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Abstract: Recently, we developed a user friendly scheme based on the quantum kinetic equation for studying thermal transport phenomena in the
presence of interactions and disorder . This scheme is suitable for both a systematic perturbative calculation as well as a general anaysis. We
believe that this method presents an adequate alternative to the Kubo formula, which for thermal transport is rather cumbersome. We have applied
this approach in the study of the Nernst signal in superconducting films above the critical temperature. We showed that the strong Nernst signal
observed in amorphous superconducting films, far above Tc, is caused by the fluctuations of the superconducting order parameter. We demonstrated
a striking agreement between our theoretical calculations and the experimental data at various temperatures and magnetic fields. My talk will
include a general description of the quantum kinetic approach, but mainly | will concentrate on the Nernst effect in superconducting films. | will use
this example to discuss some subtle issues in the theoretical study of thermal phenomena that we encountered while calculating the Nernst
coefficient. In particular, | will explain how the Nernst theorem (the third law of thermodynamics) imposes a strict constraint on the magnitude of
the Nernst effect.
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The Nernst signal

Nernst Effect- High Tc Materials

| g ,
: = V =
-V T B

Y. Wang, et a/ 2005
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Usually explained by Pairing must Disappearance of phase
the existence of mm)p <rvive above mmmp coherence at T, although
vortices. . the gap is still finite

Anderson, 2007
Raghu, et al, 2008 ‘
Mukerjee and Huse 2004 -
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Nernst Effect - Conventional

Superconductors B,
The Nernst signal

/)

The strong Nernst signal above Tc can
not be explained by the vortex-like V =
fluctuations. =V 1B
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0

A. Pourret, et a/ 2007

It has been suggested that the fluctuations of the order parameter cause
the effect.

Pirsa: 11100111 Page 5/61



Nernst Effect - Conventional

Superconductors 90
The Nernst signal
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It has been suggested that the fluctuations of the order parameter cause
the effect.
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Why Superconducting Fluctuations and

Not Quasi-Particles?

The Boltzmann equation for
the distribution function:

6/, (k) _ af(er) ev,

= V. VI F

T oo N c

< B - (j-f{l'-;f ({"k )
ok
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Why Superconducting Fluctuations and
Not Quasi-Particles?

The Boltzmann equation for
the distribution function:

The electric current :
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Why Superconducting Fluctuations and
Not Quasi-Particles?

The Boltzmann equation for
the distribution function:

. dk 5 dk :
The electric current : 1. = _"f(ﬁ,_r y Vo J. + “f(,,qr y VO,

The longitudinal electric current:

dk 9f, (‘"k ) [[-"‘ "ET FI\"E

o = Uf(?_]T Y o, d

Vanishes due to particle - hole symmetry
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Why Superconducting Fluctuations and
Not Quasi-Particles?

The Boltzmann equation for s, k) _afley)
the distribution function: r arT .

VT

) dk . dk ;
The electric current : 1. = _“f(jT Y Vo /. + ‘f(,,T),-";,‘5 /i

. . . . dk of (& ) E.VIT eVt |V.T
The longitudinal electric current: /. = (f("v)’ /ole, [ - /" = = ; } 7 =9
- ¢ 4

‘.”'l\

The transverse electric current:

. dk of, (e, )e vt V.T

e Uf 2z) oe, d i [wer - (- @)l 0
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Why Superconducting Fluctuations and
Not Quasi-Particles?

The Boltzmann equation for
the distribution function:

) dk . dk .
The electric current : ) = —"f(jT),- Vo /. + (f(""r)" Vo7,

: . ’ . K of (e g, vt e vir|V.T
The longitudinal electric current: /. = (f(':“r ) JA G )[ . /" - =t f“ } =0
o/ ¢ C

:'H'I\

T

The transverse electric current:

B dk of, (z-‘k ){-‘k\‘iT vV . T

e Uf 2z ) oe, d T [wer - (- @)= 0
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Particle-hole symmetry does not constrain
— the magnitude of the Nernst effect.

Under the approximation of a constant density of states:

k

;T V. T . de, y af e )
({r) T) 7 : T f(') ——=cg, =0

ODE "
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Particle-hole symmetry does not constrain
— the magnitude of the Nernst effect.

Under the approximation of a constant density of states:

((,) T) T VTTI((/(‘ vV, (--)_fé! (jk)zk =0 xwT %,

!
o ﬂ’jr) (H’k
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Particle-hole symmetry does not constrain
—> the magnitude of the Nernst effect.

Under the approximation of a constant density of states:

(/:"_l_\'__‘, _(-.)/{l({"k) o — () o'd (f)'T T

N/ 0 - k
2.71’) d(*‘k

For the collective modes the effective density of states is far from
being a constant.

The charged d h
The neutral modes S Shun s Lo TR
fluctuations of

are not deflected by superconducting order
the Lorentz force.
parameter generate the
Nernst effect

E 1o
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The Nernst Coefficient

> — -
e, =

a,, is negligible in
comparison tfoa,,

.
Stan @ =

A. Pourret, et al 2006
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Electric Conductivity

Luttinger approach -
Electric conductivity:

The density matrix at I = —0 s P, =

Adiabatically switching on a scalar potential

The E.O.M for the density matrix

; "f’/f’) (1. p(0)]

- Kubo Formula

J. M. Luttinger 1964,

H, + vj‘v Y (r)n(r)dr

Density continuity equation:

en+Vj=0

The Kubo formula for the linear response to the field

(.Y == jj )V
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Electric Conductivity - Kubo Formula

Luttinger approach -
Electric conductivity:

The density matrix at [ = =00 g Pgy™

Adiabatically switching on a scalar potential = I, + tft' Yp (r ) (r )dr

The diffusion coefficient:

The electro-chemical potential is kept constant : Co = ,u(r)+ (’q“(l’)

The system is at equilibrium: (j(r) =—-oVe—-—eDVn =0

Einstein's relation
oV @ V

D = —
eVn e"Vn

J. M. Luttinger 1964.
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Thermal Conductivity - Kubo Formula

Luttinger approach - J. M. Luttinger 1964.
Thermal conductivity:

Introducing a mechanical force field that is coupled to the Hamiltonian

density:
/1 =f/z,,(;‘)/r+fc' Y (e Va, G Xl

The E.O.M for the density matrix Energy continuity equation:

f(/[;(’)=[//.p({)] h+Vj =0
dl

The Kubo formula for the linear response to the field

<_/',,> = <() : /:H,,-/.h-/.h >V}’
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Thermal Conductivity - Kubo Formula

Luttinger approach - J. M. Luttinger 1964.

Thermal conductivity:

Introducing a mechanical force field that is coupled to the Hamiltonian

density:
/7 =f/z.,(;‘}/r+f(' Y (e Y, G Xl

To keep the system in equilibrium, two compensating currents are introduced:

Jr(r)=x,TV, ( j ) +K, (—\/!y )= 0

Using thermodynamic identities, one obtains

(7) =F7@

T
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Thermal Conductivity - Kubo Formula

Luttinger approach - J. M. Luttinger 1964.
Thermal conductivity:

Introducing a mechanical force field that is coupled to the Hamiltonian

density:
/1 =f/z,,(;‘)/r+fc' Yy G Y, (o Xl

The E.O.M for the density matrix Energy continuity equation:

i(/p/(’)=[//.p(f)] h+Vj =0
dl

The Kubo formula for the linear response to the field

<./‘n> - <(, ]W”./'/,./';,>v}’
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Luttinger's expression for the current operator:

J. M. Luttinger 1964.

2 Sm Al
! I I

(P! + Pi')}

= S i) i em) S {(,-; - ) 2AE) )

('m(r, 1)

+ (5(1‘ —r, )(f;" —r’ )

ar’

[

/i = I (/)_f Slr-r)+o(r-r)p ) h = P, + V., + L E u(y,,r.)

2m / 21

- e
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Luttinger's expression for the current operator:

J. M. Luttinger 1964.

S () + L e)m,)

!

+‘(\)(r —_ \C’J‘\\{ a f
P X s

o

(j»‘f S(r - r )+ O(r - r ) )
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Thermal Conductivity - Vertex Term

The common expression used in the Kubo formula:

i (@ew) = = (ks g+ o)
] ‘_c) L

Where are the corrections due to the interaction?

Test: The simplified version of the Kubo formula fails to reproduce
the phenomenolo icallg known result that the Wiedemann
Franz law is valid for Fermi liquids.
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Luttinger's expression for the current operator:

J. M. Luttinger 1964.

2 Sm ey,
! K F

Jm S ) wm) - S [(,.; - ) 2AE) )

+ c‘)(r —r, )(r," —r’ ) f"lf(‘l‘,‘_'rr,) (/?:' + p )j|

ar

[

i = oG- )+ oG -n ) b= Lo, + LS,

2m J 2m D 4t
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Nernst Effect - Magnetization

There has been a long discussion about the contribution of magnetization to the
thermoelectric transport currents.

For example:

Obraztsov Sov. Phys. Solid State 1965
Smrcka and Streda J. Phys. C 1977
Cooper, Halperin and Ruzin PRB 1997

In the presence of magnetic field the thermodynamic expression for the heat contains
the magnetization term:

dQ = TdS = dE - udN + MdB.

The Kubo formula is not enough, the contribution from the magnetization
must be added
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Quantum Kinetic Approach

J.-W. Wu, and G. D. Mahan, 1984,

G. Strinati, C. Castellani, C. DiCastro, and &. Kotliar, 1991.
D. V. Livanov, M. Y. Reizer, and A. V. Sergeev, 1991.

R. Raimondi, &. Savona, P. Schwab, and T. Luck, 2004,

G. Catelani, and I. L. Aleiner, 2005.

Derivations of the
transport coefficients
using the kinetic
equation already exist,
for example:

Pirsa: 11100111 Page 27/61



Quantum Kinetic Approach

Derivations of the J.-W. Wu, and &. D. Mahan, 1984.

transport coefficients G. Strinati, C., Castellani, C. DiCastro, and &. Kotliar, 1991,
using the kinetic D. V. Livanov, M. Y. Reizer, and A. V. Sergeev, 1991,
(::qua'ﬂon alreqdy (:_xisf‘ R. Raimondi, G. SCIVOHG, P. SC]"IWClb, and T. LUCk, 2004 .

for example: G. Catelani,and I. L. Aleiner, 2005,

Our Scheme Differs in Few Aspects

The kinetic equations and the currents are derived from the action and the
conservation laws emerging from the action.

For the Coulomb interaction all the continuity currents share a common
simple structure:

de

B = =i, ()[3 ()G ()]

" S P T
x.(¢) ‘ % (£) The renormalized velocity
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Quantum Kinetic Approach

Derivations of the J.-W. Wu, and &G. D. Mahan, 1984,

transport coefficients G. Strinati, C. Castellani, C. DiCastro, and &. Kotliar, 1991,
using the kinetic D. V. Livanov, M. Y. Reizer, and A. V. Sergeev, 1991,
(::qua'hon alr*eqdy C’.XiST, R. Raimondi, G. SCIVOHCI, P. SChWGb, and T. LUCk, 2004 .

for example: G. Catelani, and I. L. Aleiner, 2005.

Our Scheme Differs in Few Aspects

The kinetic equations and the currents are derived from the action and the
conservation laws emerging from the action.

For the Coulomb interaction all the continuity currents share a common
simple structure:

= =i (O[3 ()G ()] T

o

—T ™

The renormalized velocity
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Quantum Kinetic Approach

- G, G oGt
The Keldysh Green function: G, t:re)m [ ] <> [ ]

G~ G; o
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Quantum Kinetic Approach

- (J.’, ™ (;‘H (I‘h
The Keldysh Green function: GO rre)= [( > o ] <> [ o ]

Thermal weight O = exp Jiff/r f et [/:(r )— wen(r )] l

R |
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Quantum Kinetic Approach

i G, G "Gt
The Keldysh Green function: GO rre)= [( - ] <> [ iy ]

Thermal weight 0 =exp lff«!r f‘ 2L [/:(r )— wen(r )] }

l w4 i fi{r)

Quantum
kinetic
equation
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Quantum Kinetic Approach

n G, G*° G* G*H
The Keldysh Green function: GO rore)= [( - ] <> [ iy ]

caifi(r)

Thermal weight 0 =exp Jff«/r f‘ d![/r(r )— wn(r )] }

We have to find highly non-trivial
initial state before we even start
to study its time evolution

Quantum
kKinetic
equation
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Quantum Kinetic Approach

. G, G*° TR ¢
The Keldysh Green function: GO tre)= [( > o ] <> [ - ]

/.p = exp {ﬂ‘f(/r f‘ dr'y (r)[/i(r)— wn(r )] }

+ifi(r)
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Quantum Kinetic Approach

_ G, G*© G* G~
The Keldysh Green function: GO rore)= [( > o ] <> [ iy ]

’ f‘ dt'y (l')[/i(l‘)— wn(r )] }

We introduce the field y(r) in such
a way that the system is initially
in fully equilibrium state due to
the balancing between the
temperature gradient and
gravitation field
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Nernst Effect- The Quantum Kinetic Approach

We intfroduce two propaqg«

1. The electronic Green's function (}'( R s ':"'hr —r'e ]

2. The propagator of the superconducting fluctuations L ‘ R=" -
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Nernst Effect- The Quantum Kinetic Approach

1. The electronic Green's function (}'( R =l t"'hr —r'e ]

2. The propagator of the superconducting fluctuations
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Nernst Effect- The Quantum Kinetic Approach

\.ﬁ-,';'-. IHT"'-"‘J}H: e

1. The electronic Green's function (}'( R wis t"'hr —r's ]

2. The propagator of the superconducting fluctuations

The electric current as a response to a temperature gradient :

- o0l * el

Jo =3 T

3= .'cf‘;:r [Q'(f‘ )(r(f )J = + an-f‘j: [{'\ (f”)/i(l!i):l = .i,- -V x MG" (V[)

v, is the notation used for . - "“(‘IJ”)
aq
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The /T-Dependent Propagators

: J'-'"if‘] consists of two terms:

The first is a straightforward extension of the equilibrium
Green's function for a non-uniform temperature.

R- V7T dG,(R.r—r'ie)
(J'/m___”f - - & : —

dE

The Green's function atequilibrium

sponsible for the non-vanishing

j. =V xMG“(VT)
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The /T-Dependent Propagators

r+un ; :
k=K i*‘) consists of two terms:

The second term reminds the Green's function in the presence of
an electric field

Gor (€)= 8.,(¢)2er (¢)8.,(¢)
VT ""&","Fh)c(;- )é.. ()-2.. (e ) (¢ )2 Ee (8)

' |
2/ )& St ae

The propagator of the fluctuations depends on the temperature gradient only through the
polarization operator:

L(VT )= -LII(VT)L,
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The Peltier Coefficient

The quantum kinetic equation # diagrammatic method.
The contributions to <. can be interpreted in terms of the following diagrams:

The magnetization current:

o = — r.:';)’ t'-:)’ Z E]n{— viIn l/ __,‘,,[ _[‘ PO b ‘. i L v deDH

'
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The Peltier Coefficient

The quantum kinetic equation # diagrammatic method.
The contributions to <. can be interpreted in terms of the following diagrams:

The magnetization current:

O i ‘;) = Z E]n{— v in /l —,,f[
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The Peltier Coefficient
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The Peltier Coefficient

Q. <<T

eS2,.

o =

1927 In (7 / 7,. (H))

This result is different from the one obtained by the
simplified version of the Kubo formula

Serbyn, Skvortsov, Varlamov, and Galitski, 2009
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The Peltier Coefficient

Q. <<T

eS2,.

(@4

Y92 n (7 /7, (H))

This result is different from the one obtained by the
simplified version of the Kubo formula

Serbyn, Skvortsov, Varlamov, and Galitski, 2009
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The Peltier Coefficient

A

Q. <<T h1T <<

c

eS2,.

o =

1927 In (7 /7,. (H))

Experimental data from A. Pourret, et al
2007

NhQ Si,.s film of thickness 35nm

Y
@

and 7, = 380mK

/B (LA/KT)
o

D =0.187¢m / 7./ = 385mK
/ SCC
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The Peltier Coefficient
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The Peltier Coefficient

N eS2,.
247°T In(7T/7,.)

Pirsa: 11100111 Page 48/61



The Peltier Coefficient

- eS2,.
247°T In(T/7,.)
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The Peltier Coefficient

-

In— >> 1

C

T<we |
T

- iy
— je°" yield contributions of the order: '”( In—— |- 1”[ e ]

The logarithmically divergent terms are canceled out by the magnetization current
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The Peltier Coefficient

il
2l

In— >> 1

e

T<w< |
-

l ¢y
— jeo" yield contributions of the order: '”[ ol 1”[ In = }

The logarithmically divergent terms are canceled out by the magnetization current

Pirsa: 11100111 Page 51/61



The Peltier Coefficient
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The Peltier Coefficient -
High Magnetic field

: In H - >> ]
£ e I 77

cC2

J.°" includes contributions proportional
tTo

These terms are canceled out by the magnetization current.

2eT
(’(\1' re s
3Q . In(H / H,,)

Consistent with
the third law of

thermodynamics.

Page 53/61



Pirsa: 11100111

The Peltier Coefficient -
High Magnetic field

C 7 In it I
1= - >
B e .

J.°" includes contributions proportional
to

These terms are canceled out by the magnetization current.

2eT

“ T30 I (H I H.L)

Consistent with
the third law of

thermodynamics.
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The Peltier Coefficient -
High Magnetic field
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The Peltier Coefficient -
High Magnetic field

L. T

el'In3
({\I P = ) / ra
3Q.In* (H / H.(T))

¢ln3
L, -
N 2xIn(H /H(T))

Page 56/61



The Peltier

Coefficient as a Function of the
Magnetic Field

Uyy (MAK)

No fitting
parameters
have been used
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Summary

To overcome the complications associated with the Kubo formula, we
developed an alternative scheme for studying thermal transport using
the quantum kinetic equation.

All the currents share a uniform and compact structure:
. (/."

i = =i 2, [$ )G ()]

The Nernst effect provides an excellent opportunity to test the
quantum kinetic approach

The contribution from the fluctuations of the superconducting order
parameter to the Nernst effect is dominant and can be observed far

away from the transition.

The magnetization plays an important role in the calculation of the
Nernst effect. The magnetization cancels the quantum contributions,
thus making the Nernst signal compatible with the third law of
thermodynamics.

The third law of thermodynamics (Nernst theorem) imposes a strong
constraint on the magnitude of the Nernst signal not onl_F at low
temperature (T — O), but also at higher temperatures (1>>T,). .
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Why Should We Believe the Quantum Kinetic
Approach?

The Onsager relation naturally emerges in this method.

The expression for the Nernst effect at B-—~0 and T~T, coincide with the
result of the phenemenological calculation using the time dependent Ginzburg

Landau equation

Agreement with the experiment (no fitting parameters):

Why the Nernst effect in
High-Tc superconductors
decays so strongly with T ?
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