is 
large enough to prevent tunneling, and the quantum 
we% in a double-layer structure are separately con- 
tacted the so-called Coulomb drag effect is observed. 
The momentum and energy transfer between spatially 
separated electron gases were predicted to affect the 
transport properties of individual systems because 
of the Coulomb coupling [lJ The Coulomb drag ef- 
fect, where a current in one layer drives a current 
in the other one due to the momentum loss caused 
by interlayer electron-electron interactions, has been 
observed in several experiments [2-S]. Theoretical 
calculations concentrated on the explanation of the 
observed drag rates and to formulating the framework 
to understand the many-body aspects of the of the 
drag phenomenon [6--l 11. Recent measurements [X2] 
with an applied magnetic field ~r~ndicular to the 

coupled layers, are expected to inspire further work on 
the transpo~ properties of systems with Lan~u-level 
quantization El 31. 

The temperature dependence of the observed [2,33 
drag rate (viz., ‘r~> - Z”2) identifies the Coulomb in- 
teraction as the drag mechanism. However, noticeable 
deviations from the r2-behavior in the drag rate led 
Gramila et al. [33 to suggest that exchange of virtual 
phonons could be a possible m~hanism, since the low- 
temperature acoustic phonon mean free paths in the 
used samples were much larger than the layer spac- 
ing. Tso and coworkers 181 have used the momentum 
balance equations technique to study the ef%ects of 
virtual phonon exchange on the Coulomb drag, and 
found that it shows a peak at low temperatures and 
depends weakly on the separation d. They obtained 
good ag~ment with expe~ment when a fitting pa- 
rameter is used. Zhang and Takahashi 1141 in their 
calculation of the dynamic conductivity for a double- 
layer system obtained a stronger s~aration distance 
dependence. These works’considered the coupling of 
electrons to acoustic phonons. 

In this paper, we study the enhancement of the 
Coulomb drag rate due to the coupled plasmon- 
phonon modes in double-quantum-well systems at 
zero magnetic field. Since the 2D semiconductor 
st~ctures widely used in the expe~ments are of po- 
lar character, the eleetron~pti~al phonon interac- 
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tion influences most physical properties. We treat the 
electron-electron and electron-phonon interactions 
on an equal footing within the random-phase approx- 
imation (RPA). Our main motivation for studying the 
coupled plasmon-phonon effects in double-quantum- 
well systems comes from the recent prediction of plas- 
mon enhanced Coulomb drag rate by Flensberg and 
Hu [9]. In contrast to the available experiments [2-51 
performed at low temperatures, they found that the 
measured momentum transfer rate should exhibit a 
strong peak at temperatures around T N 0.5 EF due 
to the collective modes of the electronic system. This 
could provide a new possibility to probe the coupled 
plasmon modes in double-layer systems. The electron- 
acoustic phonon interactions play a crucial role in 
the low temperature regime. In the high-temperature 
experiments, the electron-optical phonon interactions 
are likely to be important, since they will contribute 
to the observed drag rate by renormalizing the bare 
electron-electron interaction. As these many-body 
effects cannot be disentangled it becomes very impor- 
tant to study their role for a better understanding of 
experimental results. 

2. MODEL AND THEORY 

We consider two infinite layers of 2D electron gases, 
with zero thickness, separated by a distance d. The 
separation distance is assumed to be large enough to 
prevent interlayer tunneling. The bare Coulomb in- 
teraction between the electrons is given by fij(q) = 
(2rre2/.c,q)e-qd(‘-6u’ where the indices i, j denote dif- 
ferent layers. We include the high-frequency dielectric 
constant em, in the Coulomb interaction, as opposed 
to the usual ea-approximation (static dielectric con- 
stant). The area1 electron density N in each layer is 
related to the Fermi wave vector by N = &/2x. We 
also defme the dimensionless electron gas parameter 
r, = 21/2/(kFai), in which a; = eo/(e2m*) is the ef- 
fective Bohr radius in the semiconducting layer with 
background dielectric constant EO and electron effeo 
tive mass m* . 

The Coulomb drag rate ~7;' between the electrons in 
equal density, double-quantum-wells (to lowest order 
in the interwire interaction) has been obtained within 
various theoretical approaches [6-g], to read 

To’ = 1 

8rr2m* NT 

x i ‘qq3 idw ( W2(q (u) Imx(q (~1 
sihh((11,2T)’ 12U) 

-co 0 

(we take A and kB equal to unity). It measures the rate 
of momentum transferred from one quantum-well to 
the other. Here, x(q, w) is the 2D dynamic susceptibil- 
ity. We take Wiz(q, w) to be the dynamically screened 
effective interaction between electrons in quantum- 
well 1 and 2, which includes interlayer electron- 
electron and electron-phonon interactions on an 
equal footing. Thus, the total (effective) electron- 
electron interaction may be regarded as the sum of a 
Coulomb term and a contribution arising from the 
exchange of a virtual LO-phonon. The many-body 
theory for coupled electron-phonon systems [ 14-171 
is generalized for a two-layer system interacting with 
bulk, dispersionless phonons with energy LULO. We 
obtain for the effective interlayer interaction 

Wz(q, 0) = 
Y,,(q) + e2(q, (u) 

ETOT (4, U-‘) (2) 

in which 

%o 
(1112(q, WI = 62(q) r1 - Em/E01 w2 _ Lo2 

,+ipU 

is the LO-phonon mediated interlayer electron- 
electron interaction which depends on wave vector 
and frequency, and 

&TOTh w) = [1 - (VII(q) + b%l(q> w))x(q, w)l= 

-(v12kd + Ivl2h w))2x2(q, co) (3) 

is the total screening function for the coupled electron- 
LO-phonon system. In this expression, ((/II (q, LO) de- 
notes the LO-phonon mediated intralayer electron- 
electron interaction and we have assumed that both 
quantum wells have the same electron density. It is 
customary to write Qo~(q, W) = E(q, W) - P(q, w), 
where dq, LO) = [I - Vllx(q, cu)l’- V&y2(q, UJ) is the 
dielectric function for the electron system, and P(q, co) 
is the correction due to the electron-phonon coupling, 
given by 

P(q, WI = 81 - filX)XIvII 

+x2&42 + 21/12ry12 - v/f,). (4) 

Such a decomposition in single-component systems 
yields dynamically screened electron-electron interac- 
tion and renormalized electron-phonon interaction. 
In an analogous way, we can write [14,15,17] 

V2(q) 
W2(q, WI = - 

5/(q, UJ) 
dq, WI + Mq, w11= ’ (5) 

where 

GJl2(4. co) = 
WI2 + P&2 

1 -PIE . (6) 
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In the calculation of the drag rate -r;i, the square of 
the effective interaction is needed [14] 

(7) 

The electron-phonon interaction contribution to the 
drag rate is determined by the second and the third 
terms in equation (7). Tso et al. [S] neglected the 
real phonon-exchange (third term) in their study of 
electron-acoustic phonon coupling and showed that 
the virtual phonon process (second term) can ex- 
plain the observed low temperature behavior of 7;’ 
in double-quantum-well systems. Zhang and Taka- 
hashi [14] argued that the real phonon term is equally 
important. In this work we employ equation (2) with- 
out making any other approximations and calculate 
7;’ for the coupled electron-phonon and uncoupled 
electron systems. By uncoupled electron system we 
mean the Coulomb coupled double-layer electron 
system without the phonon terms in equation (7). 

3. RESULTS AND DISCUSSION 

We use the material parameters appropriate for a 
GaAs system for which the recent experiments [3-51 
on drag rate are performed. The high-frequency and 
static dielectric constants are given, respectively, by 
Em = 10.9, and EO = 12.9. The LO-phonon energy 
which we take to be dispersionless is Woo = 36.8 meV 

We evaluate the Coulomb drag rate ~6’ using the 
effective interaction obtained for a double-layer GaAs 
system. We retain the full wave vector, frequency, and 
temperature dependence in ~ror (q, cu). Figure 1 shows 
the temperature dependence of the drag rate scaled 
by T2 for a double-layer system with d = 4ag and 
r s= 1. Solid and dashed lines are for the coupled 
and uncoupled systems, respectively. We observe that 
electron-phonon coupling has negligible effect up to 
T - 0.3 EF, after which collective modes dominate the 
momentum transfer rate. The enhancement in ~6’ /T2 
due to plasmons for high temperatures is somewhat 
reduced when coupled plasmon-phonon modes are 
present. Such a reduction in the scattering rates when 
electron-phonon coupling is considered has also been 
obtained in other many-body calculations [15]. The 
dotted line in Fig. 1 is the result for uncoupled system 
within the co-approximation, where the bare Coulomb 
interaction reads Vii(q) = .(2.rre2/Eoq)e-4d(*-6u). The 
collective excitation modes are obtained from the so- 
lution of ~ror (q, wpl (q)) = 0. The uncoupled double- 
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Fig. 1. The scaled drag rate TI;'/T' as a function of 
temperature for a double-quantum-well system with 
d = 4 ai, and r, = 1. The solid and dashed lines are for 
coupled and uncoupled systems, respectively, whereas 
the the dotted line shows the uncoupled systems within 
the co-approximation. 

layer electron system has optical and acoustic plasmon 
modes. Coupling to LO-phonons, modifies the plas- 
mon and phonon dispersions, so that thecoupled LO- 
phonon mode slightly increases and coupled plasmon 
modes slightly decrease. 

It has been shown [3,7,8] that for low temperatures 
(T 5 0.2 EF), when plasmon enhancement is negligi- 
ble, the drag rate behaves as 7,' - dm4. This is mainly 
due to the cut-off in the interlayer Coulomb interac- 
tion and static screening effects operative at small fre- 
quencies ]9] (w << qvF where VF is the Fermi veloc- 
ity). In the plasmon dominated regime Flensberg and 
Hu [9] found that 7i1 approximately has dm3 depen- 
dence. In Fig. 2, we show T<‘d4/T2 for different layer 
separations, for the coupled electron-phonon and un- 
coupled electron systems. At low T, both the coupled 
and uncoupled drag rates coincide, reflecting the dp4 
scaling. However, at high temperatures, in the region 
where collective modes become important, the size of 
the peak increases with increasing d, which indicates 
a slower fall off than dT4. We plot in Fig. 3 the de- 
pendence of Tmax on layer separation d, which shows 
that the peak position for the coupled system moves 
slightly to lower temperatures. 

It is known that the RPA becomes less reliable for 
electron densities such that r, > 1 (low density). For 
double-layer electron-hole systems it was found neces- 
sary to go beyond the RPA to obtain reasonable agree- 
ment with the observed drag rates [lo]. Correlation 
effects are also shown to be important for electron- 
electron systems in the calculation of transresistiv- 
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Fig. 2. The scaled drag rate .ri’d4/T2 as a function of 
temperature at r, = 1 for different well separations d. 
The curves from bottom to top indicated = 3 a& 4 a$, 
and 5 a;, respectively. The solid and dashed lines are 
for coupled electron-phonon and uncoupled electron 
systems, respectively. 
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Fig. 3. The dependence of &,, on layer separation 
for coupled (solid) and uncoupled (dashed) systems, 
atr,= 1. 

ity [18]. We incorporate the correlation effects in an 
approximate way using local-field corrections. A sim- 
plified attempt to go beyond the RPA is provided 
by the Hubbard approximation in which the Pauli 
hole around electrons is taken into account. Neglect- 
ing the interlayer correlations but including the in- 
trawire exchange effects (i.e., Hubbard approximation) 
we take [10,18] Gii(q) = q6ii/2(q2+k2F)1’2, so that the 
bare Coulomb interactions are replaced by qj(q) - 
k$j (q) [ 1 - Gij (4) ] in the screening function .+or (q, cu ) . 

The interlayer local-field correction should decrease 
with increasing separation d, thus our simple approx- 

Fig. 4. The drag rate for the coupled system at d = 
4ag and rs = 1 (dashed lines) and r, = 1.5 (solid 
lines), with (thick lines) and without (thin lines) the 
local-field effects. 

imation is justified. A calculation by Swierkowski et 
al. [18] shows that the Gr2 affects the transresistiv- 
ity in double-layer electron systems very little. How- 
ever, the short-range correlations built in via the self- 
consistent scheme yield a substantial increase. Even 
the approximate approach of using the Hubbard local- 
field corrections gives noticeably different results than 
the RPA. In Fig. 4, we show the drag rate with (thick 
lines) and without (thin lines, RPA) the local-field cor- 
rections for rs = 1 (dashed) and r, = 1.5 (solid). In gen- 
eral, the correlation effects increase the calculated drag 
rate. The peak structure in ri1/T2 due to plasmon 
enhancement shifts slightly to lower temperatures. It 
would be interesting to develop more accurate local- 
field corrections taking their temperature dependence 
into account [19]. The dependence of the drag rate on 
electron density parameter r, in each layer is also seen 
in Fig. 4. As the density is decreased, the exchange- 
correlation effects become more appreciable and r&r 
is enhanced. The plasmon peak shifts to higher tem- 
peratures indicating once again that collective modes 
are responsible for the observed behavior. We note that 
the coupled plasmon-phonon mode effects start to de- 
viate from the uncoupled system results at a higher 
temperature for lower density system. 

In summary, we have considered the Coulomb drag 
effect between two parallel quantum-wells. The tem- 
perature dependence of the drag rate is significantly 
enhanced when a dynamically screened effective inter- 
layer interaction is used. This enhancement is due to 
the coupled plasmon-LO-phonon modes the double- 
well system. So far, the experiments [2-51 measuring 
the Coulomb drag rate in double-layer systems were 
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carried out at low temperatures (T < < EF). To ob- 
serve the plasmon effects suggested by Flensberg and 
Hu [9] the region of high temperatures T - EF has 
to be probed. In the high temperature experiments it 
will also be possible to observe the coupled plasmon- 
phonon effects discussed here. The local-field effects 
describing correlations beyond the simple RPA seem 
to be quite important for low densities affecting the 
drag rate considerably. 

Note added in proof-We have recently became aware 
of new high temperature drag measurements. [20] 
Our calculations including the LO-phonon coupling 
effects seem to be in the right direction to achieve 
better agreement with the experimental results. 
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