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STRONG COUPLING QUANTUM
THERMODYNAMICS IN
ADIABATICALLY DRIVEN
ELECTRON SYSTEMS
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Experimental motivation:
Quantum capacitors and
single-particle emiters

G. Feve et al., Science 316, 1169 (2007)



RAPID COMMUNICATIONS

PHYSICAL REVIEW B 89, 161306(R) (2014)

Dynamical energy transfer in ac-driven quantum systems

Maria Florencia Ludovico,"” Jong Soo Lim,>?-* Michael Moskalets,* Liliana Arrachea,' and David S4dnchez*>
' Departamento de Fisica, FCEyN, Universidad de Buenos Aires and IFIBA, Pabellon I, Ciudad Universitaria,
1428 CABA, Argentina
2[nstituto de Fisica Interdisciplinar y Sistemas Complejos IFISC (UIB-CSIC), E-07122 Palma de Mallorca, Spain
3School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea
4Department of Metal and Semiconductor Physics, NTU “Kharkiv Polytechnic Institute,” 61002 Kharkiv, Ukraine
> Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA
(Received 21 November 2013; revised manuscript received 19 March 2014; published 21 April 2014)

We analyze the time-dependent energy and heat flows in a resonant level coupled to a fermionic continuum.
The level is periodically forced with an external power source that supplies energy into the system. Based on the
tunneling Hamiltonian approach and scattering theory, we discuss the different contributions to the total energy
flux. We then derive the appropriate expression for the dynamical dissipation, in accordance with the fundamental
principles of thermodynamics. Remarkably, we find that the dissipated heat can be expressed as a Joule law with
a universal resistance that is constant at all times.

DOI: 10.1103/PhysRevB.89.161306 PACS number(s): 73.23.—b, 72.10.Bg, 73.63.Kv, 44.10.+1



TUNNELING HAMILTONIAN MODEL

HT = Zk(wdeck +H.c.)

He =Y, exclex Hp(1) = eq(t)d'd
: — eq(t) = o +V,e cos(Q21)
H="Hc¢ +Hr + Hp(?), (1)
1 1

V.. cos St




CHARGE AND ENERGY DYNAMICS

dH
<—>— WC —I— WT

t) + Wrpl(t

Wﬂﬁwfﬁﬂ,\

“Energy
\_ reactance” /

Charge conservation:

Ic(t) + Ip(t)

)+ Wp(t) + P(t)

(

h

Wp(t) =0

= Ic+1Ip =0

= (1ol (P = (52)



EXACT EVALUATION OF FLUXES

. Scattering Matrix (also referred to a Landauer-Buttiker)

A. Stationary case:

Lectures by Markus Buttiker http://www.ffn.ub.es/~oleg/buttiker/scattering-theory.htm

Conductance from transmission : Scattering matrix

Heuristic discussion Fermi energy left contact p + eV

_ _ scattering state
Fermi energy right contact i,

v s |—T7 . o ika
‘ R~—— I applied voltage €V , W >ine= e 5

__ . —tkx r
- transmission probability 7T, (W >pep=re

— 1tk
reflection probability R , (W >ipq=te

scattering matrix

incident current Lin = evpQAp
density Ap = (dp/dE) eV ( b1 ) _ ( rot ) ( ai )
density of states dp/dE = (dp/dk) (dk/dE) = (1/27) (1/hvf) b2 o e
p— I, = (e/h)eV independent of material !! current conservation = S is a unitray matrix
I = (e/h)TeV = In the absence of a magnetic field S is an orthogonal matrix

62 /



. Scattering Matrix (SM)

PHYSICAL REVIEW B 66, 205320 (2002)

B.Time-pe I"iOdiC caSe. Floquet scattering theory of quantum pumps

M. Moskalets' and M. Bittiker?
'Department of Metal and Semiconductor Physics, National Technical University “Kharkov Polytechnical Institute,” Kharkov, Ukraine

2Département de Physique Théorique, Université de Geneve, CH-1211 Geneve 4, Switzerland
(Received 19 August 2002; published 26 November 2002)

~  ® Driving frequency

OUthIng Ea(E):E E SF,a,B(EaEn)CAZ,B(En) Incomlng
oy =)



ll. Baym-Kadanoff-Schwinger-Keldysh non-equilibrium
Green’s functions (GF)

H Haug and AP Jauho, Springer Solid-State Sciences 123 (1996)
A. Kamenev Les Houches notes: cond-mat/0412296

J. Rammer, Cambridge University Press (2007)
R.Van Leeuwen, N. E. Dahlen, G. Stefanucci, C.O.Almblach, U.Von Barth, Lecture
notes in Physics (chapter) Springer (2006)

Switched on Before %
U o
- aOR elh) = T:[eil()(_ﬁﬁiz)] |

Goal: evaluation of t-dependent values of observables

(O(t)) = Trlo(h)Om(t)] .

G(1,1) = —i{Te,[Ya(Dyh (1)),




ll. Non-equilibrium Green’s functions (GF) in systems
with periodic driving

Available online at www.sciencedirect.com

Floquet GF + master equatlons

Available online at www.sciencedirect.com

sclEncE@DlnEcT PHYSICS REPORTSJ@ ‘ SCIENCE@DIRECT® PHYSICS REPORTS
iSEVI Physics Reports 395 (2004) 1-157 P ELSEVIE Physics Reports 406 (2005) 379—-443
www.elsevier.com/locate/physrep www.elsevier.com/locate/physrep
Photon-assisted transport in semiconductor nanostructures Driven quantum transport on the nanoscale
Gloria Platero®, Ramon Aguado Sigmund Kohler*, Jorg Lehmann!, Peter Hinggi

Keldysh formalism in Floquet representation

PHYSICAL REVIEW B 72, 125349 (2005) PHYSICAL REVIEW B 75, 035319 (2007)

Green-function approach to transport phenomena in quantum pumps  Exact Green’s function renormalization approach to spectral properties of open quantum
systems driven by harmonically time-dependent fields

Liliana Arrachea
Liliana Arrachea

5 d(x) : / A & A :
Gfl’(t’t,) = _e—zw(t—t )Gfl’(t’ (1)), GR(Z‘, a)) == E g(k, (x))e_lkﬂot,

) T



SCHWINGER-KELDYSH GREEN'’S
FUNCTIONS AND SCATTERING MATRIX

Scattering Matrix

Approach to oS
N S G0N Keldysh Green function:

Quantum fransport Evaluates time-dependent mean
values of any observable in a non-
equilibrium system. In particular:

We(t) - Wp(t)

In addition: P(¢) n () - etc

No discrimination of
system and coupling.
Evaluates fluxes in
reservoirs.



RELATION BETWEEN SM AND GF
Stationary dc transport: Fisher and Lee, PRB 23,6851 (1981)

PHYSICAL REVIEW B 74, 245322 (2006)

Relation between scattering-matrix and Keldysh formalisms for quantum transport driven by
time-periodic fields

Liliana Arrachea'? and Michael Moskalets?

SF(em, En) = Omn — tI'G" (M — n,ey)

Floquet Scattering Matrix

G"(t,e) = > e "™¥G(n,e)

Steady state or t-dependent averages in ac driving:
Fluxes evaluated with SM coincide with fluxes in the reservoirs
evaluated with GF



SCATTERING MATRIX APPROACH

Model Hamiltonian in Ist quantization

Continuity equation

@tPE-l-V'V[A/E = SE.

op = UHU

—h4V4/2m + U(t,7)

@(h/élmz)[\lf*?-lvqf VU +D

Energy flux to the reservoir

= 3o [ asS 6 ) e ) — )



ENERGY FLUXES. SCHWINGER-KELDYSH
FORMALISM

Energy fluxes

2 DICE de’ e
e © e —ie(ti—=t)/h | ;o t T /_ < t )T
WC hRe{/ dtl o € [Zg ( : 1) f(€)€ e o g ( 3 1) PR 277

}

Wr(t) = 2Re{/ %@QWt,e)Ff(e)}.

WD — _5d(t)]C (t)/e.

Charge current
Io(t) = / deT [267 (4, ) £(e) + G<(£, )] }.
Green functions

GT(t, ;) e ddlie i) = ﬁe_ie(t_tl)/hg(ta e);
g<(t7 tl)

i(d(t1)d(t)), 7 27



GREEN’S FUNCTION vs SCATTERING
MATRIX IN TIME-DEPENDENT SYSTEMS

Different results in the time-dependent case!?

Energy flux in

continuum
]. reactance

@R s = et g

reservoir 2



HOW TO DEFINE THE HEAT CURRENT
FLOWING INTO THE RESERVOIR IN THE TIME
DOMAIN?

~

Q(t): We (t) — ulc (t)/e, Without ER,

not equal SM

?

Q(t) = Wg(t)—plc(t)/e  With ER, :
equal SM




FOCUS ON ADIABATIC REGIME

Period of driving fields much larger than any
characteristic time for the electrons in the quantum
dot 2 ! h

o= ﬁ > T N f
The energy h) is the lowest energy scale of the
system



CHECKING THE SECOND LAW

Slow driving regime: adiabatic expansion in powers of ()

h
G (t.) = Gj(t,€) + 5 D:D-Gr(t,€) + ..

Q Qz Gt (t,e) = [e — eqlt) +4T'/2]
Q) = QW) + QP (1)
R Instantaneous Joule law
Agreement with 2nd law!
QW ()= 0 QP (1) = RlIg’ ()
Buttiker

: R, = h/2¢?
resistance



T=0 Heat must flow into the reservoir

0.25 0.5 0.75 1.25 15
(Ic/€)? [1/h?] x10 7

Q=@ because W;=0



SUMMARY (1)

|. The following definition of the time-dependent
heat current flowing into the reservoir:

Ot) =Wet) + S Wr(t) — pnlc(t)/e

Can be expressed as instantaneous Joule law and
recovers the results obtained with Scattering matrix.

ll. Verified in:

PRL 114, 080602 (2015) RERYESIIENITRRRIENVERE SV IME IR 27 FEBRUARY 2015

S

Quantum Thermodynamics: A Nonequilibrium Green's Function Approach

Massimiliano Esposito
Complex Systems and Statistical Mechanics, Physics and Materials Research Unit, University of Luxembourg,
L-1511 Luxembourg, Luxembourg

Maicol A. Ochoa and Michael Galperin
Department of Chemistry & Biochemistry, University of California San Diego, La Jolla California 92093, USA
(Received 5 November 2014; revised manuscript received 22 December 2014; published 25 February 2015)

IV. No claims about reduced density matrix.



OTHER EFFECTS:
SEVERAL RESERVOIRS
FINITE TEMPERATURE

VOLTAGE BIAS



PHYSICAL REVIEW B 94, 035436 (2016)

Dynamics of energy transport and entropy production in ac-driven quantum electron systems

Maria Florencia Ludovico,? Michael Moskalets,®> David Sanchez,* and Liliana Arrachea'-?
'Departamento de Fisica, FCEyN, Universidad de Buenos Aires and IFIBA, Pabellon I, Ciudad Universitaria, 1428 CABA Argentina
2International Center for Advanced Studies, UNSAM, Campus Miguelete, 25 de Mayo y Francia, 1650 Buenos Aires, Argentina
3Department of Metal and Semiconductor Physics, NTU “Kharkiv Polytechnic Institute,” 61002 Kharkiv, Ukraine
Instituto de Fisica Interdisciplinar y Sistemas Complejos IFISC (UIB-CSIC), E-07122 Palma de Mallorca, Spain
(Received 13 April 2016; revised manuscript received 21 June 2016; published 21 July 2016)

We analyze the time-resolved energy transport and the entropy production in ac-driven quantum coherent
electron systems coupled to multiple reservoirs at finite temperature. At slow driving, we formulate the first
and second laws of thermodynamics valid at each instant of time. We identify heat fluxes flowing through the
different pieces of the device and emphasize the importance of the energy stored in the contact and central regions
for the second law of thermodynamics to be instantaneously satisfied. In addition, we discuss conservative and
dissipative contributions to the heat flux and to the entropy production as a function of time. We illustrate these
ideas with a simple model corresponding to a driven level coupled to two reservoirs with different chemical
potentials.

DOI: 10.1103/PhysRevB.94.035436

Review

Periodic Energy Transport and Entropy Production in
Quantum Electronics

Maria Florencia Ludovico !, Liliana Arrachea 1, Michael Moskalets 2 and David Sinchez 3*

1 International Center for Advanced Studies, UNSAM, Campus Miguelete, 25 de Mayo y Francia,

1650 Buenos Aires, Argentina; mfludovico@gmail.com (M.F.L.); lili.arrachea@gmail.com (L.A.)
Department of Metal and Semiconductor Physics, NTU “Kharkiv Polytechnic Institute”,
61002 Kharkiv, Ukraine; michael.moskalets@icloud.com

3 Instituto de Fisica Interdisciplinar y Sistemas Complejos IFISC (UTB-CSIC),

PeriodicEn
E-07122 Palma de Mallorca, Spain a nd Entro PY PrOdUCtiOn

*  Correspondence: david.sanchez@uib.es; Tel.: +34-971-25-9887 = =
in Quantum Electronics

Academic Editor: Ronnie Kosloff
Received: 4 October 2016; Accepted: 15 November 2016; Published: 23 November 2016
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FIG. 1. A single electronic level is coupled to two reservoirs
(fermionic baths) kept at the same temperature 7. The chemical
potentials of the left and right reservoirs are wu;, = and ug =
uw — o, respectively. The electronic level slowly evolves in time
with a periodic parameter V (¢), and hence after a completed period
the central part of the systems returns to its initial state.

Up

kT

Figure 1. Sketch of the system under consideration. A quantum conductor (described by the
Hamiltonian Hg), is coupled to two reservoirs (Hy and Hp) kept at the same temperature T, but
with different chemical potentials y; and pr. The conductor is also driven out of equilibrium by the
application of AC local power sources, which are all collected in the vector V(t). The Hamiltonians
representing the left and right contact regions are H.; and H,g, respectively.

H(t) S 7_(res ain HS(t) = 7_(cont-

Hres — Zoz Hoz

V)=V + 1) =WN1@),....Vu())

fh{cont — Zoz 77{coz
Hs(V(1))

Heo = Z (wka,lacl];adla —+ H.C.),
Kool



QUANTUM KINETICS
OF CHARGE AND ENERGY

Conservation laws
( )

eN)Y =IO+ )Y Ic=0 (1) Charge
o ‘J_
IE(t) = e(N,) = ©([H,N,])

.

( )

(H)y = [Ir@)+JL0]+ @) —F-V  (2) | Energy
" o Y,
JuE(t) — %([HaHvD Pac(t) =F. V
oH
F— —(_—
[ ) 4 ™ <8V>

Y VEO+IEO)+I§O =0 | Pu() = —(FO)

O y | J




Eq.(2) -[L/e Eq. (1):

F C IC
Y | 1E@) — e( ) L IEo |+ I - u Se(” - Pu(t) =0
I WA
el(t) — Z o 8:“04
Lo = U+ Ofhg
Subtract in both terms P,.(?) -
( - )
I¢ 1§
Z [Jf(t) — M« ae(t) | Jclgz(t)i| + J;‘E(t) — MU Se(t) Pac(t) e _Pac(t) — Pel(t)-
Y ) _

Q ot () Heat Power



Distribution of the total heat

(interpretation) ’b

: 16(1 IS (1
Qror(t) = Z [Jf(t) — U “e( ) | Jc’f;(t)] + JS () — 1 Se() P..(1)
f E C A f. . JC JE B
0utt) = JE@ + 72—y, 2D 05(1) = ()~ 12 4 Y7 2
- y - 2 y
Energy reactance Es(t) = (Hs) = J§ (1) — Pc(?)

(. : : R
Qu(t) = )~ O0olt) + Qs(1).

- « _




ENTROPY PRODUCTION

Qua(t) =)~ O0olt) + Qs(1).

04
- JE [ IC A . C E
Qu(t) = Jy (1) + CZ( D 1t G0y =T — Pty— S0 4 3 0
YCONSs 1 . cons 1 cons
. . . S = TQ (t) = _TP (t)
Stot il SCOHS(t) 4 Guon cons<t) 1
gnon cons (t) e T ?C())tn cons (t)
¥ . . N . ~
?(;)tn cons (t) — Z Qa (t) —|— ngn cons (t) réon cons (t) — QS(t) _l_ Ptcoqcns (t)
- - J § -




NET CONTRIBUTIONS

The energy reactance
does not contribute to
the net rate of heat
production. It is a
purely time-dependent
effect



EXAMPLE: ADIABATIC REGIME

He = e4(t)d'd,

\_SM = GF Y.

/Non-conservative hea)
flux in system

Exact results with GF

\_ J

/Non-conservative A
Power by external forces

Exact results with GF

eq(t) = eg + Vp cos(wt)

KL = KR =k —OU

| A

Q5 (1

2
/Total heat flux in ) 8.? 1‘2‘: r_ | |
reservoirs with energy e kT =005T, | | ()
AP I
reactance. e S -
Exact results with <
(0)

~1.6¢ !

12l6) = 126

0 [ . . . . . . . .
~0.4} ]
~0.8f .
-1.2} 1

! |

AT

0001 02 03, 04 05 @ 0:6 0 SN0t 1



SM=GF FOR HEAT CURRENT AT RESERVOIRS
EVALUATED WITH ENERGY REACTANCE

: ide E S
ol = 40 aE

Jea(1)

IS (1)

€

o

Fermi function

_Z/ et {zgll L)

[hw

&€— T o) (fu(e) — fale — lhw))

SM '~

GF [hw
T L (e B ) (fule) — fale — nheo))TpGy 1y (1 + e — o) Gy (6 - nhw}
. " =LR )
:
Qu(t)= T [ e+ 57 ) L Upleon) = Fae)Siplere-n)Saplen ),
~ y

¥ [ Semiete PO ) ¥ (fyle o) — ule)) Gy (6 = 110} g0 [FuTp + TaTpG 1+ e — ) |
In

B=L,R

................ = Qo (1)



SUMMARY (1)

The following definition of the time-dependent
heat current flowing into the reservoir:

Jeg () I; (1)
g o2 e

Can be expressed as instantaneous Joule law and

recovers the results obtained with Scattering matrix

in systems at any temperature, several reservoirs and
finite applied voltages .

Qu(t) = JE(t)

. At finite temperatures: Q. (¢) = Z 0,1+ Os(1).

Dot () = —Prgz =



COMMENT

In order to simplify calculations, a featureless density of
states for the reservoirs was assumed:I',,(g) ~ T

[" sets the typical time scale for the electrons in the
quantum dot.

Adiabatic regime implies 1" >> hAw

Featureless I', () ~ I' is a very reasonable assumption
for the adiabatic regime at low T.



EXPERIMENTAL
CONSEQUENCES OF THE
ENERGY REACTANCE!?



PHYSICAL REVIEW B 97, 041416(R) (2018)

Probing the energy reactance with adiabatically driven quantum dots

Maria Florencia Ludovico,"? Liliana Arrachea,>* Michael Moskalets,” and David Sanchez®
nternational Center for Advanced Studies, ECyT, Universidad Nacional de San Martin, Campus Miguelete,
25 de Mayo y Francia, 1650 Buenos Aires, Argentina
2The Abdus Salam International Centre for Theoretical Physics, Strada Costiera 11, I-34151 Trieste, Italy
3 International Center for Advanced Studies, UNSAM, Campus Miguelete, 25 de Mayo y Francia, 1650 Buenos Aires, Argentina
*Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitcit Berlin, 14195 Berlin, Germany
> Department of Metal and Semiconductor Physics, NTU “Kharkiv Polytechnic Institute,” 61002 Kharkiv, Ukraine
®Institute for Cross-Disciplinary Physics and Complex Systems IFISC (UIB-CSIC), E-07122 Palma de Mallorca, Spain

M (Received 23 August 2017; revised manuscript received 17 January 2018; published 31 January 2018)

The tunneling Hamiltonian describes a particle transfer from one region to another. Although there is no particle
storage in the tunneling region itself, it has an associated amount of energy. The corresponding energy flux was
named reactance since, such as an electrical reactance, it manifests itself in time-dependent transport only. We
show here that the existence of the energy reactance leads to the universal response of a mesoscopic thermometer,
a floating contact coupled to an adiabatically driven quantum dot.



PROPOSED SETUP

Fast-response ungrounded
reservoir.‘Instantaneous”
thermal and electrical local

equilibrium with g-dot

Quantum dot

I p with adiabatic
driving
g V cos(§2t)

Main reservoir



THERMOELECTRIC DYNAMICS
OF THE PROBE

J(1) = (N, Q) = (Opt,, 8T, hS2)

Assumptions:
*Linear response (small driving frequency)
*Fast response of the probe: chemical potential and

temperature adapt immediately to nullify charge and
heat current.

3
= > AOXi=0  i=12
=l



RESULTS

Solution:

2?21 Ain§- — e =

ARG = i

S, 193
- det A’
A A — A A
5! = 13/\21 11 23h£2,
det A’

Outcome depends on the adopted definition of the
t-dependent heat current flowing into the probe.



RESULTS

(a) Taking into account the energy reactance:

| e
0.(t) = U.(1) g(”

WEN(D). I, =T,

(b) Without taking into account the energy reactance

0.6

—4— kpT =80
—— kT =14T
{ —== kgT =20T

Oc(t) = Uct) — i N1). 2,

_0,6 T T T T T T T T T
00 0.1 02 03 04 05 06 07 08 09 1.0

tQ/2m




SUMMARY (111)

The energy reactance could be tested by
sensing the temperature of the probe.



FORCES AND POWER IN THE
ADIABATIC REGIME



PHYSICAL REVIEW B 93, 075136 (2016)

Adiabatic response and quantum thermoelectrics for ac-driven quantum systems

Maria Florencia Ludovico,"? Francesca Battista,'"? Felix von Oppen,’ and Liliana Arrachea'-?
1Departamento de Fisica, FCEyN, Universidad de Buenos Aires and IFIBA, Pabellon I, Ciudad Universitaria, 1428 CABA, Argentina
2International Center for Advanced Studies, UNSAM, Campus Miguelete, 25 de Mayo y Francia, 1650 Buenos Aires, Argentina
3Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitdit Berlin, 14195 Berlin, Germany
(Received 3 July 2015; revised manuscript received 27 January 2016; published 18 February 2016)

We generalize the theory of thermoelectrics to include coherent electron systems under adiabatic ac driving,
accounting for quantum pumping of charge and heat, as well as for the work exchanged between the electron
system and driving potentials. We derive the relevant response coefficients in the adiabatic regime and show
that they obey generalized Onsager reciprocity relations. We analyze the consequences of our generalized
thermoelectric framework for quantum motors, generators, heat engines, and heat pumps, characterizing them in
terms of efficiencies and figures of merit. We illustrate these concepts in a model for a quantum pump.

DOI: 10.1103/PhysRevB.93.075136






ADIABATIC RESPONSE

Time-periodic Hamiltonian with 7 = 2r/w

= H(V()) V(t) = Vit +T) = (V(t), Va(t),...)

Evolution operator for linear response in V (t)

U(t,to) ~ Texp{—iH,(t —to) —i [, dt'(t—t)F-V(t)}

- _ OH(t)
(Fore = F(0) =~ /
Generalized veloc@




Mean value of an observable

0(t) = (O): ~ i | dt(t - #)([O0). F&)|).V(®

to

= (O) + APT -V (1).

2 Evaluated with frozen ﬁt>

Linear response coefficient:

drrxOF (1) = slliino 0

/ e Im |x{* ()]

Equilibrium (Kubo-like) susceptibility:

xe” (t=t') = —ib(t—t")([O(t), F(t'):



Combining with usual Kubo treatment in o

Gnducta@ @mpinD
| o Age AST Ot
F F, Af : Af / V(t)
Born-O pen@ @n conserva@@mpat@

Onsager relations
AF(B) = A(-B) , A} (B)=sis;Al] (-B)
Aj'(B) = s;A}°(=B),

s; = +1 depending on parity under t-reversal



MOTORS/GENERATORS

a)
. I W =
- NL NR
=2 (Cycle)=
i u-ou

HEAT PUMPS/HEAT ENGINES oA
) = & rzul A
. fiw

0, L
S

T ==2(Cyclefa=-=|T-0T




PHYSICAL REVIEW B 95, 235117 (2017)

Nonlinear charge and energy dynamics of an adiabatically driven interacting quantum dot

Javier I. Romero,' Pablo Roura-Bas,” Armando A. Aligia,® and Liliana Arrachea'
International Center for Advanced Studies, ECyT-UNSAM, Campus Miguelete, 25 de Mayo y Francia, 1650 Buenos Aires, Argentina
2Dpto de Fisica, Centro Atémico Constituyentes, Comision Nacional de Energia Atomica, CONICET, 1650 Buenos Aires, Argentina

3Centro Atémico Bariloche and Instituto Balseiro, Comisién Nacional de Energia Atémica, CONICET, 8400 Bariloche, Argentina
(Received 6 October 2016; revised manuscript received 12 May 2017; published 8 June 2017)

Adiabatic Kubo formalism + Numerical
renormalization group

T Coulomb interaction
1 1
R C Hyo (1) = ; Ed.o(DNgs + U(HT — 5) ("l — 5),



PHYSICAL REVIEW B 98, 045404 (2018)

Anomalous Joule law in the adiabatic dynamics of a quantum dot in contact
with normal-metal and superconducting reservoirs

Liliana Arrachea'? and Rosa Lépez?
Unternational Center for Advanced Studies, Escuela de Ciencia y Tecnologia, Universidad Nacional de San Martin,
25 Avenida de Mayo y Francia, 1650 Buenos Aires, Argentina
2Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitcit Berlin, 14195 Berlin, Germany
3Institut de Fisica Interdisciplinaria i de Sistemes Complexos (CSIC-UIB), 07122 Palma de Mallorca, Spain

® (Received 9 April 2018; published 5 July 2018)
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Also in this system
the ER is necessary
to get the Joule law

J
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QTTS

Quantum Transport and he)nodynamics Society (/) "

https://qtts.ifisc.uib-csic.es

A network of scientists dedicated to understanding the thermodynamics of quantum systems and
quantum transport.

The theory of thermodynamics was the great success of 19th century physics. It has given enormous insight into how a machine
turns heat into power, whether the machine is a steam engine or a nuclear power station. Similarly, it tells us how power can be

used for refrigeration, from your household refrigerator to cooling circuits for superconducting MRI scanners in hospitals. It is a

theory which tells us that disorder called entropy is at the heart of most physical processes, and that this disorder increases with
time. This necessity that entropy increases with time is what ensures that heat cannot spontaneously flow from cold to hot, and

why chemical reactions in your body go in one direction rather than another.

However, the theory of thermodynamics was developed more than 100 years ago, before we knew much about the quantum
nature of small objects (electrons, atoms, molecules, etc); in particular that they can exhibit wave-particle duality, that they can be
in two different states at the same time (superposition) and can be entangled with other quantum particles far away. All of these
effects are described by the theory of quantum mechanics whose consequences are so far reaching that scientists have been
grappling with them since the theory was invented in 1925. Quantum transport is the theory of how such quantum objects flow
from one place to another, and how this flow is affected by wave-particle duality, superposition and entanglement. Most
commonly the quantum objects that flow are electrons in metals, semiconductors or superconductors, but they could also be
atoms in optical lattices.

The traditional theory of thermodynamics does not account for many of the above counter-intuitive quantum effects, so our aim
is to develop theories which do. This is crucial, because we are now designing and building proto-type thermodynamic machines
to turn heat into work (or vice versa), which can exhibit these quantum effects. Typically such machines consist of a few quantum
objects, or involve flows of a few particles at a time, which makes the effects of wave-particle duality, superposition and
entanglement very strong.

Our main objective is to better understand the laws of nature. More particularly, we aim to better understand what heat and
entropy mean for quantum objects, and to better understand how such objects thermalize. We also aim to understand what
guantum machines can be capable of, and what the laws of physics do not allow. At the same time, more practical goals include;

® Understanding how to measure heat flows and temperatures at the quantum scale.

e Using non-equilibrium thermodynamic measurements to tell us more about a quantum system that we are studying. For
example, using the thermoelectric response of a quantum system to learn more about it.

® Using ideas from quantum transport and quantum thermodynamics to devise more efficient thermoelectrics and
photovoltaics.



