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Partll.2

Theoretical description of energy transport in electronic molecular junctions:

From Green’s functions to Landauer formalism

i. Short premier to Green’s functions

ii. Meir-Wingreen formulation of transport and the Landauer formula
iii. conductance, thermopower and thermal conductivity

iv.  selected examples

v.  The open problem of TE fluctuations



i.  Short premier to Green’s functions

Note: we are talking about Fermions

(things with Bosons are slightly different, not by much)

Two “intuitive” Green’s functions:
G™ (X1, 15 X3, t2) = =LY (e, 8 )P T (3, £2))
G<(x1,ty; X3, t3) = —i(PT (3, t) P (%1, 1))
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Lets remember the retarded Green’s function formalism

(aim: calculate correlation functions at T=0 with a perturbation)

[ = —0 t ;O
\\ t P 4
‘¢0> p@/’[*\\\ /,’0,{\

Oféez‘/-\ RS - Pad /3\',\0(\
7 O Sa L ;(\'\)(\0
¥, (1))
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Unfortunately, out of equilibrium —the time symmetry | broken!

+00
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Keldysh’s formal solution: a branched time-contour

upper branch (+)

1_
oo (T
> — o0

lower branch (-)

W, Tle. e ()| w,)
(P W)

Gl.j(ta,t'ﬂ)z—i< . a, =+

G (t,t') G;(@r)
G (t,t') G, (1)
Keldish

G;(t,t') > ——> Keldish 2x2 space

equilibrium
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Relation between different Green’s functions:
G =G"-G =G +G
G'=G" -G =—G  +G

This makes possible to eliminate G , G~

a r <
and work only with G y G ) G

For free electrons:

1
w—E(k)Fin’

gi () = g (w) = 2mifi(w)d(w — E(k))

nye = (chcr) = (cf 0k (0)) = — [ dw g (w)

ICTP workshop: energy transport in low
dimenSional Systems Oct. 2012



Relation between different Green’s functions:

G =G"-G=-G"+G
G'=G"-G =—G " +G"

Dyson equations in the presence of interactions:

G =(I+GY |g*(I +2°G") +G'E°G"

ICTP workshop: energy transport in low
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So what does this have to do with transport ?

.7{ - ‘T{L -+ “]{R -+ }[M'I'}CL—M'I'}[R—M

‘?{L = ZEk C;'Lck'l,
Kk

Hp = Z Ey CII.R Ck,R
%

Hy = Z E, d;l;.dn + Hine

n
Hx-m = Z Vi’ S xdn
k
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YoLume 68, NUMBER 16 PHYSICAL REVIEW LETTERS 20 Arril, 1992

Landauver Formala for the Current thromgh an Inferacting Electron Region
Yigal Meir
Department af Physics. Massachusenis Institute of Technology, Cambridge, Massarfiusesls 021 39
and Deparvment of Physics, Universisy of California, Santa Barbara, California 92106

Med 5. Wingreen ™!

" .
] L —_ (n L ) — l [j'[., n L] Deparsmeni of Physics. Massechusetts Inssltute of Technology, Cambiridge, Massachusests 02139

(Receved 21 Jaguary 1993}

J__ Z (Vﬁu n<cI d >_V£*a n<dnc£a>)
h k.a €L

n

.;% y f - do 2 WhanGria @) = VienGiin(0)]
k.a € L V

n :kznnk

7= f deCtrilfi (" = fr (TG~ G}

+tr{(r- —rrfaG <}),
where F,";,,,, =2, L Pale) Vu‘,,(f) V:m (e)
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And if the coupling to the electrodes is (essentially) symmetric then:

] =% [ de[fy(€)-fz ()] THT(E" — 69)}

And for the non-interacting system

] =% [ delf,()-fa ()] TH{G°TRG" T} = [ defy (e)-fz ()]T(e)

Similarly

Jq = | delfi(e)-fa(©)l(e — 1)T(e)

ICTP workshop: energy transport in low
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(JJQ) - (rfs (ngs+ rc)) (ﬁ;{)

: AV AT
So by setting u gy = p eT, Ty =T % >

One immediately finds

G zVALV o = e’Ly
S=%7 =0 Ly1/(eTLyo)
Ke =% =0 (L2 _%)/T
With
of

1
Ly = J deT(e)(e — WP (—5,

ICTP workshop: energy transport in low
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Low-temperature limit:

2e?2
6=5T10),,

n2k3T dlog T(E) ‘
3e 0E €=

Key publications:

PHYSICAL REVIEW B 67. 241403(R) (2003)

Thermoelectric effect in molecular electronics

Magnus Paulsson™ and Supriyo Datta’
Purdue University, School Of Electrical & Computer Engineering, 1285 Electrical Engineering Building,
West Lafaveite, Indiana 47907-1285, USA
(Received 27 January 2003; published 26 June 2003)

PHYSICAL REVIEW B 72, 165426 {2003)

Thermoelectric effect in molecular junctions: A tool for revealing transport mechanisms

Dvira Segal
Department of Chemical Physics, Weizmann Instifute of Science, 76100 Rehovot, Israel
(Received 20 April 2005: revised 1\1&11135\/{\:/13 lslﬁceived 21 June 200§:i Iwbliﬁhed 26 October 2003)
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Conductance and transmission for the single-resonant level

H = J{L + J{R + J{M'I'J{L_M'I'J{R_M
HL_ZEkaLCkL ﬂR_ZEkaRCkR }fM—ZE d'l'

Hy-m = Z kn Ck.xd—n

|

S =3 +3p, Iy =—ilx = —i 5) peh Y

Since the molecule is non-interacting:
Gp(w) = gn(w)+gn(w)ZGp(w)

or

G (W)=([gh ()] +2)~t=—

w_En_ir

ICTP workshop: energy transport in low
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PHYSICAL REVIEW B 78. 161406(R) (2008)

Optimal thermoelectric figure of merit of a molecular junction

Padraig Murphy.,' Subroto Mukerjee."? and Joel Moore'-?

2t
I=- f dE[T,(E) + T(E)A)(E) - fo(E)],

=2

,.:I

1 Ll
I5= p j dE(E — w)[TH(E) + T|(E)ILfL(E) - fR(E)].

TL(R}:F;[H} [ (kgT),

r,I, I

T, (E)=—"— :
].—| F2+(E_Ed)2

Y= r/ (_RBT}_- 52_(-‘5-‘.:r— )/ (_r"iﬁT)-_

ln'. -
[=— 'f YR (3, 8)eV + F (7. 0)kgAT].
y
YewT 0.015¢
I = }H IR T (3.8)eV + Fy(7.O)ksAT. |
Y § oot}
| 51 0.005 t
ZT=——""—+ O3
y4 cosh™(8/2) Ot
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Microwave-mediated heat transport in a
quantum dot attached to leads

Feng Chi! and Yonatan Dubi2?

! College of Engineering, Bohai University, Jinzhou 121013, People’s Republic of China
2 Sackler School of Physics and Astronomy. Tel Aviv University, Tel Aviv 69978, Isracl
* Landa Laboratories, 3 Pekeris Street, Rehovot 76702, Israel

H(t) = Z Ek,ﬁ(t)ﬂ;ggﬂkﬁg + ZEd(tJdea +
k.o,3 o

+ Udldid]d, + Y (Vaachs,do +He), (1)
k,o.g
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H(t) = ) e (D)0} 5y Craer + Y ea(t)dld, + Udldpdldy + ) (Vsachs,dy +Hee),
;C,G',_.B a k,ﬂ',lﬁ

(z;) - %FEL_E‘?R Z/dE ( E_i Er ) X [fL(E)Im(ALJ(E, t)) — fR(E)Iﬂl(ARJ(E?ﬁD],

h

Ags(e, t) = f deyGL (1, t1) exp [ —ie(t; —1) —1i

—xd

Aﬁ(r)clf]

{

Gl (t,f)=—i0(t—1) {(1 —ns)

t
X exp (—if eq(t)dT — g(] —né)(r_r’))
t

I
+ nz exp (—if [eq(T) + Uldt — gﬂc?(f - fr})]
r." i
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NEGF+DFT

e Use DFT to calculate the Green’s functions

e Use Green’s function to calculate T(E) via Landauer formula Use

e T(E)to calculate thermopower

(b) 16° .
I
I
.
S l
a ;
= :
E 10? :
'_
IN'-‘
I
[P B BT | 1 L
3 3 -1 ] 1 2 3
E - Er (eV)
Quek et al

ACS Nano 2011 5 (1), 551-55

<
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Does this:

—
Bt L BLn
[T = = T =
T T T T

.
o o
L] L]

L

L 1

L

0

Thermoelectric voltage, V  (pV) &
=)
I

3

& 9

12

Temperature difference, AT (K)

b)p°

o

=

e 107

=]

@

£ 0t

L]

5

~10*f -k,

Il 1 1 1
-4 -3 -2 -1 0 1
E-E, (eV)

Explain this:
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16 MARCH 2007 WVOL 315 SCIENCE

Thermoelectricity in
Molecular Junctions

Extremely impressive experiment !!
Analysis based on Landauer Formula:
www.sclencemag.org

e not at the low T limit

* not necessarily in Linear response

Pramod Reddy,™ Sung-Yeon Jang,>**t Rachel A. Segalman,>??t Arun Majumdar™>“t

2

"y
Q
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Analysis of thermopower fluctuations with Landauer:

Count (AL)

0 100 200 300 400 500 600
V(nV)

R AT~0k Il AT=5K [ ]JAT=10K
[ AT=16k [ AT~20K [ AT=~28K

What should be fluctuationsin E,, to give these
two values of S?

g2 [2 E, - E, +0E
G = One finds:
h (En—EF)Z + I'2
o) 0F 0
§= Zn'zk%T (E, —Ep) ['~0.3 eV, E,,~3¢€V, E....,z_zey'F ~70%

3¢ [Z2+ (E, — Ep)?
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Analysis of thermopower fluctuations with Landauer:

S = 2n2kET  (En —Ep)
3¢ TI'2+(Ep —Ep)?

Taking E,, to be a (Gaussian) random number, | obtain the distribution

[CAT=0k [_JAT=10K

I AT=5k [ AT=16K

I AT=20K

o
z
0O 100 200 300 400 500 g
V (V) 3
0 1000 2000 3000 4000 5000

AV [uV]
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Intermediate Summary : The NEGF and the Landauer formula
straight-forward derivation

“Easy” to implement

Incompatible with Density Functional Theory:
Use of KS orbitals to calculate transmission
A zero temperature calculation
Does not include fluctuations (of any kind)
fully coherent

implies huge energy fluctuations

post-dicts wrong thermo-voltage distribution



An open Quantum System Approach

Alternative route : Open Quantum System approach

Main Differences from NEGF:
* Finite system
e Open System (compatible with TD-DFT, non-equilibrium)

e Dynamical system (time dependent effects, interactions)



An open Quantum System Approach

Starting point — Many-Body Stochastic Schrodinger Eq.:

0¥ (r,0) =—iH ()P (r,t) =LV VP (r,e)+V 1) (r,1)

A

function System Environment (temperature(s))
(geometry,

interactions :
) [D1 Ventra & D’agosta,

PRL 98, 226403 (2007)]

For derivation from microscopic theory:
Gaspard & Nagaoka, Non-Markovian stochastic Schrodinger equation,
Journal of Chemical Physics 111 (1999) 5676-5690



An open Quantum System Approach

Starting point — Many-Body Stochastic Schrodinger Eq.:

0¥ (r,0) =—iH ()P (r,t) =LV VP (r,e)+V 1) (r,1)

A

function System Environment (temperature(s))
(geometry,
interactions)

This equation :
* Conserves norm on average

* Hamiltonian and V-operators can be interacting and time-dependent

ICTP workshop: energy transport in low
dimensional systems Oct. 2012
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An open Quantum System Approach

Starting point — Many-Body Stochastic Schrodinger Eq.:

0¥ (r,0) =—iH ()P (r,t) =LV VP (r,e)+V 1) (r,1)
To show norm conservation (and derive the Master equation)
VAV)dt+V 1) de]P(r, )
VAVt +V AW (r, ¢)

dw(r,t) =[-(GH () -
=[-(H (1) -
dW ~dt

And Ito chain rule:

d(Y D) =(d¥)D+Y(dD) + dVYdD

N~ N



An open Quantum System Approach

dP(r,t) =[-GH () -1VV)dt +V dW]P(r, 1)
d(W*¥)~ — V+Vdt + VY dW aw’)

and so

d(W* W)~ — V*Vdt + V+V(dW dw')=0

ICTP workshop: energy transport in low
dimensional systems Oct. 2012
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An open Quantum System Approach

Starting point — Many-Body Stochastic Schrodinger Eq.:

0¥ (r,0) =—iH ()P (r,t) =LV VP (r,e)+V 1) (r,1)

A

function System Environment (temperature(s))
(geometry,
interactions)

This equation :
* Conserves norm on average

* Hamiltonian and V-operators can be interacting and time-dependent

ICTP workshop: energy transport in low
dimensional systems Oct. 2012
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An open Quantum System Approach

New Ingredients: 0. W(r,t) =—iH @)W (r,t) =1V VE(r,))+V I(t)P(r,1)

1. V-operators : describe the relation between environment and system

2. xc — functionals for open systems

Local relaxation from leads

—

aim: find “reasonable” V-Operators to study the open system owut of equilibrinm

ICTP workshop: energy transport in low

dimensional systems Oct. 2012 34



An open Quantum System Approach

Step 1: from the many-body wave function to the "
density matrix: P = |SU (t)><SU (¢) |

Hamiltonian term

/ Relaxation term
(environment)

/5MB =—I [7'{1 /5MB] + LﬁMB

Lo, = Vo V=XV p [Huang & Huang
Prts Z( Pl =2V P }) Chinese J. Phys. 42 (3) 221 (2004) ]

Environment taken in the Markov approximation

[T. Prosen et. al, arXiv:1204.1321,
arXiv:1205.1167]

Non-interacting electrons

* constant number of electrons (canonical ensemble)

N,log N,

o is the full Many-Body density matrix — scalesas ~ e

Even without interactions — a formidable task!

35



An open Quantum System Approach

Step 2: from the many-body density matrix to a single-particle density matrix:

p= Zpkk-\ KK pu=Trleie.p) [Pershin, Dubi & Di Ventra,
“ PRB 78, 054302 (2008)]
n.=py, Tr(p)=N,

Ansatz : <A> TI’ ApMB Z TI’( ) Need to be

determined

ﬁ(i) — _i[q.(1ﬁ(i)]+‘£(i)ﬁ(i)

L0950 = A0 W) ~HED V.Y
k#k'
We have : An effective single particle (matrix) equation
We need to :

Solve a set of matrix equation — The matrix size scales as ~N !

36




An open Quantum System Approach

;T —i[H, pl+ Lo

o N

function System Environment
(geometry,
interactions)
- . (LR) _ .
P = Tr(c,cepu) Ve = \/7/kk' fD (gk) ‘ k><k
Lo=—3YV, p}+VpV* L

fD(gk) —
exp(g" A J+1
T

*Reminder: this is also the strategy for DFT

** hutin DFT — onIy ground-state ICTP workshop: energy transport in low 37
dimensional systems Oct. 2012



An open Quantum System Approach

Comparison between full Many-Body and Single-Particle equations:

Example 1 — driven system at T=0

= —tZ(ez”i¢/¢°c ¢, +hc. ) Z V.(t)c/c
E = E,(xcos(awt) +Yysin(at))

ngci') =7 /o (€,)0, 11— 5kk')| k><k'

J = %e<ci+ci+l o hC>
[Pershin, Dubi & Di Ventra,

(b) many-body calculation 1 0.02 4 (b) / {\"“ {\ i PRB 78, 054302 (2008]
0.4 - i = = ssingle-electron scheme | 7| ] ‘.‘\\ ‘.‘ ! . Ml ﬂ fﬂ!
4 t b . " - ] | A S T S "‘.‘ P
N AT AT AR A
—_ 1t a\:l Iﬂ. Ill ';1 IJ,'n }"h ].Ir ?Ii‘ Ik H! Tlm TL b = _/’f‘\- J'I I i ! ] [ t H 1 f
Z 00 Ia"+| nt &) r}. AP bl i fsd B0 N f v oy vl ]
s IRWRYREWEYEYYR OE 00 Li i
. LU S G A S S N R ) NN~ YR A O S Y B ] " 1
goft T H T i' b oY FRRVERVERY \/
— 1 4 w10 -~ 1 \ ‘\J’ \/
~ 04 { - ’ | ””lml 0.02- \u’ U V V]
1 q"-'g 0% ] many-body calculation
-0.6 4 e’ aood l -0.03 1 = = single-electron scheme
08 ] Tuncfarbunm) o o 10 20 30 40 50
o0 200 40 60 80 100 Time (arb.units) .
Time (arb.units) ICTP workshop: energy transport in low

dimensional systems Oct. 2012 38



An open Quantum System Approach

Comparison between full Many-Body and Single-Particle equations:

Example 2 — Linear chain with two temperatures

ﬁ =—i[H, ﬁ] T LLIB T LRﬁ

T T T T T T T T T T T T T T T T T T T T T T T T T IJJ
1.0 = e
S |~ F15

‘l“-‘-'_-q— —= — .
j— ] ] {}.E o e e e s e s s ]
H=- E L 1D o
L (.6 [ ——— many-body calculation .
My — e e STl E-prrticle calculation
04T

Vi = ]k

(L,R)

750 =7 [drly, () 1y ()]

L,R

H 910
& &
(L.R) _ 1 aosp
/o (e) = / \
gk -_ ﬂL R [ i 1 1 1 h
eXp ’ +1 ICTP workshop: energy transport in low : o 15 39
L,R dimensional systems Oct. 2012 X



Thermo-electric effects in a Nano Junction

SO ST T
2999999 3333999
T, QIIIIII CCCCCCCC I Tq
QI I
QI QI
DIIIIIII I
p=—ilH,pl+ L p+Lzp
Geometry Temperature Temperature
Interactions From Left From Right
DFT Open Quantum System (0QS)
ground state finite T
equilibrium non-equilibrium
extended by TD-DFT extends TD-DFT
first Principles phenomenological parameter

additional computational cost

ICTP workshop: energy transport in low
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Thermo-electric effects in a Nano Junction

L xL. =28x27
’ T 9000

I I
~a =" 2333399 3333339
n ~0.45 (slightly below half -filling) T, 3333333 eeeeoe 3333333 Tq
T
T, =RT € gate
0.020f ﬂ 70 Landa:uer resonant Ie:veI:
0.015/ L, & ” {\ WA |\
0.010; Eﬁi\} “
S ® g |-|o|\ic—)tz * LUMO
0.005¢ 1.0 00l -
P95 4,000 , 0,003
—0.005¢ 0.0002¢
S
—0.010; 0.0001
- N g ? DOS 0.0000
—0.0001/VM
—-0.0002¢ ‘ ‘
4 -2 0 2 4
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n ~ 0.45 (slightly below half - filling)

L, xL, 6 =20x19
L,=2
gL=g;=01
T, =RT
200¢
100¢
X
>5 0
A
—100¢
—200¢

Thermo-electric effects in a Nano Junction

:%
T,

1

eecece
gate

of the HOMO to the chemical potential. We also show that when the

000y ] coupling of the molecule with one of the electrodes is reduced, the
g: m electrical conductance of junctions decreases dramatically, whereas
g=100mv the thermopower remains relatively invariant. Further, we show that
g=1C)mV 1

Tan, Dunitz, Reddy et al.,
L JACS 133, 8838 (2011 )
0 1 2
€gate
ICTP workshop: energy transport in low 42
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Thermo-electric effects in a Nano Junction

Non-homogeneous T-dependence
(coherent tunneling Vs. thermal activation)

S —

50 150 250 350

Temperature (K)

‘ ‘ ‘ ] D. Nozaki et al., PRB 81, 235406 (2010)
50 100 150 200
T [K]

- = I
=) o (=}

edl_, [meV]

o

100 200 1 K] 300 40
a

ICTP workshop: energy transport in low

dimensional systems Oct. 2012 2 Sl [PRE 723, 155048 (208,



Thermo-electric effects in a Nano Junction

Fluctuations in an atomic wire:

1.0
100
> 0.5
- =
§ = 0.0
5 50’ m
17

(V\M 0.5

0 W

5 6 7 8 9 10 11 12 13 14 15
L

Increasing piezovoltage

S (uV/K)

0 2 4 6 8 10 12 1

G (2€°/h)
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Thermo-electric effects in a Nano Junction

L,xL, =20x19 DIIIII DIIIIII
) . QIIIII QIIIIII
n ~ 0.45 (slightly below half - filling) QIIIIID I
T, QI €@ €@ €@ €@ I Tq
g =g;,=01 DONNEE N QI
1T 333, |, 3333\
L~ ggate J O-gate | AT=0K
I AT=5K
ol =2K, o, =0.2eV — ]
I AT=~20K
I AT=~28K

Count (AU)

—_— AT=0 3.x10-9 A
. 2. x10°°) d
—_— AT=S <
1.x 109
— AT=10 s % N
0

] Y

—2.x1079
-4 -2 0
E 0 100 200 300 400 500 60
V(nV)

counts

counts

Conclusion:
LDOS fluctuations at molecule-electrode interface N AN A
are esse ntial 0 0.00001 0.00002 0.00003 0.00004
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Thermo-electric effects in a Nano Junction

Effect of disorder - an open question

Effect of interaction?

Landauer’s formula:
Opposite prediction

S[V/K]

0.000015¢

0.

S [uV/K]

T

€ee€eCeCCoeloee®

000010

o |

W [eV]
0.006}
7.45%x 1075
0.004}
7.4% 1078 S
~
0.002; disordered
7.35x107%t
ot ‘ ‘ ‘
‘ ‘ ‘ -15 -05 0.0 0.5 1.0
0.0 0.2 0.4 0.6 0.8 EleV] 46

W [eV]
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Energy transport in electronic
nano- and molecular junctions

() Yonatan Dubi ~

!i -A"'é-.a-
100 Ben-Gurion University of the Negev '
BGU |sraeL

ol e B - :-_Ih 3 _; ! '_':'T:.'_"i.!q;?‘-

- 15 = b o
Wi s e
; mi_ Wai_ £E -'-!rnmfuiwmllm., e I




0¥ (r,0) =—iH ()P (r,t) -1V VP (r,e)+V 1) (r,1)

Joo ]

function System Environment (temperature(s))
(geometry,

interactions)

Equivalent to:

/5MB =i [7'{1 /5MB] + LﬁMB

LﬁMB = Z (I/iléMBI/iJr - %{VZJFVZ , /5MB})

l

If the bath is Ohmic and Markovian we have intuition into its operation:

Y, .1 AE!E!E'
Vickr = ykk'(r)ltpk)(tpk’ll -,_r:!,‘; X exp (_ kgT )



In the non-interacting limit: a mapping to single-particle
p=—ilH, p]l+Lp

/Skk' =Tr(c;,c,py)
Lp= —%{V+V, oYy+Vol™

ng-_’R) = \/7/kk' /o (Ek)‘k><k"

SL,R

70 = [ty () 1w () 15 e =
exp[ E ﬂL’R}rl



L, xL, =28x27 —

L,=4
n ~ 0.45 (slightly below half - filling) T,
g =g,=01
T, =RT
L]
0.020}
0.015}
L3
0.010}
§ g
0.005} Le E
DOS
0.000 A
~0.005} /\/\l\JV "
-0.010}
LR
-4 -2 0 2 4
E
455’_/\4’/\ 0 100 200 300 400 500 60
0 0.00001 0.06002 0.06003 0.06004;\/ V (j.l.. V)

V [eV] 50
aimensional systems UCt. ZUlZ



Local temperature in a Nano Junction

How to calculate temperature locally? Same way as it is measured!

QP9 QI
QI QI
QPIIIII QI

T, QIIIIII CCCCCOCC 999999 Tx
QPIIIII QI
QI QP9
QI QI

f'):—i[w,f)]wLmLRf)

* Scan Ty,

e T(r)is Tiip for which local properties are the same in the absence of tip

* No heat flowing between the sample and the tip
51



Local temperature in a Nano Junction

Is this method any good?
Test : a two level quantum dot

* calculate occupation via rate equations
* Sequential tunneling approx.

Polt) Wi — W Wor W polt)
plt) | = Wi ~Wa 0 p1(t)
palt) Wap 0 Wy pa(t)

I'I"rn(ll = Z I‘I-"—::O = Z -‘.14/[1 - fy[“-n]]s

!/:L.R J/:L.R
I'{"an, = § -H—I!{n, = E (fufu {EH)? n= 1‘ 2
r=L,R vr=L,R

15t way to define T4 :

P9 Ae
- = C}:p —_
1 Tos
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dimensional systems Oct. 2012



Local temperature in a Nano Junction

20d ay to define T :

1. Include an additional tip with temperature T,

(1}_1) _ hde) = fele) + fipler) 23— frle) — fnlea) — fuple)
P1/ip 3 Juler) — frler) — fupler)  fule2) + frie2) + frip(e2)

2. Make sure the tip doesn’t change anything

(pj) P2 _
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Local temperature in a Nano Junction

e Small g — lower temperature better
coupled to wire

2000000 2000000
2000000 2000000
. 2000000 39999990
- i MBS o e
* ntermediate g — remperature
2000000 3000000 er g P
90000000 T 0000000 oscillations

tip

e Large g — Uniform Temperature

O

g

I T.=1

L=L=5
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J. B. J. Fourier /
(1768 — 1830) / \
Energy current Thermal Temp. gradient
conductivity

~200 years later. ..

FOURIER LAW: A CHALLENGE TO THEORISTS

F. BONELTQ I L LEBOWILE L. HEY-BELLET

1 g nig Wt
ntire meid w, the et o
vl fur hoth Haids and crystal

Il

slivady iz the mmbvimcapic seale, with & sa Inirins

isfuctiviny. This Inw B

<, when the temperafure viriss
!

prupaT iy wihich depemils oanly
w the sywtem's equilibium pansmet ers, o as the loeal tempensture and density
H ] FoE STl s

®t preant po rigoerons mathemat icd decivason of Foisrier s e

fo o Boha's Borneneln for &, benalving bntegenls over sl lSbrboms tin
correlativas, fur any sysem [or meded) with a detenministic, eg. Huniltoninm

[Bonetto, Lebowitz & Rey-Bellet, ” , . ”
Mathenatical Physics 2000 You want proof? I’ll give you proof!

(Imperial College, LLondon, 2000)]



Reconstructing Fourier’s law from disorder

Breakdown of Fourier’s law in

ballistic quantum wires

[Dubi & D1 Ventra,
Nano letters 9, 97 (2009 )]
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Reconstructing Fourier’s law from disorder

H = _Z,: /1001 +Z eli)il, & €N[O,W]

1.0 X [Dubi & Di Ventra,
I PRB 79, 115415 (2009)]
0.8
0.6
T [1]
0.4
0.2_-
OO-I|||||||I|||I|||||||I|||I|||I||
0 20 40 60 80 100 120 140 10
position
P(s)
Fouriet’s law 1s reconstructed by disorder 20
y
(it seems to fit the onset of “Quantum Chaos”) 0 & ——
0.00 002 004 0.06 0.08
S
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Reconstructing Fourier’s law from disorder

Local heat current and thermal conductivity

A B

4x0°F

610 ° |
j [#]
8x0 ° 1l
0 20 40 60 80 100 120 140 0.0 0.1 0.2 0.3 0.4 0.5
position w (1]
K _ ]Iocal
local —
VT;ocal
J
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Role of disorder

Energy distribution function :

o .
o VW 0.015 (Master equation
08 k- B, 0.010 +diagonal disorder)
"31 flocaI(E)
‘ 0.005
Y
06 l\\ 0.000
I 0.015
fE) | 1 W=05
o | Y 0.010
' ‘b flocaI(E) 0.005
I“r 0.000
02 r G 20 -15 -10 -05 0.0
— 1 nli‘lgit
f(E)=%(/.(E)+ f(E)) T ¢
oo b o oo U g
-9 -1 0 1 2

E
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Insight from a simple model [Dubsi and Di Ventra,
PRE 79, 042101 (2009)]

Assumptions :

1. T, and T fixed

Sr. Tz

g

2. Local equilibrium —

3. Weak coupling

“definition” of T: M:exp("Ekk'} vk K
14 T

Step 1: only §; and §,
Wil = Z ik, I'{"rﬁiiu—ﬁ;grig_—l k!

S T, S, ST e ke bz

% k1= s, l
ko= "‘/‘v\,\,‘ k"
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Insight from a simple model

5[_- IL SR- T?.

=]

L
Step 2: considering S; and S, S,... S, Wk(i)k 4 Wk( —>)k

W

—>k

W

—k'

Step 3: considering full system with §; and Sy =~ VVk( T

(n)
Definition of T : Wi —kok axp 4By vk, K
(n) kT | ’
k'=k' B

N

— - T(x)-T,
T=T,+1; eI 6T o
1 1
=T + ol ,¢=(N logy)

o ltexp(x/ &)




Insight from a simple model

T =T, + 1 6T
1+exp(x/<&)

1.0[

—_— 0.1

-
-
-
o=
=

0gf
T(x)-T, ﬂ.ﬁ; T [{]
or i
04r
02f -
ﬂﬂ: T B T | O,O-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
-1.0 -0.5 0.0 05 10 0 20 40 60 80 100 120 140
X position
Interpretation :

emergence of the length-scale £ on which a local temperature exists

(if dephasing is included, L, replaces & and we get the classical Foutiers law :

Q:Q+JLM3NJ:5¢
Neﬂ Lw
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SUMMARY:

Experiments of thermo-electricity in molecular junctions are

certainly achievements and contain several mysteries

A

0 -~ OO o

ADVANCED WORKSHOP ON ENERGY
TRANSPORT IN LOW-DIMENSIONAL
SYSTEMS: Achievements and Mysteries

15 - 24 October 2012
(ICTP, Miramare, Trieste, Italy)

Currant
Au 5TM Tip (Cold) Amplifier

Count (a.u.)

Au Substrale (Hot) Voltage ~

Amplifier

HS—@—SH BOT

-500 -400 -300 -200 -100

— Voltage, AV (V)
OO o
rgy transport in low

dimensional systems Oct. 2012
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SU M M ARY ADVANCED WORKSHOP ON ENERGY
* TRANSPORT IN LOW-DIMENSIONAL
SYSTEMS: Achievements and Mysteries

15 - 24 October 2012
(ICTP, Miramare, Trieste, Italy)

Experiments of thermo-electricity in molecular junctions are
certainly achievements and contain several mysteries

Conventional methods (rate equations, NEGF) seem to miss

something...
[aT=0k [ JAT=10K
[ AT=sk [T AT=18K
I AT=20K
.
4(2
0 100 200 300 400 500 E
V (V) 3
P ’J"\J
0 ) IOIOO 2{)'00 3OIOO 40I00 SOIOO
AV [uV]
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SU M M ARY ADVANCED WORKSHOP ON ENERGY
* TRANSPORT IN LOW-DIMENSIONAL
SYSTEMS: Achievements and Mysteries

15 - 24 October 2012
(ICTP, Miramare, Trieste, Italy)

Experiments of thermo-electricity in molecular junctions are
certainly achievements and contain several mysteries

Conventional methods (rate equations, NEGF) seem to miss

something

‘Open Quantum systems’ is a good approach to study TE in

molecular junctions A

111
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SU M M ARY ADVANCED WORKSHOP ON ENERGY
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SYSTEMS: Achievements and Mysteries
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(ICTP, Miramare, Trieste, Italy)

Experiments of thermo-electricity in molecular junctions are
certainly achievements and contain several mysteries

Conventional methods (rate equations, NEGF) seem to miss

something

‘Open Quantum systems’ is a good approach to study TE in

molecular junctions }« =

And it can be used for other things too (e.g. local T) MO
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ADVANCED WORKSHOP ON ENERGY
TRANSPORT IN LOW-DIMENSIONAL
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Open questions:

e Origin of fluctuations in molecular junctions
 Phonon effects? Correlation effects?

e Combining DFT in a good way

e |sthere a roadmap for increasing S ?

ICTP workshop: energy transport in low
dimensional systems Oct. 2012
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