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Thermal drag effect in quantum Hall circuits
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We study the thermal drag between two mesoscopic quantum Hall (QH) circuits. Each circuit consists of an
ohmic contact perfectly coupled to quantum Hall edge states. The drag is caused by strong capacitive coupling
between ohmic contacts. The nonequilibirum conditions and the electron-electron interaction are considered by
using the bosonization technique in the combination with the scattering theory or, equivalently, with the help of
the Langevin equations. The thermal drag current in the passive circuit, the noise power of the corresponding
heat current, and the Fano factor are calculated and analyzed for different coupling strengths.
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I. INTRODUCTION

The mutual electron drag effect is the phenomenon that
arises in a system of two isolated (in the absence of the trans-
fer of charge) quantum circuits coupled via the long-range
Coulomb interaction [1]. Typically, one is interested in the
so-called Coulomb drag effect, where the charge current in
the active part of the circuit causes the charge drag current
in the passive part of the circuit [2], and normally, this ef-
fect is perturbative and weak. The Coulomb drag effect in
various systems was thoroughly studied both experimentally
and theoretically [1]. It was further shown that the charge
drag current can also be mediated by the combined electron-
phonon, electron-photon, and electron-ion interactions [3-5].
All these effects must be differentiated from the thermal drag
effect, which can also be caused by the long-range Coulomb
interaction [6-9]. In this case, the flow of heat current in
the active circuit results in the heat current in the passive
circuit. Of particular interest is the thermal drag effect due
to the temperature difference between active and passive cir-
cuits. The effect of thermal drag was studied in the context
of quantum refrigerators and engines, heat diodes, and heat
pumps [10-15].

The recent progress in the fabrication of hybrid systems
that are based on chiral quantum Hall (QH) edge states made it
possible to do accurate mesoscopic experiments with strongly
interacting electron systems [16]. An interesting example of
such a system is a QH edge state perfectly coupled to an
ohmic contact, a mesoscale metallic granula with negligible
level spacing and finite charging energy comparable with the
temperature [17]. It is worth mentioning that such an ohmic
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contact immediately became a key element of experimental
and theoretical studies [16], remarkable examples being the
suppression of charge quantization caused by quantum and
thermal fluctuations [18,19], the heat Coulomb blockade ef-
fect [20-22], the interaction-induced recovery of the phase
coherence [23-25], the charge Kondo effect [26,27], the quan-
tization of the anyonic heat flow [28], and the observation of
the half-integer thermal Hall conductance [29,30].

In this letter, we propose a mesoscopic QH system with
embedded ohmic contacts, building up strong Coulomb inter-
actions, for studying the thermal drag effect (see Fig. 1). The
system consists of the active (upper) and passive (lower) quan-
tum circuits. Each circuit includes an ohmic contact perfectly
coupled to a chiral QH edge state: The edge state enters an
ohmic contact and leaves it without electron backscattering.
The thermal drag effect is caused by the capacitive coupling
between ohmic contacts of the active and passive circuits. The
temperature difference Ti,, — Tin.g > 0 is applied between
circuits which causes the temperature imbalance between con-
tacts and results in the thermal heat flow from the upper to the
lower part. We assume the full thermalization of the electron
systems inside ohmic contacts and find their temperatures for
the energy balance equations. In this letter, we focus on the
thermal drag current, its zero-frequency noise power, and the
associated Fano factor. The bosonization technique in com-
bination with the scattering theory for bosons allows us to
account for the strong interactions nonperturbatively. Recent
experimental studies of systems with one ohmic contact cou-
pled to edge channels [16-18,25-30] and with two coupled
ohmic contacts [31] demonstrate the experimental feasibility
of our proposal. The temperatures of the experiments have to
be compared with the charging energies of ohmic contacts. In
all these experiments, micron-sized ohmic contacts were used.
This is a sufficient condition for the strong interaction effects
to be observed.
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FIG. 1. Schematic of the possible experimental setup. The sys-
tems consists of two identical quantum circuits: upper (active) and
lower (passive) parts. Each part includes an ohmic contact (metallic
granula with capacitance C and negligible level spacing) which is
perfectly coupled to a chiral integer quantum Hall (QH) channel
(the channel enters an ohmic contact and leaves it without electron
backscattering). The incoming channels are kept at different tem-
peratures Ti,, — Tin.a > 0. The capacitive coupling between ohmic
contacts Q,Qq4/Cyq results in thermal drag effect: The upper meso-
scopic circuit induces extra heat current in the lower circuit in the
outgoing channel.

II. MODEL AND THEORETICAL APPROACH

We use the low-energy effective field theory [32,33] to de-
scribe QH edge states strongly coupled to the ohmic contacts.
The ohmic contact is modeled by extending an edge state in-
side the metallic granula and splitting it into two uncorrelated
channels [20,21]. The Hamiltonian of each quantum circuit
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FIG. 2. The model of an ohmic contact with the capacitive inter-
action is illustrated, see Eq. (1). The charge current ji, ,(¢) arriving
at the ohmic contact enters it at the interface at x = 0 and continues
as a neutral current jg, ,(t). The neutral current j; () arriving at
the interface from inside the ohmic contact continues as a charge
current jou o (f). To account for the negligible level spacing in the
ohmic contact, we extend edge states inside it to minus infinity and
introduce the small regularization parameter € in Eq. (1).

(o = u, d) contains two terms (see Fig. 2):
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where vp is the Fermi velocity, C is the capacitance of each
ohmic contact, Q, is an operator of the total charge accumu-
lated at each ohmic contact, and € is a small regularization
parameter. Here, the first term accounts for the dynamics of
incoming and outgoing edge channels, and the second term
describes the charging energy of an ohmic contact of a finite
size. The set of scalar fields ¢y, (x,t), where « = u, d and
o = &, are introduced in Eq. (1) to describe the low-energy
physics. The operators of edge charge densities and currents
for incoming 0 = — and outgoing ¢ = + states are given by
Pao = (1/2m)0,¢pye and j,o = —(1/27)0; 4. The bosonic
fields satisfy the standard canonical commutation relations:

[ax¢ao ()C, l), ¢a’a’(x/v t)] = 27”'05010/500’8()6 - X/), (2)

where d,, is the Kronecker delta, and 8(x) is the Dirac delta
function. It is worth mentioning that the model presented
above of an ohmic contact was successfully used to explained
the experiments on the charge quantization, heat Coulomb
blockade, and heat quantization of anyonic flow [18,22,25].

The total Hamiltonian of the system includes three terms
(see Fig. 1):

H = H, + Hq + Hyq, (3)

where the Hamiltonians of the active and passive circuit H,
are given in Eq. (1), while capacitive coupling between ohmic
contacts has the form:

Qu Qd

Hy =
¢ Cud

; “

where 1/C,q is the mutual capacitive coupling constant.

Using commutation relations in Eq. (2), the Hamiltonians
in Egs. (1) and (3), and the boundary conditions for the fields
in terms of incoming and outgoing currents 0; ¢y (—00, 1) =
_znjc,a(t)’ 8l¢ot+(ov 1) = _27Tjout,at([)’ al¢0t—(07 1) =
=27 jina(?), and 0,¢y—(—00,1) = =27 j5, ,(¢), one can
write and solve the equations of motion for the fields. Here,
Jin,a(t) is the incident charged current flowing toward the
ohmic contact «, the current j.o(¢) describes the neutral
mode that originates from the ohmic contact « and acquires
its temperature T o, the current j5, . (¢) is the outgoing
neutral mode propagating toward deep inside the ohmic
contact «, and finally, jou o (f) is the outgoing charged current
propagation from the ohmic contact « (see Fig. 2).

On one hand, the equations of motion for the currents and
the charges can be presented in a form of Langevin equa-
tions [19,21], namely,

8tQOt(t) = jin,ot([) - jOLll,Ct(t)a
Ou(t) + A0 4 (2)

jout,ot(t) + j(c)ul,a (t) = jin,oz (t) + jC,a([)9

Joura(t) = + Jea(?), &)
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where A = C/Cy < 1 is the dimensionless coupling constant,
7. = RyC is the charge relaxation time, Ry = 27175/e2 is the
resistance quantum, and the notation —« = d,u indicates
swapping the indexes o = u, d. Here, the first equation ex-
presses the conservation of charge in the circuit . The second
line is the Langevin equation, which has the simple mean-
ing: The outgoing current acquires one contribution [Q,(¢) +
AQ_y(t)]/7. from the time-dependent potential of an ohmic
contact o and the second contribution j. , that can be viewed
as a Langevin source. The third equation expresses the con-
servation of the total particle current separately in the upper
and lower circuits.

On the other hand, the equations of motion with open
boundary conditions can also be used to formulate the scatter-
ing theory and relate four outgoing and four incoming currents
with the unitary scattering matrix:

Jou(®) = U(@)Tin(w), (©6)

where Jout = (J.out,u’ Jout,d> j(c)m’ua ,].gu[’d)’ and Jin =
(Jinou» Jind» je.us je.d)- The scattering matrix in Eq. (6) has the
form:

A B ¢ -B
. B B ¢
dw=\¢ 5 4 | @

-B C B A

where A(w) = [iwt, + A2 — 11/[(wte +i)* + 1*], B(w) =
irote/[(wTe +i)* + A2], and C(w) = ot [wt. + i]/[(wT. +
i)? 4+ A2]. One can easily check the unitary It (w) = U(w) ™!,
which reflects the conservative character of the equations of
motion, before Langevin sources are traced out. It is also
worth mentioning that, at A = 0 or 1, one recovers the results
for the scattering matrix obtained in Refs. [19,21,24].

Next, let us recall that currents originating from ohmic
contacts are in equilibrium. Thus, the two-point correlation
functions of the incoming currents as well as the Langevin
sources are given by the equilibrium spectral function [34]:

(Jr.a(@)jrp(@)) = 27818up8(@ + IR St o (@), (8)

where S 4(w) = ow/[1 —exp(—w/T;4)], I,k =1in,c, and
o, B = u, d. These correlation functions are used for further
calculations. Note that the temperatures of ohmic contacts
T; y/q are yet to be found from the energy balance equations.

III. HEATING EFFECT AND THERMAL DRAG CURRENT

In a chiral QH channel, the energy current operator is
equal to the energy density operator multiplied by group ve-
locity J7.4(t) = (v?/47)[0x¢1.0(x, 1)]*. Using the equation of
motion for the bosonic field ¢;,(x,?), one can rewrite the
energy current as Jj (t) = (Rq/2)jl%a(t), where j; o(¢) are
given in Eqs. (5) and (6). The heat current can be obtained
by subtracting the vacuum (zero temperature) contribution:

= FHa) = lahe) ©)

For a ballistic equilibrium channel at the filling factor v =
1 and temperature 7, one uses the noise spectral func-
tion in Eq. (8) to arrive at the known result [21,35]: J =
TkiT?/12h = Jqg, where Jj is called the heat flux quantum.

Next, to find temperatures 7 , and T 4 in Eq. (8), we solve
self-consistently the energy balance equations, i.e., the con-
servation of incoming and outgoing heat currents at the ohmic
contacts (coupling to phonons, neglected here, can be con-
sidered as in Ref. [22,36]). These equations read Jeu = J5y >
Je,d = J5 4> Where the heat currents are defined in Eq. (9).
Using the relations between incoming and outgoing currents
in Eq. (6) and spectral noise functions from the Eq. (8), one
arrives at the system of coupled nonlinear equations for tem-
peratures of ohmic contacts:

nTc?u nT?

2 1;u+J§:ﬂ('\)+Ji§i(’\)+J§,‘im’

7Ty wTy
4= T B ) HIA )+ B ). (10)
12 12 in.d in,d ind

The functions on the right-hand side are given by

212, - L wlha) — T - 1O weTip)]

L0y = ,
Iy 12
6 ® dzzgi(z, A
IO a) = / “e@h) A an
(ma)y Jo exp(%)—1

where g a(z, 1) = |iz+ 2> = 11/|(z 4+ i)* + A%, gB(z, 2) =
2222 /|(z + i)* + A?)?, and z = wrt, is the dimensionless inte-
gration variable. Note that the solution of Eq. (10) must be an
even function of A since g;(z, —A) = gi(z, A).

We first concentrate on the limit of small temperatures
max{t.7; o} < 1. In the case of ultimately strong coupling
A =1, the system of equations simplifies, and to the leading
order, one obtains equal temperatures:

Tirzl,u —; Tir%,d ) (12)

This result has a simple physical meaning: At A = 1 and small
temperatures, two ohmic contacts merge into one, and the total
incoming heat flux JT(TH% ot THZl 4)/12 is equally distributed
between outgoing channels. In the case of weak coupling
A < 1, the equations in Eq. (10) can be expanded to include
corrections to the leading order in A:

2 2
Tc,u_Tc,d_

Tcé,‘u = Tiﬁ,u + 2)‘2(]}§,d - Ti?l,u)’
Ty =T+ 207 (T, — T )- (13)

In the opposite limit of large temperatures, min{z.7; o} >
1, one arrives at the result that holds for arbitrary values of A
in the interval from O to 1 [37]:

3)L2(Tin.d - Tin,u)

2 2
7-'C,ll = Tin,u 27_’:.[(:
302 (Tinw — T;
R (14)
C

This is because, at large temperatures, the interactions are
effectively weak for the arbitrary strength of coupling.

To investigate the thermal drag effect, we assume that the
lower circuit is passive and cold T;, ¢ = 0 and concentrate on
the most interesting limit of low temperatures t.7;, , < 1. In
the case of strong coupling A — 1, the temperatures of ohmic
contacts are equal [see Eq. (12)]; therefore, the total incoming
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heat flux Ji, v = Jo in the upper incoming channel with the
temperature Ti, , splits into two equal outgoing fluxes. Thus,
the thermal drag current in the lower circuit takes its maxi-
mum value of

Jin,u
5

Jouta = 15)

For small A < 1, the the thermal drag current acquires the
following form (see the Supplemental Material [37]):

8m2A? 2
(TcTin,u) Jin,us (16)

Jout,d =

i.e., it is suppressed by two small parameters A and t.7j, 4. In
what follows, we use Egs. (15) and (16) to calculate the Fano
factor of the thermal drag current noise.

IV. NOISE OF THERMAL DRAG CURRENT

The spectral density of heat current fluctuations at zero
frequency and the Fano factor of the heat current are defined
as

Sl,a
(Jl,a)

where 8J; (1) = J;.o(t) — (J1.o(¢)). We first consider an equi-
librium ballistic channel at the temperature T as a reference.
By substituting the operator of heat current from Eq. (9)
into Eq. (17) and applying Wick’s theorem, we arrive at the
following result (see the Supplemental Material [37]) [35]:

Sia = /dt<511,a(t)511.a(0)), Fro = ; 7)

S=2kTJp=8¢ and F =2kgT =Fy.  (18)

Thus, the upper incoming channel carries the heat current
noise Si,y, = S with the temperature Tj,,, and the Fano
factor is equal to Fy.

Next, using Egs. (6) and (7), after some algebra, we arrive
at the following expression:

d
Sua =Y / L St~ Mot g~ @S p (@), (19
lk
af

where §;,(w) are given in Eq. (8), and we introduced
Mg p(—o, ©) = my o (—0)my g(w)/2  with  my, y(@) =
IB@)I>,  mina(@) = [A@)]?,  mea(@)=|C(w)*, and
Meu(w) = Mmi y(w). This general result can be applied to
a number of physical situations. Below, we concentrate on the
noise of the thermal drag current in the most interesting limit
of Ting = 0 and 7.Tipw < 1 and in the regimes of strong and
weak coupling.

In the limit A =1, one can set mj,, = Mjpq = Mcy =
Meg = %, and the straightforward calculation gives (see the
Supplemental Material [37])

37

msin.u ) (20)

Soul,d =

where 7 ~ 2.5782. By using the expression for heat current
in the lower outgoing channel, Eq. (15), we obtain the Fano

factor of the thermal drag current:

Fout,d

~ 1.5673. 2D

in,u

In the limit of weak coupling A < 1, one obtains (see the
Supplemental Material [37])

3N
'Sout,d = T(Tcﬂn,u)zsin,m (22)

where K ~ 10. By using Eq. (16) for the heat current, one
obtains the Fano factor:

F
—‘d ~ 0.9498. (23)

in,u

The above result deserves an additional discussion. First,
we note that the Fano factor of the noise of the equilibrium
heat current can be estimated as a size of the typical fluctua-
tion of heat, which is of the order of the average heat current
times the correlation time. In equilibrium, the correlation time
of the heat current noise is of the order of 1/7 (the only avail-
able timescale). That is why the Fano factor of the equilibrium
heat current noise scales linearly with the temperature [see
Eq. (18)]. Therefore, it appears somewhat surprising, from
the first glance, that in the weak coupling regime A < 1, the
Fano factor of the thermal drag current is close to the one of
the incoming equilibrium channel with the temperature 7, ,,
despite the fact that the effective temperature of the thermal
drag current scales as )\rCTif’u, i.e., it is smaller by the di-
mensionless factor At Tiyy < 1. The explanation of this effect
lies in the fact that, in the weak coupling regime, the thermal
drag effect can be viewed as essentially a nonequilibrium
rare Poissonian process of the emission and reabsorption of
photons between the upper and lower parts of the circuit. In
this case, the Fano factor acquires the values of the order of the
average energy of transmitted photons, which is of the order
of the temperature of the incoming equilibrium channel.

To summarize, we have proposed and theoretically ana-
lyzed a strongly interacting mesoscopic electron system for
studying the thermal drag effect. The system that is based
on QH edge states perfectly coupled to ohmic contacts is
accessible to modern experiments. It consists of an active cir-
cuit, where the heat is generated, and a passive circuit, where
the heat flux is induced by nonlocal Coulomb interactions.
The model of the system is exactly integrable with the help
of the bosonization technique and the scattering theory for
bosons. We have calculated the thermal drag current, the cor-
responding zero frequency noise power, and the Fano factor
of the thermal noise. It has been shown that, depending on the
interaction strength, the Fano factor can be larger or smaller
than the Fano factor of the equilibrium ballistic channel.
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