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Disorder effects on the drag rate in double-quantum-wire systems
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We study the Coulomb drag rate for electrons in a double-quantum-wire structure in the presence of
disorder. The particle-number-conserving relaxation-time approximation is used to phenomenologically
broaden the response functions in the drag rate to account for the disorder effects. The interplay between the
screening effects and disorder at high temperature yields a nonmonotone behavior of the drag rate on the
disorder parameter. The reduction in the interwire momentum transfer rate may be used as a probe to inves-
tigate localization properties of coupled quantum wif&0163-18208)04427-Q

Coupled quantum-well systems are especially well suiteddamples are used. The Coulomb drag contribution to the ob-
to probe many-body effects because of the interplay betweeserved momentum-transfer rate is then calculated with the
the in-layer and across the layer interaction strengths. Amssumption that intralayer impurity scattering is small and
example is the Coulomb drag effect, when the well separaindependent of enerdy? Flensberget al? discussed the nec-
tion is large enough so that tunneling effects are not imporessary modifications to the drag resistivity in the case of
tant; a current flowing in one layer induces a current or volt-€nergy-dependent electron-impurity - scattering. Recently,
age in the other layéer.The origin of the effect is the Swierkowski et al1’ presented a linear-response theory for
interactions between the electrons in different layers leadingf@nsresistance in double-layer semiconductor structures. In
to momentum and energy transfer from the current-carryingheir treatment disorder scattering through the relaxation
layer to the passive one. The experiméritperformed at time approximation is accounted for. Our aim is to study the
low temperature gave way to a surge of theoreticafeffects of disorder on the Coulomb drag rate at high tempera-
activity®1°to understand the transport properties of spatiallyture. We calculate the interwire momentum transfer rate for a
separated electronic systems. The high-temperature behavigupled quantum-wire system by systematically increasing
of the Coulomb drag rate was explaifidsy the collective the strength of disorder parameter, which amounts to de-
mode effects influencing the effective interlayer interactioncreasing the mobilities in each wire and can be achieved
and leading to an enhancement, which has recently been oBXperimentally by using disordered samples in a systematic
served experimenta]%}_ The quasi_one_dimensione(n_D) way. We flnd that the interplay l_Jetweeh the d.isorder effects
semiconductor structures provide another examp|e to Stud@rnd effeC-Uve electron-electron interactions gives rlse- to an
the momentum and energy transfer between two electroficrease in the drag rate for small values of the disorder
gases of close proximity. The Coulomb drag effect forParameter. As the strength of disorder is further increased we
guantum-wire systems was considered by Sirenko anénd that the drag rate decreases.

Vasilopoulod? in their comparative study of dimensionality ~ We consider two parallel cylindrical quantum wires of
effects. Qift® used a cylindrical confinement model to deter-radius R and infinite potential barrier$. The axes of the
mine the temperature and wire radius dependence of the mdtires are separated by a distamtevhich is large enough to
mentum transfer rate. There has been no drag measuremefigvent interlayer tunneling. The bare Coulomb interaction
on quantum wires to date. between the electrons is written ‘a(s,(q)z(Zez/eo)Fij(q),

In this paper, we study the effects of disorder on the Couin which the form factors=;(q) describe the intra and inter-
lomb drag rate in coupled quantum wires in the plasmonwire interactions® The one-dimensional electron denskty
dominated high-temperature region. There are several motis related to the Fermi wave vector by=2ke /7. We also
vations for investigating the disorder effects. The interplaydefine the dimensionless electron gas parametgr
between the electron-electron interactions and disorder has 7/(4kgag), in which aj=eq/(e’m*) is the effective
been a subject of great interest accentuated with the receBohr radius in the semiconducting layer with background
observation of metal-insulator transitibh.The Coulomb dielectric constank, and electron effective mass* .
drag effect in double-layer and double-wire systems offers an We adopt the Coulomb drag-rate expression derived for
interesting probe in diagnosing the insulating phase as suglouble-layer systems to the present case of double-wire
gested by Shimshor?. Since the drag rate is predicted to be problem®-°
enhanced by the plasmon modes, the disorder effects may be
more easily discerned at higher temperatures than the low- L1 * * Wimyx(q, )
temperature region where virtual phonon exchange mecha- P _4Wm*NTf0 qquo @1 sink(w/2T)
nism also influences the observed behavior. The effects of
optical phonons are argued to be w¥adnd we do not con-  in which we have assumed equal density quantum wises
sider them. seth andkg=1). ! measures the rate of momentum trans-

Since the impurity effects are expected to influence thderred from one quantum wire to the other. Hey¢q, ») is
transport properties, in the typical experiments high-mobilitythe 1D dynamic susceptibility, describing the density-density
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response function of a single wird/;,(q,w) is the dynami-
cally screened effective interaction between electrons in
guantum wires 1 and 2. Within the random-phase approxi-
mation (RPA), it is given by Wi,(q,w)=V15(q)/e(q, ),
where g(g,®)=[1—V13(q) x(d,®)*~[V1q) x(q, @) ] is
the total screening function for the coupled quantum-wire
system that uses the bare intrawire and interwire electron-
electron interactions ignoring the correlation effects. Recent
numerical calculatiort indicate the importance of correla-
tions in coupled guantum-wire systems. It is also assumed
that only the lowest subband in each wire is occupied. Thus,
the energy difference between the second and first subband
levelsA,q i~ 10(4/77)2r§(R/a§)EF should be greater than the
thermal energyl. For densities and wire radii of experimen-
tal interest, the single subband assumption holds.

In this work, we retain the full wave vector, frequency,
disorder, and temperature dependence of the dynamic sus- T/Er
ceptibility x(q,«) that enters the drag-rate expressé. FIG. 1. The scaled drag ratg /T within the RPA as a function

(1] as well as the S?ree,ning fUUCtimq,w). We_ acgount of temperature for a double-quantum-wire system.
for disorder by considering an impurity scattering induced

broadeningy that is a phenomenological parameter within
the number-conserving approximation given by

10% 75%/T

effect of broadening to simulate disorder effects on the plas-
mon dispersions is such that,(q) is depressed. In Fig. 1
(0+iy)x(qw+iy) we show the scaled drag ratg'/T as a functiop of tem-
X/(0,0)= i i) 7x(00) 2 perature for a typical coupled-wire system. ThgtllT ex-
@ yx(@ o1 y)Ix(a, hibits a broad enhancement foi= 0.3 indicates a strong
Thus, in the drag-rate integral we use the above polarizabif dependence at high temperature. We observe that with
ity expression that includes both the temperature and implincreasing disordeffor small y) r5* increases in magnitude
rity scattering effects. In the limig,w—0, the number- and shifts towards the low-temperature side. Further increase
conserving approximation above gives the correct diffusivein y results in a decrease in the drag rate for large tempera-
behavior for the response function Xéy(q,w)z tures. At the largest disorder parameter considergtE ¢
—(2m*/7ke)(DQ?/Dg?+iw), where D=k2/m*?y is the  =0.5) the drag rate is considerably lower than that of a clean
diffusion constant in a 1D system. system (/=0).

We use parameters appropriate for a GaAs system for To trace the origin of dependence on the disorder param-
which the recent experimeRts'** on the drag rate between etery of the momentum transfer rate we investigate the in-
coupled quantum wells are performed, and first examgfe tegrand of Eq(1) in detail. After performing the frequency
at low temperatures. In coupled quantum-wire systems witlintegral, we end up with, *~ fdq?F (q), which we plot in
a single filled subbands;* is dominated by backscattering Fig. 2 as a function ofj. Specializing to the coupled-wire
(g~ 2Kg). At low temperaturesT<Tg), the use of approxi- system with parametel@=ag andd=3aj, atrs=1 and
mate expressions for the response funcj¢q,w) of aclean T=E, we observe that the peak position in the integrand is
system, and neglecting the screening effects result in a lineahifted towards the long-wavelength side @sincreases.
temperature depender’t&e-51~|W12(2kF)|2(m* lekﬁ). In However, the peak height of the integrand after increasing
the presence of disorder, the diffusive limit pfq, ) gives  for low disorder (y~0.1Ef) starts to decease for greater
rise to a differentw andq behavior, and we find to leading disorder compared to its value of the clean system. Figure
order 752~ |W;(2kg) [2(m* 5T29?/k8). In two-dimensional  3(a) shows Inix(q,»)] and the dynamically screened re-
systems, Zheng and MacDon4ldsing similar approxima- sponse function Ifi(q,w)/|e(g,w)|] as a function of fre-
tions have found a logarithmic correction to the low- quency. We observe a steady decrease as the disorder param-
temperature drag rate. Kamenev and Otegye also reached eter y increases. However, at a smaller wave vectgr (
similar results, and in particular have shown that for ex-=0.1kg) we find in Fig. 3b) a rather different behavior for
tremely dirty samples the drag resistivity goespas-Ty. the screened quantity [np(g,)]/|e(q,w)|. As the integral

Next, we evaluatery® numerically using the effective over q and w is performed in the calculation ofy* the
interaction obtained for a double-wire system as a functiombserved nonmonotone behavior ensues.
of temperature. Similar to the double-quantum-well We have based our systematic study of disorder scattering
systent'*1 at high temperature the drag rate is dominated byeffects onrg1 on the theoretical formalism developed by
collective excitation modes described by the zeros of theSwierkowski etall’ In this approach momentum-
dielectric functione(q, ). The plasmon dispersiom(q) independent relaxation-time approximation is used to phe-
in a double-wire system has two branches, both lying aboveaomenologically broaden the response functigm, ). A
the particle-hole continuum. As the temperature increasesiumber of calculations are devoted to the low-temperature
the particle-hole continuum embodying the single-particlebehavior of drag rate for coupled quantum wells in the pres-
excitation region broadens to render coupling between thence of disorder. By splitting the contributions of ballistic
collective modes more feasible, angl is enhanced. The and diffusive regimes Zheng and MacDorfatélculated the
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FIG. 2. The integrand of Eq1) after thew integration is carried

out.

FIG. 3. The frequency dependence of[jpiq,w)]. (8 Thin
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FIG. 4. (a) The intrawire(thick lineg and interwire(thin lines
local-field corrections in the presence of disorder in a coupled
guantum-wire system. The interwire local-field factors are multi-
plied by a factor of 10(b) rgllT with (thick lines and without
(thin lines, RPA the local-field corrections.

correction to the interlayer scattering rate due to disorder-
enhanced interactions. Similar enhancement in the drag re-
sistivity was also calculated by Kamenev and Gredo
used diagrammatic perturbation theory. In a recent paper,
Shimshoni® considered the Coulomb drag between two par-
allel layers in the Anderson insulating state, treating the Mott
and Efros-Shklovskii types separately. In his low-
temperature analysis, Shimshbhifound that pp is sup-
pressed for a Mott insulator with decreasing localization
length (i.e., increasing disordgrIn all these attempts the
disorder has the effect of enhancilﬂ,gl of the resistivitypp

as a function off. In the Boltzmann theory-based calculation
of the drag rate Flensberg and Hiound that the charged
impurities located a distanceaway from the quantum wells
influencedr;* significantly fors<400 A. Classical simula-
tions to determine the influence of ionized impurities on
Coulomb drag have also been performiiVe also point out

lines are for the noninteracting system, whereas the thick lines dghat disorder effects in Coulomb drag problems are gaining

note Inf x(g,»)1/|e(q,®)| atq=0.%¢ . (b) Im[ x(q,®)]/|e(q, )]

for the same parameters @t 0.1kr .

attention recently in a variety of related conteXt©ur ap-
proach is different than considered by Shimshdini that we
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assume from the outset that the electronic state of quantuorrelations and decreasing the interwire correlations. A cal-
wires are metallic. The phenomenological disorder parametasulation by Svierkowski et all’ shows that the interlayer
has the effect of lowering the mean free path of electrons akcal-field factorG,, affects the transresistivity in double-
the magnitude ofy increases. Thus, the density fluctuationslayer electron systems very little. However, the short-range
described by Iny(qg,)] in the numerator of Eq(l), and intralayer correlations built in via the self-consistent scheme
e(0,») appearing in the denominator are nontrivially alteredyield a substantial increase. In Figlb} we ShOWTBl with
at higher temperatures. Taking the mean free path and locafthick lines and without (thin lines, RPA the local-field
ization length in a 1D system to be the same, we estimateorrections for =1, and observe that the correlation effects
Ikp=2Eg/y~T7 for y/Eg~0.3, which is close to the weak increase the calculated drag rate.
to strong localization crossover. Our results suggest that In summary, we have considered the Coulomb drag effect
coming from the metallic phase, the drag rate may potenbetween two parallel guantum wires in the presence of dis-
tially signal the localization properties of coupled quantum-order treated phenomenologically. The temperature depen-
wire systems. dence of the drag rate is known to be significantly enhanced
As the electron density is lowered the exchange-at high temperature when a dynamically screened effective
correlation effects become stronger, rendering the RPA inadnterlayer interaction is used due to the collective density
equate. In the studies of drag resistivity and drag rate ifluctuations in the double-quantum-wire system. We find that
double-layer systems it has been found important to includéor small y, the drag rate is further increased. For larger
correlation effects beyond those described by the RPA t@alues ofy, the density fluctuations are suppressed with a
achieve agreement with experimental data at lowreduced localization length and the drag rate is reduced.
densities:>**We incorporate the correlation effects through Thus, the drag rate;* exhibits a nonmonotonous behavior
the local-field corrections calculated within the self- with respect to the strength of disorder, and may be used as
consistent field methotf, which also includes the disorder 5 possible probe to understand the localization properties in
effects. In this number-conserving approximation wjtact-  Coulomb-coupled systems. A systematic experimental study
ing as a parameter throughout the self-consistent evaluatiogith varying degrees of disorder should, in principle, be able
of the correlation effects, we find that the local-field factorsto test some of our predictions.
are slightly modified. Figure (4 shows the intrawirgthick
lines Gi; and interwire(thin lineg G, local-field correc-
tions for a coupled quantum-wire system. It is found that the This work was partially supported by the Scientific and
phenomenological disorder parametechangesG;;(q) for ~ Technical Research Council of Turke§TUBITAK). We
g/ke=1, with the general effect of increasing the intrawire thank Dr. M. Z. Gedik for fruitful discussions.
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