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Motivation

How does the interaction influence
the thermoelectric properties?

G(T,V)= o Electric Conductance
oV AT=0

K(T,V) = 88A—JT Thermal Conductance
I=0

P\
OV

TGTV
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Motivation

PHYSICAL REVIEW B 92, 115402 (2015)

Time-dependent heat flow in interacting quantum conductors

Guillem Rossells,? Rosa Lépez,> and Jong Soo Lim?
Unstitut fiir Theorie der Statistischen Physik, RWTH Aachen University, D-52056 Aachen, Germany
and J-Future Information Technologies, Aachen, Germany
2Institut de Fisica Interdisciplinaria i de Sistemes Complexos IFISC (CSIC-UIB), E-07122 Palma de Mallorca, Spain
3School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea
(Received 12 November 2014; revised manuscript received 21 July 2015; published 4 September 2015)

We derive the frequency-resolved heat current expression in the linear-response regime for a setup composed
of a reservoir, an interacting central site, and a tunneling barrier under the action of a time-dependent electrical
signal. We exploit the frequency parity properties of response functions to obtain the heat current expression for
interacting quantum conductors. Importantly, the corresponding heat formula, valid for arbitrary ac frequencies,
can describe photon-assisted heat transport. In particular, we analyze the heat transfer for an interacting multilevel
conductor (a carbon nanotube quantum dot) coupled to a single reservoir. We show that the electrothermal
admittance can reverse its sign by properly tuning the ac frequency.

DOI: 10.1103/PhysRevB.92.115402 PACS number(s): 72.10.Bg, 72.15.Jf, 73.63.Kv



Motivation

PHYSICAL REVIEW LETTERS 121, 206801 (2018)

Thermoelectric Characterization of the Kondo Resonance in Nanowire Quantum Dots

Artis Svilans,  Martin Josefsson, Adam M. Burke, Sofia Fahlvik, Claes Thelander,

Heiner Linke, and Martin Leijnse‘:‘
Division of Solid State Physics and NanoLund, Lund University, Box 118, S-221 00 Lund, Sweden

®| (Received 19 July 2018; published 16 November 2018)

We experimentally verify hitherto untested theoretical predictions about the thermoelectric properties of
Kondo correlated quantum dots (QDs). The specific conditions required for this study are obtained by using
QDs epitaxially grown in nanowires, combined with a recently developed method for controlling and
measuring temperature differences at the nanoscale. This makes it possible to obtain data of very high
quality both below and above the Kondo temperature, and allows a quantitative comparison with theoretical
predictions. Specifically, we verify that Kondo correlations can induce a polarity change of the
thermoelectric current, which can be reversed either by increasing the temperature or by applying a
magnetic field.

DOIL 10.1103/PhysRevLett.121.206801



NEGF (Closed System)

Consider the system.......

A~

- N

o(z) = [ dx ORI + 5 [ drix (18 )1 1)d0)00)

7

N Y
One-body Two-body
(interacting)

G(1,1) = =i (Ty(1)$' (1))

0

Mon-equilibrium Green's Junction
Contains information about single particle

quantities such as density, momentum distribution,
density-of-states, currents.

Legend: 1 = (x1,21), x = (r,0), z €7

to t1
'
= —>
to ey ’i'Tz t2 T
Y
to = iTl
to — i

Fig. 1 The Keldysh-Schwinger contour 7
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NEGF (Closed System)

The dynamics of the 1p-negf is described by

GO, 1) = g(1,1') +z’/did§ (1, 1)o(1,2)Ga (1,2, 1, 27)
—— h 2\
Non-interacting 2p-negf
(Hartree-Fock)

Ga(1,2,3,4) = (=) (T () (2)9" (4)91(3)
A

Dyson Zquakion o i, i}
Is the formal solution for the equation of the 1p-negf. < ==
The latter is part of a set of integro-differential to — iTs t2 T
equations (Martin-Schwinger hierarchy). v

to e iTl

to — i

Fig. 1 The Keldysh-Schwinger contour 7
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NEGF (Closed System)

Truncation of the hierarchy (many body perturbation theory):
i/dév(i,é)02(i,é,1xé+) _ /d?Z(I,?)G(Q,l’)

Qolf-=naron o _ o _
Gely-snergy DE revisited G(1,1') :g(l,l’)+/d1d2 9(1,1)%(1,2)G(2,1')

Contains only necessary information

about the two-body interaction C]
——=—1

i ? L S Hartree-Fock
(; Conserving Approximation
¥(G,v) 04 e T g §+ % 2" Born Self consistent solution of DE

D e
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NEGF (Open System)

Now consider...
N
g( 3 Ao(z) + Ha(2)

a=1

Ho(2) = /dxlw (1) ha(1)ha(1 Hr(z) = /dx1 W(l)Ta(l)@&a(l) +h.c.}

How to include the effect of the external baths ?

=mbhaedding selj-energy
Sem(1,1') ZT (1)ga(1,1)Ta(1) -

It is a correction to the atomic levels of
the system due to the presence of
coupling with the baths

DE revisited v2  G(1,1') = g(1,1') + / d1d2 g(1,T)[2(1,2) + S (1,2)]G(2. 1)

Time-dependent MW expression for energy current

NW Talarico



Energy-Current

The energy-current through the interacting region is..... J(z) = i(ﬁc(z» — Z‘<[ﬁ[(z), I:IC(Z)D

Lengthy algebra

J(z) =) [2Re {/dxlh(l)T*(1+)GCO‘(1, 1+)} + 2Re {z‘/dxldivu, 1)T*(i+)G§-CCO‘(i, 11T, I+)H

« /
1p and 2p mixed Green’s functions

Gca(Ll/) — _Z.< ! (1/)> chca(1>27374> - (_2)2<7—7¢(1)

N
=,
~—~
)—L
N——
<
Q
<,
~—~
[\
N——
<,
Q —+
—~
W
SN——
<,
__I—
VS
(O%)
N—
~~—"

Using the S-matrix expansionin the int. picture of the tunneling Hamiltonian and 'Nick's Theorem for
the bath-operators

GC(1,1) :/le(l,l)T(l)ga(l,l’) G$9C%(1,2,3,4) :/d1G2(1,2,3,1)T(1)ga(1,4)
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Energy-Current

J(z) = Z[zRe{/dx1d1h(1)a(1,1)za(1,1+)} +2Re{-@/dx1d1dzv(1,1)G2(1,1,2,1+)za(2,m}]

«

Recall the MBPT assumption for the 2p-negf and self-energy.....

J(z) = Z[QR@ {/dxldldQ (h(1)5(1, 1) + 2(1, 1))G(1,2)Ea(2,1+)}]

o

Time- dL.DU'\(\U'\ Meair-'Ningreen

AXPression Jor energy curreny X X X X
First term: the transport of the single-particle energy. = = aE o S
Second term: transport of the energy stored in the S

particle-particle interaction

NW Talarico Time-dependent MW expression for energy current



Energy-Current

On the conservation of energy.......

Conservation o energy g i : o
The sum of the currents that flow into the baths has to be equal : - .
to the time derivative of the total energy of the interacting = o w
system
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Applications (Gingle trepurity Anderson Model)

“Examples are like cans of over-strength lager.
One is both too many and never enough.”

H=Y e,did, + Udldrdd, + > (cake + pa)Clyylake — g Y (Cakodl + h.c.)

a,ko a,ko
- NG DN %
~ ~ N
System 2-Terminals o = L, R Hybridization
U charging energy Fermionic reservoir in local T — |g|2
thermodynamic equilibrium
Vg =€+ U/2 gate voltage T T

fa(gk) = [1 —+ e(gk_ﬂa)/kBTa]—l -
:LL — ,LLL —_ 'LLR e 0
AT =T, -Tr#0

Flat density of states (WBLA)

TL TH
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Applications (HiAM)

Strong Coulomb correlations

Within the GW approximation it is
possible to explore Kondo correlation U/ ['>1
QJJects

T < Tk x V2I'Uexple(e + U)/(2T'U )]

Kondo temperature

ilibri tral functi R A
(spectral properties of the system)  “1(W) = 1[G (w) — GT(w)]
r=13
U=0 g1 U=2 U=3 U=4 Aw)T

6 6
-6-4-20 2 46 -6-4-20 2 46 -6-4-202 46 -6-4-202 46 -6-4-20 2 4 6
W
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Results (H1AM)

. ) ) Guarantees that the macroscopic
GW conserving approximation > conservation laws are satisfied and

automatically built into the MBPT

Weak coupling

de /dt () — d€/dt
' 0 6 6
_ 4
25 4 :
-50 |
~75 =2 2
- | b -10.0 "y 0
0 2040 60 80 | —125 0 20 40 60 80 | —125 0 20 40 60 80
-8t ¢ vy =204 dE/dt vy =396 dE/dt
: —— v, =204 (2 —_—— oy =3.96  J(t)
0 50 100 150 200 250 300
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Results (H1AM)

Strong coupling

J(®) de ) dt J(t) — d&/dt
6 0.5 1
4
5 0.4
0 0.3

-2

-4

0.2 |

. _6 ‘ _6 0.1
6 ‘ -6 -6 PR
0123456 0123456 0123456

-5 t ]
vg=1.08 d&/dt vg = 4.56 dE/dt
—6f —_— v, =108 (%) —_—— vy =456 T(t)

0 5 10 15 20
t
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Results (H1AM)

Comparison with standard results.......

B - . t — o0 (s) _ o,
Z.(2) = 2Re {/dx1d1 G(l,l)Za(l,lﬂ} . 7)) = /dwF(w)[fa(w) fa(w)]A(w)
Ta(z) = 2Re{/dx1d1d2 (h(l)é(l,l) +z<1,1))0(1,2)2a(2,1+)} T = /dwF(w)(w — 1) [fa(w) = fa(w)]A(w)
Time-dependent expressions for the T(w) = I'p(w)Pr(w)

particle and energy currents from MBPT - Tp(w) +Trw)

Time-independent steady-state values of
the particle and energy currents:
Meir-Wingreen formula

NW Talarico Time-dependent MW expression for energy current



Results (H1AM)

Weak coupling

() (S)
IL jL

0.02 10.020
0i01 10.015

0.00 s -
10.010

—0.01 _
10.005

~0.02 _
#8855 { 0.000
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Results (H1AM)

Strong coupling

A

l0.012
0.010

{0.010
0.005 i
10.008

0.000

| 0.006
—0.005 ] 0.004

—0.010 _ 0.002

10.000

NW Talarico Time-dependent MW expression for energy current




Results

Why does this happen??

Hr(z total energy balance
N dz dz< (=) equation

Jul2) = 2Re {/dxldidi (h(1)5(1, 1)+ (1, i))G(i, %)% (2, 1+)} T = /dwF(w)(w ) [fal@) — fa(@)]Aw)
The derivation of “MW” formula for the

energy current doesn’t take into account
the tunneling Hamiltonian

lim 7.(t) =757 > Hr -0 neak coupling regime

NW Talarico
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Summary and Conclusion

@ We've derived a time-dependent expression for the energy-
current within the NEGF and MBPT

e We've seen that, if computed from a conserving self-energy
approx., the energy-current is a conserved quantity at any time

® We can now explore regimes (strong coupling and correlations)
where the standard techniques fail to capture some physical
features

® We can characterize extensively the thermoelectric properties in
such regimes
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S-Matrix Expansion

Interaction picture of the tunneling Hamiltonian Hr(z) = /dX1 ['&T(DTa(l)@;a(l) + h.c.}
. . _ _ . [ee) o k B 3 B _
Geoa(l, 1) = —i <Tv¢(1)¢2(1’)> = —i <7W(1)¢L(1’)S> S-matrix 5= 2 ( kf!) /del- --/ydzkHT(l) . Hp(k)
2 (—4)F ~ ~ - Wicl'e =
Gea(1,1) =Y —i <th5(1)1/3£(1’)2 ( ];,) //dildxl (w(i)T(i)%(i) +h-c.> o /dikHT(k:)> _ 'Nick's Theorem for
o k=0 77 g the bath-operators

0o i Lk o - ~ o ~ -
dz1dx, Z %(—z) <7‘7¢a(1)¢1¥(1’)> T(1) <T71/1(1)1N(1) X - X LdeHT(k)> + (remaining k — 1 terms)

A.-P. Jauho, N.S. Wingreen and Y. Meir, Phys. Rev. B 50, 5528 (1994)
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Results (H1AM)

. ) ) Guarantees that the macroscopic
GW conserving approximation > conservation laws are satisfied and

automatically built into the MBPT

Weak coupling

0_ : re——
; de /dt T(t) — dE/dt
_2| - 6 0 6 .
[ y A ' 4 ' 25 4 1
—Al 4 2 2
4_ ; j - 0 =2 g ~ 3
: T 5 ~32 -75 -2
-6, e oo 4 3
_8-_ 0 20 40 60 8 —-12.5 0 20 40 60 80 —-12.5 0 20 40 60 80 1 ]
[ t
: vg =2.04 dE/dt vy =3.96 dE/dt
—10¢} _—— =204 J(2) —_—— v, =396 J(t)
0 50 100 150 200 250 300

t
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Results (H1AM)

Strong coupling

d& /dt J(t) — dE/dt
6 0 6 04
n _» 4
9 9 0.3
0 -4 0 0.2
—i 6 —i 0.1
- ‘ -8 -6 0
0123456 0123456
. vy =1.08 dE/dt vy =4.56 dE/dt ]
7L —_— vy =108  J(2) — v, =4.56 T (t)
0 5 10 15 20
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