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We study the Coulomb drag rate for electrons in two parallel quantum wires. The double-
quantum wire structure is modeled for a GaAs material with cylindrical wires having
infinite potential barriers. The momentum transfer rate between the wires (Coulomb drag
effect) is calculated as a function of temperature for several wire separation distances.
We employ the full wave vector and frequency dependent random-phase approximation
(RPA) at finite temperature to describe the effective interwire Coulomb interaction. We
find that the drag rate at high temperatures (i.e., T = Er/2)is dominated by the collective
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the local-field effects in an approximate way we estimate the importance of intrawire

correlations to be significant. Copyright © 1996 Published by Elsevier Science Ltd

1. INTRODUCTION

The momentum and energy transfer between spatially
separated electron gases is known to influence the
transport properties of individual systems because of
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drag effect, 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 various experiments. [2] There has
been a wealth of theoretical activity in the past few
years touching upon various aspects of the drag phe-
nomenon [3-7]. More theoretical approaches based
on the Boltzmann transport equation and diagram-
matic linear response formalism started to appear
recently [8]. The Coulomb drag effect for cylmdncal
quantum wire structures are recently considered by
Qin [9] where two concentric cylindrical wires with
variable radii provided 2D-2D and 2D-1D nature of
the momentum transfer mechanism.

In this paper we study the Coulomb drag effect be-
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quantum-wire structure was envisaged by Gold [10] in
the context of charge-density-wave instability. Quasi-
one-dimensional (Q1D) electron systems as they occur
in semiconducting structures, based on carrier confine-
ment in transverse directions, is a subject of contin-
uing interest. The chief motivation for studying these

low-dimensional svstems comes from their technologi-
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cal potential such as high-speed electronic devices and

quantum-wire lasers. Other than the practical impli-
cations, electrons in Q1D structures offer an interest-
ing many-body system for condensed-matter theories.
The Q1D electrons are embedded in a uniform pos-
itive background to maintain charge neutrality. We
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a well defined Fermi surface at zero temperature and
interaction via Coulomb potential, which seems to be
supported by the experimental observations [11, 12]
of collective excitations in GaAs quantum wires. It is
believed that even though the Q1D electrons are not
strictly Fermi liquids, the finite temperature and dis-
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In this work, we calculate the temperature depen-
dence of the drag rate between two parallel quantum
wires. Qur calculatron is mainly based on the random-
phase approximation (RPA) which strictly speaking
applies only for high density systems. We first demon-
strate the contribution of plasmon modes to the drag
rate for T = 0.5 Er. Next we investigate the influence
of local-field corrections which describe the exchange
and correlation effects neclected hv the RPA . We find
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that for realistic systems at the experimentally attain-
able densities with the present technology such correc-
tions can be very important.

The rest of this paper is organized as follows. In
Sec. I1 we outline the model of a double-quantum-wire
structure and the Coulomb drag effect. Our results for
the drao rate as a function nFthnPratan are nrnvu‘led

in Sec. III. We conclude with a bnef summary.
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2. MODEL AND THEORY

We consider two identical cylindrical wires with ra-
dius R and infinite potential barriers [14]. The double-
quantum wire structure is characterized by the dis-
tance d between the axes of the cylindrical wires [10].
Assuming that the quantum wires do not penetrate
each other and there is no tunneling between them, we
require d > 2R. The linear electron density N in each
wire is related to the Fermi wave vector by N = 2kg /.
We also define the dimensionless electron gas param-
eter r, = 11/ (dkra}), in which a} = €y/(e2m*) is the
effective Bohr radius in the semiconducting wire with
background dielectric constant € and electron effec-
tive mass m*. The intra and interwire Coulomb inter-
actions in the double-wire system are given by [10, 14]
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(qR)3
respectively, where I,(x) and K,(x) are the modified
Bessel functions.

We assume that only the lowest subband in each
wire is occupied. This will hold as long as the differ-
ence between the second and first subbands, A, re-
mains much larger than T (we take Boltzmann con-
stant kg = 1). A simple calculation shows that Ay =
10 (4/m)%r?/(R/a})? Er, which means that the one-
subband approximation will be valid for R =~ 2a} and
r, = 1.Ina GaAs quantum wire, for which € = 13and
m* = 0.067 m,, the effective Bohr radius a} ~ 100A.

The Coulomb drag rate 7' between the electrons in
two identical parallel quantum wires (to lowest order
in the interwire interaction) is given by [2,4,6,7]
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(we take h and kp equal to unity). It measures the rate
of momentum transferred from one wire to the other.
In the above expression, Wi2(g, w) = Vi2(q)/&(q, w)
is the dynamically screened intrawire potential, and
Imx(q, w) is the imaginary part of the temperature
dependent 1D susceptibility [15]. The screening func-
tion &(g, w) for two identical wires is expressed as

glg, w) = [1 = V(@x(g )] - [Vag)x(g w)]?.
4)
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Fig. 1. The drag rate in the static screening approxi-
mation as a function of temperature for interwire sep-
arations d = 4.5a}, Sa}, 6a}, and 7 a} (from top to
bottom, respectively).

The above expression for the drag rate is derived either
using the Boltzmann equation or the diagrammatic
perturbation theory [4, 8] and is believed to describe
the relevant experimental situation quite accurately.
It was emphasized that the full temperature depen-
dence of the dynamical susceptibility should be used
to capture the plasmon contribution at high tempera-
tures. Furthermore, the validity of the above drag rate
expression is based [6] on the fact that the intrawire
scattering time T(k) due to impurities is more or less
independent of k. Since the actual screened electron-
impurity interaction in quantum wires is short-ranged
due to screening by the conduction electrons, a self-
consistent Born approximation calculation yields k-
independent self-energies for finite temperature [16].

3. RESULTS AND DISCUSSION

We evaluate the drag rate T;' for a GaAs system,
in several approximations. First, we assume that the
interwire potential is statically screened, Wi,(q) =
Vi2(q)/€(g, 0). Figurel shows the temperature de-
pendence of the drag rate scaled by 73 for parallel
quantum-wires each with radius R = 2a% and r, = 1.
Curves from top to bottom are for center-to-center
distances d = 4.5a}%, 5af, 6ap, and 7a}, respec-
tively. We observe that the scaled drag rate peaks
around T ~ 0.2 — 0.3 EF for all separations. Our stat-
ically screened results show qualitative similarity to
the drag rates obtained by Qin [9] for two concentric
cylindrical wires.

We next include the full frequency dependence of the
effective potential Wj2(q, w) at finite temperature. In
Fig. 2, we show the calculated drag rate as a function
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Fig. 2. The drag rate in the dynamically screened RPA

as a a function of temperature. Solid lines from top
to bottom indicate d = 4.5a, 5af, and 644", re-
spectively. Dotted lines show the corresponding static

screening results.

of T for wire separations d = 4.5a3, 5aj, and 64}
(solid lines, top to bottom, respectively). We notice
that the inclusion of dynamical screening effects yields
qualitatively and quantitatively different results for the
drag rate. Results for statically screened interactions
are also depicted by dotted curves for comparison.
The peak at low temperatures in the scaled drag rate
are now suppressed whereas a second peak appears
at high temperatures. Similar results were found for
the drag rate in the double-quantum-well systems, and
the high-temperature enhancement was attributed to
the contribution of plasmons [6]. In double-quantum-
wire systems plasmons also contribute efficiently to the
drag rate as observed in Fig. 2. The static screening
approximation, on the other hand, misses this contri-
bution completely.

It is believed that the RPA becomes less reliable
for electron densities such that r, > 1 (low density)
and even so for low-dimensional systems. In fact, for
double-layer electron-hole systems it was found nec-
essary to go beyond the RPA to obtain reasonable
agreement with the observed drag rates [7]. Here we
incorporate the correlation effects in an approximate
way using local-field corrections. A simplified attempt
to go beyond the RPA is provided by the Hubbard ap-
proximation in which the Pauli hole around electrons
is taken into account. Neglecting the interwire correla-
tions but including the intrawire exchange effects (i.e.,
Hubbard approximation) we take [10, 14]

1 Vij(g* + k)
Gij(q) = 3 —'J—m)—F— ij

so that the bare Coulomb interactions are replaced
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Fig. 3. The drag rate with (solid lines) and without
(dotted lines) the local-field correction G(g). The up-
per and lower curves are for d = 5a} and 64}, re-
spectively.
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Fig. 4. The plasmon dispersion curves in a double-
quantum-wire system. The dotted and solid lines in-
dicate the RPA and Hubbard approximation, respec-
tively. The hatched region is the particle-hole contin-
uum.

by Vij(g) = Vij(@)[1 — Gij(¢)] in the screening func-
tion &(g, w). The interwire local-field correction
should decrease with increasing separation d, thus
our simple approximation is justified. Even the above
approximate approach gives noticeably different re-
sults than the RPA. In Fig. 3, we show the drag rate
with (solid lines) and without (dotted lines, RPA) the
local-field corrections. The lower temperature peaks
are enhanced to their value in the static screening
approximation. The plasmon enhancement is still siz-
able but somewhat reduced. This follows from the fact
that local-field effects in general lower the plasmon
dispersions.

The collective excitation modes of the coupled
quantum-wire system is obtained from the solution
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of &(q, wpi(g)) = 0. At T = 0, one obtains [10,17]
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where w. = |g*/2m* + gkp/m*|, and A.(q) =
(mrq/m*)/[V11 £ V12]. The + signs refer to in- and
out-of-phase oscillations of the charges and are also
known as the optical and acoustic plasma modes, re-
spectively. The long-wavelength limit of the plasmon
dispersions (in the RPA) are given by [10,17]

16
wpi(q)/EF = ;r,:”é

{ In (4/¢*Rd) — 2y + 73/120

wgl(Q) =

(optical),
In(d/R) +73/120 (acoustic), D
where y = 0.577... is the Euler constant. At finite
temperatures (T # 0) we find the plasmon modes by
solving Re[e(g, wpi(g))] = 0, when the damping is
small. We show in Fig.4 the optical (upper curves)
and acoustic (lower curves) plasmon dispersions in a
double-wire system with (solid lines) and without (dot-
ted lines) the local-field corrections at ' = 0. Also
shown by the shaded region is the particle-hole con-
tinuum for Q1D single-particle excitations. There are
mainly two effects of the local-field corrections on the
plasmon dispersion curves. Firstly the plasmon modes
are softened and secondly the two modes merge to-
gether at a lower wave vector in the presence of G(q).
Both these effects suppress the plasmon contribution
to the drag rate and we obtain in Fig.3 the reduced
magnitudes in the plasmon dominated region.

Experiments [2] to date on 2D systems were carried
out at low temperatures (T' << Ep). Flensberg and
Hu [6] suggested possible plasmon enhancement in the
temperature region T ~ Er. We find that similar be-
havior should also be observed in double-quantum-
wire structures. The present technology of quantum-
wire manufacturing is rapidly developing. We note that
a parallel double-wire structure is easier to build and
work with than concentric wires. Experiments to test
some of our predictions would be most interesting.
The role of intrawire interactions on the drag rate is
largely neglected in the previous work. Our calcula-
tions indicate that they may be important in changing
the drag rate significantly in quantum-wire structures.
More realistic calculations should take into account
the improved local-field corrections [18] both for the
intra and interwire interactions, perhaps also includ-
ing the temperature dependence of G;;(q).

In an interesting paper, Gold [10] has shown that
there exists a critical distance d, (for a given wire ra-
dius R and electron density parameter r,;) below which
a double-quantum wire structure would be unstable
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due to charge-density waves. Hence in a Coulomb drag
experiment the separation distance between the wires
should be such that one is away from this point of in-
stability. For the parameters we use in this calculation
the system remains in the stable Fermi liquid regime.

In summary, we have considered the Coulomb drag
effect between two parallel cylindrical quantum-wires.
The temperature dependence of the drag rate is signifi-
cantly enhanced when a dynamically screened effective
interwire interaction is used. This enhancement is due
to the optical and acoustic plasmons in the double-
quantum-wire system. The local-field effects describ-
ing correlations beyond the simple RPA seem to be
very important for low densities altering the drag con-
siderably.
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