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Thermal and electrical currents in nanoscale electronic interferometers
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We theoretically study thermal transport in an electronic interferometer comprising a parallel circuit of two
guantum dots, each of which has a tunable single electronic state which are connected to two leads at different
temperature. As a result of quantum interference, the heat current through one of the dots is in the opposite
direction to the temperature gradient. An excess heat current flows through the other dot. Although locally, heat
flows from cold to hot, globally the second law of thermodynamics is not violated because the entropy current
associated with heat transfer through the whole device is still positive. The temperature gradient also induces
a circulating electrical current, which makes the interferometer magnetically polarized.
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I. INTRODUCTION controlled manner such as varying gate potentials. In the

. _ . . interferometer, electric current conservation does not require
Manipulation of quantum coherence and interference in gnat the total current, through the interferometer should be

controlla.ble manner is of special interest in nanoscale e_|ecgreater than the local current through each electron path. The

tron devices. The coherence of resonant electron tunnelingguantum interference of tunneling electrons results in a cir-

through a quantum d¢QD) has been demonstrated by using cylating electric current which can make the magnetic states
Aharonov-Bohm InterferenC%Moreover, such interference of the device be up-, non-, or down-po]arized_ It was recent|y

effects have enabled the realization of a phase sensitivghown that the magnetic polarization current exists at a finite
probe of the anomalous transmission phasgephasing pias between the lead$.

effects? and many-body correlation effe€t® quantum co-  To understand the circulating electric current in the inter-
herent transport through a QD. Very recently, a quantum inferometer, one may suppose that there is a pair of classical
terferometer based on two QDs has been fabricated and cofesistors in parallel as a naive classical analoge of the quan-

trol of coherent electron transport by varying gate voltages ofym interferometer. When the two resistors are denoted by
each ddt has been demonstrated. In such a double dot intefhe resistances @®; andR,, the local currents arg=V/R;

ferometer, theoretical studies have focused on the subjects ghd|,=V/R, at a finite biasv in the parallel classical circuit

resonant tunneling, co-tunneling} many-body correlation sych thati=1,+1,. Then the classical local currents should
effect? magnetic polarization curreff,and two-electron en- ot be greater than the total current and should not flow
tanglement in the context of quantum communicatfon. against the voltage bias. If one wants to define a circulating
Also, there has been considerable interest in thermal trangyrrent asly=(1;—1,)/2, even in the classical resistors in
port through nanoscale devicés*and possible “violation”  parallel one may find the existence of circulating current for
of the second law qf thermodynamics for small colloidal I, # 1,(R, # R,) without any quantum interference. Then one
systems over short time scaféssmall quantum systen®$,  eeqs to identify a circulating current carefully in a quantum
and nanoscale electric cw_cuﬂ‘!;. _ system. In our double dot interferometer with quantum inter-
In this paper, we consider the thermal transport induceqgrence effects, when one calculates the local currents
by a temperature gradient across a double dot interferometeplr(sl’SZ) and 1,(e1,&,) in a function of energy level posi-

(see Fig. 1. The thermal transport could be manipulated in &g of the dots without a temperature gradient, there exist

two distinct possibilities as follows:(i) For I(gq,e5)
>14(eq,89) and l(eq,e,)>15(g1,85), the local currents
through two dotd; andl, are individually less than the total
currentl, such thatl=I,+1,. In such a situation both local
currents through two dots flow in the direction of applied
bias. In this case, one does not assign any circulating current
on the closed path through the dots and the ledsFor
I(g1,85) <li(eq,89) Or l(eq,8,) <l,(g1,&5), as discussed in
Ref. 10, it turns out that a local current through one dot is
FIG. 1. (Color onling A quantum interferometer based on two larger than the total currert This implies that to conserve
guantum dots. Both dots are tunnel-coupled to the left and righth€ total current at the junctions, the local current through

leads. The tunneling amplitudes between the dots and the leads difee other dot should flow against the applied bias given by
denoted byl'; and T',. Each lead is described by an equilibrium the difference in the chemical potentials of the leads. This

Fermi-Dirac distribution with temperatur§ and Tk and electro-  local current is called negative currentin such a situation
chemical potentiaky andug. The energy level position in each dot one can make the interpretation that the negative current flow
is measured as; ande; relative to the Fermi energy in the leads. through one dot continues to flow through the closed path as

QD2
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a magnetic polarization current. Thus the magnitude of thé-eynman electron paths going through each dot that start at
magnetic polarization current is the same as that of the neg@ne lead and end at the other lead. The heat transfer from the
tive current. Therefore, the circulating current in the quanturread to one of the dots is then accompanied by electron dy-
interferometer is purely a quantum interference phenomenaiamics including a complex trajectory through the entire in-
In this study, the temperature difference between the lead®rferometer, as well as a direct tunneling to the dot. A simi-
can give rise to a circulating electric current without an ap-lar identification of local electric currents was made
plied bias. Furthermore, it is found that due to quantum in{previously'0.26:27
terference the heat current flows in the opposite direction to The Green function$;=<, can be expressed in terms of the
the temperature drop through one dot while the excess hedbt Green functions defined b)GJTJ., St=t)=—iat-t')
current flows through the other dot. The behaviors of thex({dj,,,(t),dfg(t’)}) and G]T U(t—t’):i<dj]r0(t),djTa(t’)>_28 As
local heat currents show the existence of a C|rculat|_ng heaé consequence, a generél expression of the heat current
current. We discuss the second law of thermodynamms_assairough a nanoscale electron interferometer is given by
ciated with the two unique thermal transport processes in the
interferometer.

. de
9=i3 f (e = Ty )] G of0) + (e (G (o)
II. MODEL jj'o

We start with a general model Hamiltonian - Gﬁ/v(,(«?))], (4)

= . + T-+ D T Non
" % Ml G az,jHa’J ;H’ doideh, (D where the tunnel couplings between the leads and the dots
are denoted by*jj,,azzw\/\/f“v]?",* with the density of states
of the lead. The Fermi-Dirac distribution functions of the
leads aref (¢)=f(e—u,), Where the chemical potentials are
HZ; = > [Vﬁjclgdja*' h.cl, L =—ur=eV/2 with applied biasv between the two leads.

U okeeaj Fori#j, the terms of the current describe the interference
between the electron waves through two dots. In the absence
3% one dot, i.e.Vi1=0 or V,,=0, only the current through
the other dot exists and any interference resulting from the
existence of the one dot disappears. Therefore, the expres-
and the dots. . , sion of the heat current is reduced to the heat current formula

The engrgy(nu_mber of electronsflowing mtolthe inter- i 4 single dot electronic device.
ferometer is defined as the ratezsofEchange in the energy o interferometer has the two electron pathways which
(number of electronsin the leada:™ 1,=-d{H,)/dt=(i/%)  gre allowed for electron transport from one lead to the other
X([Hq,H]D and 1,==d(N,)/dt=(i/h){[N,,H]), where H,  yja two dots not being coupled to each other directly. Elec-
=Sk afiChyCho aNd No=Zy, .Gl i, The heat current tron tunneling through the dots are manipulated by varying
flowing into the interferometer from the leadis defined by the gate voltages. The dots makes it possible to control a

9= E_ 4y | @) 'cohere'nt electron passing thrpggh the' two electrpn pathways
a o Paaw in the interferometer where it is required to satisfy current
where u,, is the electrochemical potential in the leadUs- conservation at the leads. The current conservation gives rise
ing the Keldysh  Green function Gk<0',j0(t_tl) to a circulating cur_rent on alcl_osed path _through the dot; and
Ei<djTa(tf)ck0(t)> which involves electron operators for the the leads? To clarify the origin of the circulating electric/
leads and for each dot, one writes the heat currents as  heat currents in the interferometer the intradot electron-
electron interaction is not taken into account in this study.
_ e - Then the level spacing in each dot is larger than the applied
I9=- 2 ﬂ(sk_“a)[vkylekmlv(s) +h.c] bias and temperature because electron transport through a
single level in the dots. Although intradot Coulomb interac-
-y E( _ )[V G-, (s)+h ] 3 tions are considered in the Coulomb blockade regime, the
=) 2mh £k T Ma)| Vi 2Bko, 208 -C- resonant transport could be well explained in the Hartree-
Fock mean-field level where the energy level of the dots can
The first(secondl line of Eq.(3) describes heat transfer from be described by a simple shift of the interaction parameter. In
the left lead to QD XAQD 2) or vice versa. Then each heat fact, we focus on studying the interference effects that are
transfer can be defined as a local heat current through eagitesent for near resonant transport and employ the resonant
dot, I3;. Thus the total heat current is the sum of the locallevel model to describe the dots=X;,;d,d;,, wheres,
heat currents through each do=13,+13,. The heat cur- ande, are the level energy in each dot, measured, relative to
rent is written in terms of the electron Green functioBs,,  the Fermi energy of the leads.
The G= Green’s functions contain all contributions of pos-  With the Keldysh technique for nonlinear current through
sible Feynman electron paths in the entire interferometetthe system, the local heat currents through each dot at the
The current is the total sum of all contributions of possiblelead « are given by®2°

where a(=L,R) and j(=1,2) are the indices of leads and
dots. The Hamiltoniansi,,,H}, and

respectively represent the leads, the interferometer, and tu
neling between the leads and the datg. and d;, are the
annihilation operators with spiar for electrons in the leads
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d8 0.6
Q — =2 (o= -
la,j_g f27Tﬁ(8 /*La)(fa(s) fa/(s))lzi(s)! (5) 04l
and similarly the local electric currents are obtained as - o2
-
& 00
de @
Ia,j = ez J ﬁ(fa(s) - fa’(s)),]](s)r (6) g -02
" ey —
. . . Al T em(05.08) — |
where the local transmission spectral functions are defined (€/TedDI=(-09,03)
by 7i(e)={I'"G|()I'’Gi(e)};; which is the jth diagonal 08 s o 00 o
component of the matrix transmission spectral function. keT/T
G! (e) is the matrix dot Green function defined in time space R £ the intert functi ;
aSGL-,YG_(t—t'):—i 0(t‘t’)<{djrg.(t),djTU(t’)}>. The matrix cou- G. 2. ermopower o the interferometer as a function o

temperature for different level positions of the dots/T",s,/T).

pling to the leads is described by The tunneling amplitudes are takenlasI';=I",. For both energy

I TT. levels of dots being abovdelow) the Fermi energy, the sign of the
It =rR= 1 Vi thermopower is negativgositive. The charge and heat are carried
\s“'l“lI‘2 I, mainly through the electrothole) channels. When the energy level

) ) of one dot is lying below the Fermi energy and that of the other is
The symmetric tunnel-coupling between the dots and theying above the Fermi energy, the sign of the thermopower is
leads will be assumed to be independent of energy. The mahanged as the temperature varies. Therefore, the main propagating
trix Green function of the dots is channels for charge and heat determine the sign of the ther-
J— mopower. The magnitude of the thermopower is of the order of
. . _1
8—81+|F1 |\"F1r2 )

kg/e=86.17uV/K.
G;(s>=( it . (m T
|\F1F2 €T & + |F2
. L(J) L(j) AV
From the relation,G%(s)=[G' (¢)]", the advanced Green ( ’): (13 (15 ( ) (12)
function can be obtained. Accordingly, the local transmission L71 L3/ \AT

;
spectral functions in terms of the total transmission functionthe thermoelectric coefficients associated with the local cur-

are given by rent through each dot are expressed La&%:ezﬁg),Lg{
Ty(e - &) :TL(lJ%:—eL;(l”, and L(zgzﬁ(z”lT, where the integrals are de-
Ti(e) = ———— — T(e), (8) fined asLY(T)=(2/h) [ de(~(df/3e))e"T;(e). According to
Tole~e) +Ty(e - 27 the current conservations, the thermoelectric coefficients
r have the relationsi'_mmng:TﬁLﬁ:ﬂ.
Tz 2o g, (©)

[y(e—e)) +Ti(e—e))
IIl. THERMOPOWER
The total current is the sum of current through each Hbdt, .
=12+12, which is just the current conservation. This leads to  The thermopower of the interferometer can be found by

the total transmission spectral function a&e)=7;(s)  Measuring the induced voltage drop across the interferometer

+T5(e) when the temperature difference between two leads is ap-
’ plied. For zero electric transport currert=0, the ther-
o) [To(e — &) +Ti(e — £y mopower is defined by the relation
g)= .
(e —e)%(e =8 +[Ip(e — &) + (e — &) ) AV Lis
(10) S=-1Ilm —| =—7. (13
AT—0 AT 1=0 L11

In the linear response regime, the transport electric/neah terms of the defined integrals, one can rewrite the ther-
currents are expanded up to the linear terma®&T ~-Tr  mopower, S=—(kg/€)(Lo/ksTL,) With the constantkg/e
andAV=V, -Vg. The electric currents and the heat currents~g86.17 4V/K. In Fig. 2, the characteristics of the ther-
are related to the chemical potential differena®/, and the mopower are shown to be dependent on the energy level
temperature difference)AT, by the thermoelectric coeffi- positions of the dots. The sign of the thermopower can indi-

cientsLyny, cate the main channel in transporting charge and heat. When
more transmission spectral weight lies in the electron chan-
< | ) _ (Lu |—12><AV) (11)  nel then in the hole channel, the charge and heat are carried

1Q Loy Lo/ \AT/’ by mainly electron channels. In this case the sign of the

o . _ ) thermopower is negative. In the opposite case, since charge
Similarly, with the local thermoelectric coefﬂmeri%m the  and heat transport through the hole channels is predominant,
local electric/heat currents in the linear response regime catie thermopower is positive. If the same amount of electron
be written as and heat are carried by each electron and hole channel, the
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sign of the electric/heat current is the same/opposite for elec- 80 ' ' T,/AT —
tron and hole channel. This results in the thermopower being 20} @ \ WA |
zero. As shown in Fig. 2, when the energy level of one dot is \
lying below the Fermi energy and that of the other dot is 4
lying above the Fermi energy, the sign of the thermopower is 00 }

changed as temperature increases.
-0} \ 1
\
IV. LOCAL ELECTRIC CURRENTS AND MAGNETIC 20} \.\ 1
POLARIZATION CURRENTS 30 )

10

Local currents [nA/K]

102 10™ 10° 10’
The requirement, that the electric transport current is zero, knTT
for the thermopower implies that the local electric currents a0 . . .
are required to ensutle=-I,. If these local currents exist for | e e
I=0, the local electric currents should circulate on the closed 20} e o T T
path through the leads and the dots. Then the interferometer -
can be magnetized by the circulating electric currents. One %
can define the circulating current as a magnetic polarization £
current!® I, =1,=-1, for 1=0. From Eq.(11), the magnetic g
polarization current is then expressed as =
[y = ICAT, (14 a0 ‘ RV
) 102 10" 10° 10°
kT

whereC=-S <11)+L(112):S (21)—L(122). This shows that the mag-
netic polarization current exists even when the electric trans- FIG. 3. (a) Local electric currents induced by a temperature
port current is zero because this magnetic polarization curgradient as a function of temperature. The dot energy levels are
rent is induced by the temperature gradient between the leadsken as(e;/T",&,/T)=(-0.9,0.3 for the tunneling amplituded;
due to the quantum interference. Figui@3hows that the =T';=T,. In contrast to the thermopowé&rompare Fig. £ the level
total sum of the local currents is always zero because thpositions taken in this plot do not affect the physics of the local
local electric currents are flowing along the opposite direccurrents but only change its amplitude and sign. Even when the
tion to each other, which implies the existence of the magtotal electric transport current is zefb=0), the nonvanishing local
netic polarization current. It should be noted that the direcelectric currents indicates the existence of the circulating electric
tion of the magnetic polarization current is reversed as th&urrent which makes the interferometer magnetically polarized. The
temperature increases. If one can define the local thefhagnetic polarization current is .then defined as t.he Ioca] cqrrent:
mopower as§=L{)/L}) the magnetic polarization current M='1="I2 for 1=0. (b) The ratio of the magnetic polarization
vanishes at a specific temperatu®, satisfying S(To)=  CUIents to the temperature gradieAt,, as a function of tempera-

. P . . ture. The magnitude of the magnetic polarization currents is of the
_SI(TO)' Itis also shown in Fig. &) that, by manlpula_tmg order ofnA for a temperature gradient of order 1 K.
the gate voltages of each dot, the magnetic polarization cur-
rent can be controlled. This implies that changing the energy
level positions of each dot, one can magnetize the interfer-
ometer by the magnetic polarization current induced by the
temperature gradient as up-, non-, and down-polarized. In
contrast to the measurement of the thermopower by means of
electron transport, to observe the magnetic polarization cur-

I\/ATInA/K]

rent, one can measure a magnetic field produced by the mag- I

netic polarization current by using a superconducting quan- 2

tum interference devic€SQUID). Recent measurements of a B

persistent current by using a SQUI®ef. 30 show that -15

magnitudes of the magnetic polarization current of the order ~ 5. 10
of nA should be experimentally observable for a temperature - - ; 0.0 g, T
gradient of order 0.+ 1 K. Suppose that the closed path 81/1-' 5 g0

taken by the circulating current is a circle whose arealis

=252<10°m? from an experiment of a double dot [ 4 (Color onling The ratio of the magnetic polarization
interferometef, the corresponding magnetic moment of OUr cyrrently=1,=-I, to the temperature gradietiT for 1=0 as a
interferometer to the magnetic polarization current is in theynction of the energy level positions of each det/T, e,/T) for
order of the Bohr magnetoryg. At T~1 K, the electron ,7=50x1072l. The tunneling amplitudes are taken BsT
coherence length reachég~1 um in a two-dimensional =T,. Note that by varying the energy level of each dot the interfer-
electron gas(2DEG) of a GaAs/AlGaAs heterostructure. ometer has a different magnetic state according to the direction of
Then to observe the magnetic polarization current, the wholéne magnetic polarization current.
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scale of the interferometer fabricated from GaAs/AlGaAs I&/AT[Z]"kB/h]
2DEG should not be in excess of the electron coherence

length. 0.10

0.05

V. HEAT CURRENTS 0.00

-0.05
The condition of an open circuil =0) to find the ther- -0.10 o
mopower can apply for a circulating heat current in the in- ] 5
terferometer. Under the conditioh=0, the local heat cur- ) TN . 00 &7

rents are rewritten as e,/T P 1010
2= KAT, (15)

FIG. 5. (Color onling The ratio of the circulating heat current to
the temperature gradiedfT as a function of the energy level posi-
'?ns of each dote,/T",e,/T") for I =0. The parameters are taken as
sT=5.0x1072' and'=I';=T",. The existence of the circulating
eat current indicates that while the local heat current through one
. dot can be greater than the total transport heat current through the
thrg“%‘ QD 1. One C,an geflge (t?he excess Currentgﬁs interferometer due to the quantum interference, the local heat cur-
=l =I%. From the relation *=I7+15, the local heat current rent through the other dot flows against the temperature gradient.

through the QD 2 should bg'=—-1g, The negative sign of  the current conservation requires that the local excess heat current
the local heat current through the QD 2 implies that the heagjrculate on the closed path in the interferometer.

current conservation requires a heat current flowing through
the QD 2 against the temperature gradient. According to the
second law of the thermodynamics, the entropy current de-

fined by 1°=12/T>0 should be greater than zero during  \we have investigated thermal transport in nanoscale inter-
thermoelectric process. If one can define a local entropy ferometers. The expression of the heat current for the inter-
current aslP=12/T, the local heat current flowing against ferometer has been derived based on the nonequilibrium
the temperature gradient means tat 0. However, for heat  Green's function technique. Controllable electronic states in
transfer through the entire interferometer, the heat curreniyo dots make it possible to manipulate the quantum inter-
conservation should make the second law of the thermodyference which causes a heat current in the opposite direction
namics preserved in heat transport through the entire inteo the temperature drop through one dot and an excess heat
ferometer. As a result, the excess heat transport through th&irrent through the other dot. The circulating electric current
QD 1 is compensated with the local heat current flowinginduced by a temperature gradient across the entire interfer-
against the temperature gradient through the QD 2. Like themeter is sufficiently large that it should be experimentally
magnetic polarization current, those thermoelectric processeshservable.

imply that there appears a circulating heat current on the Note added in proofAfter completion of this work, we
closed path between the dots and the leads in order to SatiSBécome aware of some related work by Moskalets concern-

the second law of the thermodynamics. Therefore, Ifdr ing a temperature-induced circulating electric current in a
> 19, the excess current can be defined as a circulating heghe-dimensional ballistic ringf:

current, 13 =13,.=-19. Similarly, for 1I2<1%, the circulating

heat current is determined. In Fig. 5, we display the circulat-

ing heat current as a function of the energy level positions of ACKNOWLEDGMENTS

each dot from the numerical calculation. It is shown that the

interference between the electron and hole channels produces This work was supported by the University of Queensland
the circulating heat current. and the Australian Research Council.

WhereKj:—SLgﬁ L(Z‘; Due to the quantum interference, the
local heat currents can be greater than the total heat curre
through the interferometer at a given energy level position%
of the dots. IfI$>19, there exists an excess heat current
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