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Abstract

Frictional drag between coupled two-dimensional charge systems is commonly viewed as a second order effect arising
either from screened Coulomb interaction, or phonon exchange. We point out that for single-photon exchange the first order
contribution does not have to vanish even at T = 0, and eval uate this contribution for simple models.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The double layer configuration of the fermion gas, especially under the influence of a strong magnetic field,
alows one to study many unusual transport phenomena. Pogrebinskii [1] and Price [2] advanced the idea that
a current driven in an electron gas should manifest itself as a potential difference in a spatialy separate system
because of Coulomb scattering with a preferred direction of exchanged momentum. The effect, originally analyzed
for bulk electrons, was quantitatively measured in double well heterostructures at low temperature [ 3], alowing for
direct comparison with theory.

The measured quantity is transresistance, the ratio of potentia difference due to dragged charges and driving
current. It was the main subject of several theoretical works based on transport equations [4] or Kubo formulafor
conductivity [5,6]. Transresistance resulting from Coulomb drag depends on temperature as 72 and decreases as
d—* (d is the distance between the wells). The theory was refined by including phonon exchange [7,8], which
explained the observed low temperature deviations from the 72 behaviour. A “current drag” effect was also
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proposed [9], and originatesfrom the Van der Waal s attraction between relative current flows. With strong magnetic
field, the bilayer geometry allows the observation of new QHE phenomena, for areview see [10].

In the Kubo formalism transconductivity is given by the retarded correlator of currentsin different layers. As
a consequence of charge conservation, it is a second order quantity in the electrostatic and phonon interlayer
interaction. In this Letter we discuss the effect of photon exchange, in the absence of external magnetic field, by
considering the coupling of the photon field to currents, in the Coulomb gauge. Photon exchange is potentially
important, given that photon drag arises as afirst order effect. Although e.m. corrections are usually quite small, it
is not obvious at the outset how they compare with second order effects.

The effective e.m. interaction was evaluated in RPA by Holstein et al. [11] with the significant feature of being
unscreened at zero frequency. Reizer [12] investigated its influence on the Fermi surface, the low temperature
specific heat, and homogeneous transport, and found small but interesting effects. Gauge-invariant response
functionswere studied by Kim et al. [13], and confirmed the Fermi liquid behaviour.

In this Letter the photon polarization is evaluated in RPA for the interlayer em. interaction, in the limit of thin
layers. Single layer properties and disorder are accounted for in the diffusive regime.

We model the system as two infinite parallel layers of electron gas, confined in narrow potential wells centered
in z=0and z = d, with negligible tunnelling because of low temperature and sufficiently large layer-separation.

The Hamiltonian is

H:H1+H2+th+UCou+Uem, (1)

where H, isthekinetic energy of the electronsin layer (¢ = 1, 2), Hpn isthe energy of free em. field, Ucoy isthe
Coulomb interaction. The em. minimal coupling with the vector potential in the Coulomb gaugeis

Hem::—L/dSXZ(i)'A(&)—Lz/dsxp(i)éz(i), @
¢ 2mc

where p is the electron charge density and j is the paramagnetic part of the charge current

J=j——pA ©)
mc
that entersin the equation for charge conservation.
To derive the Kubo formula for conductivity [8,15], one perturbes the Hamiltonian with a term §H =
%fd3x SA®Y(x,1) - J(x), which couples the total current to a weak external electric field. Linear response in
s A% gives the conductivity tensor. For atime independent Hamiltonian (1) the response is a function of the time

difference only, and its Fourier transformis
i ie
0ij (x, &', 0) = =7 (0 ' 0) = ——{p(2))883(x — x), 4)

where i, j are space directions, and nf}et(a)) is the connected retarded current—current correlator. Evaluation of

7R is our main task.
It is convenient to use imaginary time (it = t) and consider r-ordered correlators

mo(xx T — 1) =T Ju(x, D) (x', 7)) (5)

using a four-dimensional notation J,, = (cp, J), n =0, 1, 2, 3 (since we use the Matsubara formalism, the metric
is Euclidean). Bracketsindicate equilibrium thermal-average. The Fourier transform of n/fv (x,x’, ) isasumover
discrete Matsubara frequencies

1 .
w8, (x,x', 1) = ﬁze font g (x,x', wn). (6)
n

The correlator of interest 7R (w) can be written in terms of 7€ (w,) by analytic continuation.
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A delicateissue isthe presence of disorder. In the present Letter we assume that the impurities are uncorrelated
in the two subsystems (for correlated impurities see, for example, [14]) and hence consider independently averaged
correlation functions, which are trandationally invariant in the planer = (x, y). The static and homogeneouslimit
of the transconductivity is:

Utj(Z Z)_al)TOq“—T)h_n (q 2, Z w), (7)

where z and 7z’ belong to different layers, and q is FT of r. Since there is no flow of charge in the z-direction, we
requireos; =o;3=0.
2. Thepolarization tensor
The thermal Green functionsfor the photon field are
1
Dij(£7 T, 1/7 ‘LJ) = _E<7T[Al(£’ I)Aj(i/v f/)), (8)

wherei, j =1, 2, 3. The propagatorsfor free photons and the bare Coulomb interaction are [ 15]

kikj\  4mwc? 4
)} ity ©)
Dy (k, @) =Dg) (k, ) =0 (10)

When the interaction with matter is included, the dressed photon propagator and the effective Coulomb interaction
are components of atensor D,,,, which differs from the bare one by polarization insertions:
//,v(x x , W) = ’D(o)(x, &ls wy) + ,Dl(,(/(;)) (x, X1, wn)Ppa (Kla X2, U)n)nyq;)(ﬁza &ls Wn). (11)

Summation and integration of repeated variables are understood hereafter. The polarization insertion and the
density—density correlator are related via[15]:

1
e Znoo(x x', wp). (12
A perturbative analysis to all orders shows the further exact relations among the polarization insertion and the
current—current correlator:

’POO(E, £/7 a)I’L) -

e 1
Pij(x,x', ) = —m—cz(l)(ﬁ)>5ij53(£ —x')+ Wﬂﬁ(z, x', wp), (13)

Poi = —5 7§, Pio = (14)

hc? hc? o
Thus, the conductivity tensor is proportional to the retarded photon polarization:

2
oij(x,x’ a))—l—PRet(x x', w). (15)

3. The Dyson equation

To evaluate approximately the polarization, we start by writing an exact Dyson equation in coordinate space.
Due to the geometry of the problem, we find it convenient to rearrange the terms according to the two layer
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configuration:
Puv(x, x5/, o) =P (x. X" on) + Py (3, 5", o) DQ(x" — 3", o) P (5", X', o), (16)

where Df)?,) is an interlayer bare propagator (x” and x” in different layers) and P* is the irreducible polarization
tensor, given as the sum of e.m. polarization insertions that cannot be disconnected by cutting a single interlayer
photon or Coulomb line.

Next, we take the average over disorder, and assume the same Dyson equation for averaged correlators, and find

Puv(q, <, Z/, wy) = 'P;V(q, Z, Z/, wn) + P;p (q’ z, ZN, a)n)D;()%) (q, Z// _ ZW, wn)Pov(q, ZW, Z/, o). (17)
Here,
dk o
'D,(B;)(q,Z —z’,a),,) = f o 3D(0)(k’wn)ezk3(Z—z). 18)
—o0o

With the definition of the auxiliary function

- ——Iz 7|/ 02+q2c?
D@,z — 2, 0n) = 27 (19

V2 + q2c?

we find
—qlz—2/|

o _ ., e o _ ~  qaqpc? )

Doy =27 ’ Dy = =D — (D~ Dyp).
q CUn

(0) q2C2 i~ ) 0

Dgy = 2 (D_Doo)’ Doj' =0,
n

D(O) D(O) stgn(z—z) 2 ( ¢li=2I/of +e%q? _qlz_z/l),

n

where the last equation is imposed by the gauge fixing condition d; A ; = 0. To proceed further, we consider the
limit of thin layers. We consider single particle states of the form u,(r, z) = ¢¢(2) ¥, (r), and in the thin layer limit
e (z)|2 — 8(z — z¢). Introducing the fermionic field operators v (1) in each layer, we have

p(1)=Y peMsE—z0).  pet)=—e Y Yl (OPio (D),
£ o

Jo(x) =Y Jat®8G =20 Jae(t) = jae(r) = —pe(0)Aalr . z),
7 mc

h
Jat(r) = ii D Ul (8 (1) — (8a 1), () Ve (1). (20)

The index a will hereafter denote transverse space components (x, y). The absence of tunnelling ensures the
conservation of chargein each layer, which reads:

1 .
—h[H, pe(r)] =divyy Jo(r). (21)
In the thin layer limit the Dyson equations (11) become algebraic:

Puv(E) = Pry, (e = P}, (££1) DY) (€1£2)Poy (€2L'). (22)
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Thevariablesq and w,, are omitted for brevity. Recall that the Dyson equation was constructed with the requirement
that D© connects different layers, thus ¢1 # £,. Here we put

DOty =D, ze — 2o 0n).  Puv(, ) =Py (0, 0. 26, 20). (23)

They are respectively the entries of two 4 x 4 matrices D@ (¢¢') and P(£¢’). Therefore, the Dyson equations
correspond to 4 matrix equations (¢, ¢’ =1, 2):

Pty = Pty + P ¢1)D @ (12)P(2¢') + P*(£2)D© (21)P(1¢)). (24)
The structure of the polarization tensor is greatly constrained by symmetry and charge conservation. The latter
implies the following exact relations:
lﬂPOv(q» a)n,g’ E/)ZQaPav(q,a)n,E»K/)a % =0’ 1’ 2’ 3 (25)
C

The same relation holds when the indices are exchanged. These relations correspond to the Ward identity relating
the vertex functions for Coulomb and e.m. coupling to the electron field. In absence of external magnetic field,
rotational symmetry requires the tensor structure

Pab (@ 0n, €, £) = 8ap AT, 03, £, €) + q;‘z“’ B(G, i, £, €). (26)
From charge conservation we find:
2
Poa = Pa0 = iw—nzcmpoo, A+B= —%7’00- (27)
cq c=q

4, Theinterlayer polarization in RPA

We solve Dyson's equation in RPA and for identical layers. In this approximation P* is independent of all
interlayer interaction lines and therefore

P*(et') = 80P, (28)

where PEO) is the exact polarization matrix of the layer ¢ with its internal dynamics. The index ¢ keeps track
of the charge of the carriers. However, in the present approximation scheme (no charged impurities and no
interlayer interaction) the charge appears always with even powers. Thustheindex ¢ can be neglected. The various
components of P© fulfill the relations of rotational symmetry and charge conservation, such as (index ¢ is here
suppressed)

0 _ 40 (0)4a4qb 0 _ p0 _ .  @n (0
P, =A"8p+B —qz , Py =P,y = zqa—qzc Pyy s
2
) © _ 9a9b 0 _ @ (0)

P9 is directly linked to the conductivity tensor o'>) of the isolated layer

©_ .0
O'ab :l;Pab' (30)
The coupled Dyson equations (24) provide a matrix equation for the interlayer polarization:
P(12) = P (12) + PP (12)D© (21)P(12), (31)
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where P (12) = PO D@ (12)PO | By using charge conservation for the polarization we obtain after some algebra

2
~ b b 2 ®
PO (12), = —D[A“’)Z(aab -7 ) P (PR (@l + czqz)}, (32)
where D = D(d) is the function in Eq. (19) with |z — z/| = d. From (32), taking the DC limits ¢ — 0 and than
w — 0 respectively we obtain transconductanceto first order (Fig. 1) in interlayer interaction:

0(12) = (27 /c)o 2. (33)

The experiments are carried under the condition that no current flows in the driven layer. The measured quantities
are the driving current /™ and the electric field E@ that builds up in layer two to balance the drag field.
Transresistance istheratio

E®@ o (12)

JD T T 510 (22) — 0(12)0 (21 >

p(12) =

Under the condition o (12) <« ¢©, we approximate the intralayer conductance o (£¢) by the value ¢© of the

isolated layer.
Wethen find p(12) ~ 0 (12) /o (92 and obtain a universal result for transresistivity:

012 =27 — Ry, (35)
where Ry = h/e? isthe Hall resistance and « is the fine structure constant corrected for the interlayer medium.
While P (12) representsthe inter-layer polarization with a single one-photon exchange, the solution of (31) is
the polarization with an effective interlayer interaction, in RPA. P9 correspondsto disorder averaged single layer
polarization where the second layer is absent. If we consider also the second layer, then our approximation neglects
those contributions to the disorder average that correlate various P(©) insertions. One finds:

0)2 _d 21 2,2
P 0n) 25 T PP N

2

2 2,2y,2¢ 22 (36)
(@7 + c2gR)e 2R

P(12)00(q, wp) =

©0)2 4
1- Py, a

cq

‘ . U(q,w)
(@) | RS

D"(q, )

(b)

Fig. 1. The first order contribution to the current—current correlator: coupling mediated by (a) screened Coulomb interaction, (b) four-di-
mensional electromagnetic propagator. p isthe electron density, j the paramagnetic current density and J =j — (;‘C") PpA. Thenumber inside the

bubbles indicates the subsystem. The intralayer interaction isincluded within RPA in each bubble. (a) Vanishesin the DC limit and corresponds
to the u = v = 0 component of (b). The space-like components of (b) are non-vanishingn this limit.
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In the diffusive regime, we use

0,2
o
P(O) q

Dg? —iw
where D is the diffusion constant. In this approximation, the limits ¢ — 0, @ — 0 of transconductivity yield a
small correction to (35) for transresistance:

2 1

pA2)=—-— o©2(27/¢)2"

(38)

5. Discussion

In the present Letter we have considered the virtual photon contribution to the frictional drag in two parallel
layers. In contrast to the Coulomb drag the contribution of the single virtual photon survivesin the limit of ¢ — 0
and w — 0. The RPA approximation allows to get the result in terms of the full single layer polarization even in
presence of disorder. The result is valid also at finite temperature, which enters in the single layer conductivity.
Eq. (35) givesthe contribution of one single-photon-exchangeand Eq. (38) yields the sum over all possible single-
photon-exchanges. We emphasize that the results (35) and (38) are obtained within a smple model, and therefore
the numerical value of the obtained transresistance should not be viewed quantitatively (in fact, (35) and (38) lead to
aresistance which is larger than the measured values). Work isin progress to include finite-size corrections which
may lead to significant numerical changes. Nevertheless, the main conclusions remain: (i) first order contribution
isnon-zeroand (ii) it remainsfiniteat 7 = 0.

Acknowledgements

Two of us (R.F. and L.M.) wish to thank Vincenzo Benza for stimulating discussions. One of us (R.F.) isvery
much thankful for the kind hospitality to the Weizmann Institute (Submicron Center) where part of this work has
been done under the EC contract No. HPRI-CT-1999-00069.

References

[1] M.B. Pogrehinskii, Fiz. Tekh. Poluprovodn. 11 (1977) 637, Sov. Phys. Semicond. 11 (1977) 372.
[2] PJ. Price, PhysicaB, C 117 (1983) 750.
[3] T.J. Gramila, J.P. Eisenstein, A.H. MacDonald, L.N. Pfeiffer, K.W. West, Phys. Rev. Lett. 66 (1991) 1216.
[4] A.-P. Jauho, H. Smith, Phys. Rev. B 47 (1993) 4420.
[5] A. Kamenev, Y. Oreg, Phys. Rev. B 52 (1995) 7516.
[6] K. Flensberg, B.Y.-K. Hu, A.-P. Jauho, J.M. Kinaret, Phys. Rev. B 52 (1995) 14761.
[7] H.C. Tso, PV. Vasilopulos, F.M. Peeters, Phys. Rev. Lett. 68 (1992) 2516.
[8] M. Bansager, K. Flensberg, B.Y.K. Hu, A.H. MacDonald, Phys. Rev. B 57 (1998) 7085.
[9] A.G. Rojo, G. Mahan, Phys. Rev. Lett. 68 (1992) 2075.
[10] A.G. Rojo, J. Phys.: Condens. Matter 11 (1999) R31-52.
[11] T. Holstein, R.E. Norton, P. Pincus, Phys. Rev. B 8 (1973) 2649.
[12] M.Yu. Reizer, Phys. Rev. B 44 (1991) 5476.
[13] Y.B. Kim, A. Furusaki, X.G. Wen, P. Lee, Phys. Rev. B 50 (1994) 17915.
[14] 1.V. Gornyi, A.G. Yashenkin, D.V. Khveshchenko, Phys. Rev. Lett. 83 (1999) 152.
[15] G.D. Mahan, Many-Particle Physics, Kluwer Academic/Plenum Publishers, New York, 2000, Chapters 2, 3.



