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Energy-transfer rate in Coulomb coupled quantum wires

B. Tanatar®
Department of Physics, Bilkent University, Bilkent, 06533 Ankara, Turkey

(Received 14 October 1996; accepted for publication 23 January) 1997

We study the energy transfer rate for electrons in two parallel quantum wires due to interwire
Coulomb interactions. The energy transfer rate between the \gmaslar to the Coulomb drag
effect in which momentum transfer rate is measuiiscalculated as a function of temperature for
several wire separation distances. We employ the full wave vector and frequency dependent
random-phase approximation at finite temperature to describe the effective interwire Coulomb
interaction. We find that the energy transfer rate at intermediate temperétere$~0.3E¢) is
dominated by the collective moddplasmong of the system. Nonlinear effects on the energy
transfer rate is also explored. ®997 American Institute of Physids$S0021-897¢97)05109-§

I. INTRODUCTION densities with the present technology such corrections can be
quite significant. We also explore the dependence of energy

The momentum and energy transfer between spatiallyransfer rate between the guantum wires on the externally

separated electron gases is known to influence the transpaipplied electric field, the so-called nonlinear regime.

properties of individual systems because of the Coulomb

coupling? In particular, the Coulomb drag effect, where a

current in one layer drives a currgnt in the other one due t(ﬁ_ MODEL AND THEORY

the momentum loss caused by interlayer electron-electron

interactions, has been observed in various experinfents. we consider two identical cylindrical wires with radius
There has been a growing theoretical activity in the past fev] and infinite potential barriers. The double-quantum wire
years touching upon various aspects of the drag phestructure is characterized by the distadcketween the axes
nomenori.”’ The Coulomb drag effedmomentum transfer of the cylindrical wirest! Assuming that the quantum wires
rate for cylindrical quantum wire structures are recently do not penetrate each other and there is no tunneling between
considered by Qfhand Tanata?. them, we required>2R. The linear electron densiti) in

In this article we study the energy transfer rate betweegach wire is related to the Fermi wave vector My 2k /
two paraIIeI cyIindricaI wires under experimental conditions 7. We also define the dimensionless electron gas parameter
similar to the drag effect. The importance of the energyr = 7/(4kga}), in which a§=e,/(e?m*) is the effective
transfer rate between two Coulomb coupled quantum wellgohr radius in the semiconducting wire with background di-
were pointed out by Prickl® The model of a double- electric constante, and electron effective mass*. The
quantum-wire structure we use in this calculation was envisexplicit forms of intra- and interwire Coulomb interactions in
aged by Gold" in the context of charge-density-wave insta- the double-wire system have been given elsewheidle
bility. Semiconductor based quasi-one-dimensiof@LD)  assume that only the lowest subband in each wire is occu-
electron systems, relying on carrier confinement in transpjed. This will hold as long as the difference between the
verse directions, is a subject of continuing interest. The prisecond and first subbands,, remains much larger thah
mary motivation for studying these low-dimensional systemgwe take the Boltzmann constakg=1). A simple calcula-
comes from their technological potential such as high-speeflon shows that\ ,;~ 10(4/77)2r§/(R/a§)2EF, which means
electronic devices and quantum-wire lasers. Other than thgat the one-subband approximation will be valid for
practical implications, electrons in Q1D structures offer anR=2a% andrs=1. In a GaAs quantum wire, for which
interesting many-body system for condensed-matter theorie§0213 and m*=0.067n,, the effective Bohr radius

We calculate the temperature dependence of the energys ~100 A. Generalization of our formalism to the multi-
transfer rate between two parallel quantum wires. It is assybband case should be straightforward.
sumed that the quantum wires may be separately contacted The energy transfer rate from one quantum wire to the

and kept at two different carrier temperatures, as in the casgther (to lowest order in the interwire interactipis given
of quantum-well structures? Our calculation is mainly 12

based on the random-phase approximati®&PA) which

strictly speaking applies only for high density systems. We * dw

first demonstrate the contribution of plasmon modes to the Pivi—v3)= —Z J 7|W12(q,w)|2

energy transfer rate foF =0.3Er. Next we investigate the 4

influence of local-field corrections which describe the ex- w (0— w1p)
change and correlation effects neglected by the RPA. We Xin T_1>_n(T—2”

find that for realistic systems at the experimentally attainable

XwIm x1(g,0) IMm x,(—q,01,— o).
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107 g e 107 g peak at low temperature§ {(~0.3Eg) in P, appears which
F (@ E () [N is roughly independent of the wire separation distance. Simi-
0L 107 L Y lar results were found for the drag rate in the double-

quantum-well systems, and the high-temperature enhance-
ment was attributed to the contribution of plasménis
double-quantum-wire systems plasmons also contribute effi-

1078 A T

107® E

P,zx1077 (Watts/carrier)
P12x1077 (Watts/carrier)

Ee T N - 9 ciently to the drag ratt? The static screening approximation,
10-70()' : -0'2- : -0'4- : Bls' : 6';'\1 o 10"0 (')"" blé : '0'4' : 6I6‘ . blé - on the other hand, misses this contribution completely.
o e S em It is believed that the RPA becomes less reliable for

electron densities such thaf>1 (low density and even so
FIG. 1. (a) The energy transfer rate in the static screening approximation agor low-dimensional systems. For instance, for double-layer
a function of temperature for interwire separatiahs 5a% (solid), 6aj electron-hole systems it was found necessary to go beyond
(dashed| and & (dotted. (b) The same as ife) in the dynamic screening o RPA to obtain reasonable agreement with the observed
approximation. The thin curves are calculated with the local-field correc- . .
tions. momentum transfer ratéd/Ve incorporate the correlation ef-
fects in an approximate way using the static local-field cor-
rectionsG;;(q). They modify the bare Coulomb interaction
In the above expressiom;,=q(v,—v,) Wherev, andv,  with the replacemeft V;; () — Vi;(a)[1—Gj;(a)]. As are-
are electron drift velocitiesWiy(q,w)=V1(q)/e(q,») is  sult the low temperature peak due to plasmons in the energy
the dynamically screened interwire potential, d,») is  transfer rate is enhanced and moves to higher temperatures,
the imaginary part of the temperature dependent 1Dxs may be seen in Fig(l) (thin lines.

susceptibilitf' andn(w) is the Bose distribution function. The collective excitation modes of the coupled quantum-
The screening functior:(q,w) for two identical wires is  wire system is obtained from the solution ofq,wp(0)]
expressed as =0. The fluctuations in the charge density lead to in- and

—r1_ _ _\/2 out-of-phase oscillations of the charges and are also known
#(a.0) = 1=Vl =Viel = Vigaxe, @ as the optical and acoustic plasma modes, respectively. The
The above expression for the energy transfer rate is deriveldng-wavelength limit of the plasmon dispersiofia the
within the balance equation approach to nonlinear electricaRpPA) in units of E¢ are given by**®

transport in low dimensional semiconductdrand is be-

2
lieved to describe the relevant experimental situation quite wop,aC:ES 129 In(4/g"Rd) —2y+73/120 3)
accurately. We emphasize that the full wave vector, fre- pl 7 % Kg|In(d/R)+73/120 '
quency and temperature dependence of the dynamical Su\/Sv_herey=0.577 ... is theEuler constant. At finite tempera-

ceptibilities as well as the screening functiefqg, w) should : .
be used to capture the plasmon contribution in the drag ph tures (T#0) we find the plasmon modes by solving

nomenon. In the case of Coulomb drag experiments, one o e[_s(q,wp,(q))] 0, when the d_amplng IS _small. There are
. . . . e mainly two effects of the local-field corrections on the plas-
the quantum wiregsay wire J is subject to an electric field, : . .
' . . mon dispersion curves. First the plasmon modes are softened
and in the other one no current is allowed to fldie.,

_ . . . N and second the two modes merge together at a lower wave
v,=0). Linear and nonlinear regimes are distinguished by .
further settingy;=0. vector in the_ presence @;;(q). Temp_eratur.e effects on the
other hand increase the plasmon dispersion. Both these ef-

fects yield the calculate®,, as shown in Fig. ().

Having shown the effects of plasmons on the energy

We evaluate the energy transfer rdlg, in the linear transfer rate for a coupled quantum wire system, we now
regime for a GaAs system, in several approximations. Firstiurn our attention to the nonlinear regime. We use @y.
we assume that the interwire potential is statically screenedyith drift velocity v, to simulate the effect of applied electric
Wi(q)=V15(9)/e(q,0). Figure 1a) shows the temperature field in the first wire, and sat,=0 in the second wire as in
dependence of the energy transfer rate for parallel quantunthe drag effect measurements. The density response function
wires each with radiuR=2ag andrs=2. The temperature for the drive wire is now calculated at shifted frequencies,
of the second wire is kept &i,=Eg. Curves from top to i.e., x(q,0—qu4). The energy transfer rat,, in this non-
bottom are for center-to-center distances5ag , 6ag, and  linear situation is displayed in Fig. 2 fd®®=2ay wires at
7af , respectively(thick lines. We observe that the energy d=5aj. We observe that as, increases(larger electric
transfer rate decreases monotonicallyTgsincreaseqdand  fields) P,, increases in magnitude. In the nonlinear regime,
vanishes whefm=T,) for all separations. FoF,;>T,, the  energy transfer is possible even when the temperatures of
energy transfer rate changes sign. quantum wires are the same. Nonlinear effects on the mo-

We next include the full frequency dependence of thementum transfer rate in quantum wires were studied by Hu
effective potentialW,,(q,w) at finite temperature. In Fig. and Flensberd® Our results indicating the importance of
1(b), we show the calculated energy transfer rate as a funglasmon mediated drag and energy transfer rate are in agree-
tion of T, for wire separationd=5aj , 6ag , and &g (thick  ment.
lines, top to bottom, respectivelyWe notice that the inclu- Experiment$ measuring the Coulomb drag rate on two-
sion of dynamical screening effects yields qualitatively anddimensional(2D) systems so far were carried out at low
quantitatively different results for the energy transfer rate. Atemperatures T<Eg). Flensberg and Husuggested pos-

Ill. RESULTS AND DISCUSSION
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hancement 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 also to be very

i0™*

L UL UL I

T T T,

o 107 E i T important for low densities altering the energy transfer rate
K — A considerably.
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