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We develop a theory for describing frictional drag in bilayer systems with in-plane periodic potential
modulations, and use it to investigate the drag between bilayer systems in which one of the layers is modulated
in one direction. At low temperatures, as the density of carriers in the modulated layer is changed, we show that
it is possible for the transresistivity component in the direction of modulatiahamge its signWe also give
a physical explanation for this behavior.
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Throughout the past decade there has been a great dealfofed in the othef® This sign reversal with changing chemi-
experimental and theoretical activity in frictional drag in bi- cal potential(which incidentally has not been observed at
layer systems, following the seminal experiments by GramildB=0) cannot be obtained from magnetodrag calculations us-
et al! These drag experiments involved a double quantuming the self-consistent Born approximatitif.” and despite
well system where the layers are individually contacted byr€cent theoretical progre&a fully satisfactory explanation
ingenious fabrication techniques. The barrier between th€f this phenomenon is not yet available. _
wells is made thick enough to suppress tunneling but thin N this paper, we suggest that a reversal of the sign of the
enough to allow significant interlayer interactions. An aver-transresistivity is possible @&=0 in bilayer systems that
age current density is driven through layer 1 and circuit is have periodic potential modulations in the plane of the lay-

: s . , . ers. The periodic potential modulation creates minibands,
kept open in layer 2, S0 thal=0. The interlayer interaction and the charge carriers can evolve from electronlike to hole-
causes the electrons in layer 1 to drag along the electrons

I 5> and h balanci lectri d fike behavior with a relatively small change in the density.
ayer 2, and hence a counterbalancing electric fi§ldorms g, .hermore, for systems that are modulated in one direction,

in layer 2 to maintain a zero ngf. The transresistivity ten- it is possible to observe anisotropic drag, implying that the
SOr pp1, defined byE,=pzyjy, can be extracted experimen- ejectric-field response in the drag layer is in a different di-
tally and can reveal important information about the properyection from that of the driving current. This demonstrates
ties of the effective interlayer interactions, the individual the important role band structure plays in determining the
layers and the coupled bilayer system. transresistivity of the systeAf.We note that experiments on
Since the original work of Gramil®t al," which was  two-dimensional electron gases with strong potential modu-
done on a closely spaced electron-electron system at lovations in one direction have already been reported in the
temperatures without an applied magnetic field, many varialiterature?® and hence we believe that the theory described
tions on the theme of the original experiments have beebelow is amenable to experimental tests in near future.
performed. For instance, drag has been measured in To investigate drag in these modulated systems, we use
electron-holé and hole-hol2 systems, in widely separated the Kubo formalisnri® to calculate the transconductivity
layers?® and in the presence of a perpendicular magnetidensor,;, which is related to the transresistivity k=
field >®~8Very recently, low-density systems have been stud— j,,5,171; in the weak-interlayer coupling limit. In this
ied to probe the suggested metal-insulator phase transition imethod, the transconductivity is expressed as a current-
strongly correlated disordered two-dimensional systetfis. current correlation function, which can be calculated with
Another modern trend is to examine mesoscopic effects istandard perturbation-theory techniques.

Coulomb drag’~** In general, drag without an applie@ The Hamiltonian of the system iBl=3;_;H;+Hy,,
field is reasonably well understood within the framework Ofwhereﬂi is the Hamiltonian of layer andI:|12 is the inter-

a standard weak-interlayer coupling thedty*® The theory _ : N

successfully accounts for several unusual features such 4&Yer interaction term. We assunté;; is due to Coulomb
large enhancements in the transresistivitp to an order of interactions, so that Hi,=.4 " 1=ny(q)ny(—q)Vix(q),

the magnitude; some intriguing discrepancies, however, dwheren;(q) and V,,(q) are the Fourier transforms of the
persist for the most dilute systems studf®due to intra-  density operator and the interlayer Coulomb interaction, re-
layer correlations’ and plasmon mediated scatteriig® On spectively.

the other hand, the understanding of magnetodrag drag We define, within the Matsubara formalism, to be the

in the presence of a perpendiculafield) in bilayer systems  ~qrelation functiod®

is less complete, and several puzzling experimental results
remain unexplained. For instance, under certain circum-
stances, the diagonal terms in the magnetotransresistivity
(p5} and p¥)) has been observed teverse signwhen the o A
chemical potential is changed in one layer while being kept X{(T,J0)n(q,mn(—=q’,7"))g. (1)
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For systems that have a periodic potential modulation with [ ' ' ' ' '
reciprocal vector&s, only g—q’' =G terms are nonzero. Ex-
panding in powers oWi,, the first nonvanishing term for
0,1 In the dc limit is the second-order term. We obtain

eZ
TH=ha 2 2 VA DVid A+ Codsg,

xrd—wﬁ(q q+Gyiw+i0",w—i0%)
o 2702l A AT G2 :

XAJ(9,0+G1;0+i0",0—=i0")[—d,ng(w)].
2

Evaluation ofA(q,q+G;w+i0",0—i0") is analogous
to Ref. 16. In this paper, we assume the system is in the weal 0
scattering limit,(>d,a (¢ is the impurity mean-free path, EnergyE(To)
is the layer separation, aral is the modulation period’
allowing us to ignore vertex corrections at the charge verti- F|G. 1. The density of states for a two-dimensional system with
ces. Then, one obtains periodical modulation in one direction. The inset shows the constant
> . . energy surfaces for the dispersion relation used in this work. The
A(9,9+G,0+i0",0—i0") energy is in units okgTo=2%%/(M,a?).

4

_ 2 [Vir s o (K@) = Ve n(K) ] wherek; are the solutions oéki—ski+q—w=O. For illustra-
n’ r,n’ nk‘tr,n . ! .

knn’ 4 tive purposes, we consider a cosine band,=

k

A
—#%?/(ma’)coska, for which there are twdor no) solutions,
and one finds

><[(nF(snk)_nF(Snk_(Jl)):lé(snk_<"'3n’k+q_ )

<nlkerantknayyknktan’s=a=6). @ g ) =sign,—op)ne(— )~ ne(e) - ne(—ey)
Here, v, is the band velocity,e is the energy,ng(e)
={exdB(e—wm)]+1} ! (u is the chemical potentigl 7, is —Nne(e)]. ()

the transport time,p(k'n’ .kn;q) =(k’n’|exp(=iq-r)|kn) At half-filling the chemical potentigk vanishes, and making
(n,n’ are the band |nd|cesThe 091 obtalngd using Eq(.2)_ use ofng ,(—&)=1-ng_,(e), it is easy to see that the
and_the weak scattering _result H) can, W'th the approxi- — ragy|t (5) is an odd function ofu. Thus, in an experiment
mggﬁnen:;t"ozﬂgo be derived from the semiclassical Boltz-\,hore one of the subsystems is kept unchanged while in the
quatior. other the chemical potential is moved through half-filling,

A complete calculation of drag, using E®) in Eq. (2), is ; : ; ) .
an arduous task, requiring a numerical evaluation of the banH]e drag will change sign. Wh.'le _the a_lbpve discussion is an
Important demonstration of principle, it is necessary to also

structurés) of the layers, calculation of the matrix elements . . . )
consider periodically modulated two-dimensional electron

n(k'n’,kn;q), and summation of different bands and re- hich h | . A
ciprocal lattice vectorss. For incommensurate lattices one ggﬁtees’tw ich are the most commonly studied systems in this
xt.

always hasG;=0=G,, and in the remaining part of the ) ) , oo .
paper we assume this to be the case. The other technical A Systém which has an identical periodic modulation in
steps do not pose conceptual difficulties, and in the preserhOIhX andy_dlrectlons is characterized by particle-hole sym-
context we find it appropriate to consider simplified systemdnetry, and it seems natural that the drag passes through zero
where to a certain extent analytic progress can be made, at¢hen the two carrier species are matched. The experimen-
for which the physics is transparent. tally most relevant systems are those, however, where the
The central issue of this paper is the possible sign reversahodulation is only in one directién (the strongest modula-
of the drag. We demonstrate this first for a one-dimensiondfions have been achieved for these sysjenasid hence
model?® neglecting interband processes and the momenturwe choose the model system as follows: There is a single
dependence of the transport relaxation time. For this caséand (the dispersion law and corresponding density of

correlation function(3) becomesA = 7,F(q, ), where states are illustrated in Fig. With a tight-binding disper-
. sion relatioR® e(kx,ky)thLl—coskxa)]/(ng(az)+h2k§/
F(q,w)=— = 2 (Vk— ks q) (2my)_, and hence the velocity compone_nts _azvgg(kx)
K =hS|n(kxa)/(n}xa) andvy(ky)=ﬁky/my. (2) Ty IS .k.mdepen—
K [NE(510) — Ne(erg) 18(8x— 1 g— ©) ?Oern;.rs’g”'g}% interlayer interactioW,(q) is significant only
At low temperatures, it would appear permissible to ex-
=§ Sign(vy, — vk +g)[NE(ek) —Ne(ek +g) ], pand inw, becauseing(w)/dw in the integrand cuts off the

higher  contributions. Following this procedure yields an
(4) analytic expression foF, and the resulting drag resistivity
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FIG. 2. The calculated transresistivipf, as a function of the

density for four different temperatures. Superlattice period FIG. 3. The normalized transconductivity, as a function of
a=140 A, and the layer separation is 280 A. the density for the same temperatures as in Fig. 1.

obeys the familiaT? dependence known from unmodulated
two-dimensional systems:* In this scheme, the transresisi-
tivity divergeswhen u=2%2/(m,a?) with the opposite sign

these are momentum independent. The computed transresisi-
tivity is shown in Fig. 2 for four different temperatures. The
L X Cn most important feature is that the drag indeed changes sign;
Igometh de' Ig’vednigs!:]ypthé ggfsglvce);gseigf:g: :iht'ﬁz |:nrgated the effect is most prominent for low temperatures, and den-
Fig. 1 :V % h il b '%t iy ) i:1 * ?(g i Sities close to a fully occupied baritlin Figs. 3 and 4 we

9. b, IS unpnysical because It only occurs € expe “compare thexx and yy components of the computed

mentally unreachabl&=0 limit. Nevertheless, it is interest- ansconductanceshe xx component was used in calculat-

ing to observe that this approximation leads to a change otL . :
sign in the transconductance, and we should expect this b('a—g the results of Fig. 2 We observe that the sign change

yy i i
havior to be most prominent when= 2%2/(m,a?). ggﬁzlerlgte;ik;rf(lz?jrz ;orgé?éegevertheless an interesting
. To cure this spurious divergence one must avoid expan=- analysis of the several aésumptions made in our cal-
S'girr]]f’wing a\? e(? rffc())l:rr?di g gr?c/(;::icearit ?g/atjlt;:tlon. As a Startlngi:ulations is now in place. We have assumed that the system
P only has one band. Clearly, this assumption breaks down
m - when the density so large that Fermi energy significantly
FX(q,0)= 2—3’] ) dk [ sin(ky—0,/2)a exceeds 22%/(2m,a?), because the carriers will start to oc-
(2m)“hgymea) - mla+ay/2 cupy higher bands. We also have assumed that temperature is
e _ B low enough that the inelastic mean-free pdth is much
sin(ky+ Ax/2)al{nelke— ax2kyo(ke) — /2] longer than period of the potential modulatia,For finite
—Ne[Ky+ Au/2kyo(ky) + Gy 2]}, (6) in thezsystem is roughly divided into coherent regions of
order¢;,. If €;,=<a, the electrons do not coherently feel the

where
2 w2 v T v T v T v T v T
Kyo(k) = | e+ ——[cosk,+qy/2)a el
yo\Rx) — 75— X X 0.0020
f%q, m.a?
—cogky—ay/2)a]|. (7) 0.0015
While the Kubo formula gives the transconductivity, it is 0.0010
often most convenient to express the results in terms of tran
sresisistivity (this is the object usually recorded in experi-
ments p,;, whose components are given by 0.0005
XX XX
g g
e I I e e R S
0110227 012021 011022

L Electron density(1011 cm-z)
and analogously for thgy component. The transresisivity

tensor has the additional advantage that does not involve the FIG. 4. The normalized transconductivitsyyy , as a function of
transport relaxation times for the individual layers, as long ashe density for four different temperatures.
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periodic potential, and the drag characteristics will be giversistivity changes sign as the density is increaSexperi-

by an average of the drag over the density fluctuation causedgientally, it may be possible to fabricate the system

by the potential modulation. Since the system as a whole aciavestigated here by overgrowing a pair of quantum wells

like a (nearly uniform system in this case, effects describedover a cleaved edg%yor using lithographic techniquég_

in this paper will not be observable at temperatures for which
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