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We derive Ginzburg-Landau-type action for a two-dimensional disordered superconductor under far-from-
equilibrium conditions in a fluctuational regime. Then, utilizing it, we calculate fluctuation-induced density of
states and Maki-Thomson- and Aslamazov-Larkin-type contributions to the in-plane electrical conductivity. We
apply our approach to a thin superconducting film sandwiched between a gate and a substrate, which have
different temperatures and different electrochemical potentials.
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I. INTRODUCTION

Most of the processes in physics and in the technological
realm occur under far-from-equilibrium (FFE) conditions. At
the same time, the theories of nonequilibrium behavior were
mostly restricted to a small deviation from the equilibrium.
A marked progress in the approaches to quantitative descrip-
tion of FFE physics is related to Keldysh technique-based
methods.! However, mostly FFE systems have been studied
within the nonequilibrium form of the mean-field theory (see,
for example, Refs. 2 and 3). In this paper, we address the impor-
tant question of what happens to the conventional second-order
phase transition if the system under consideration is driven
out of equilibrium. In equilibrium, when close enough to the
second-order phase transition, the mean-field theory does not
hold and the physics starts to be governed by fluctuations.*>
In our work, we construct a theory of fluctuations under
FFE conditions. As the exemplary system, we consider a
superconductor FFE in the fluctuational regime.

Our first notion is that, while in clean three-dimensional
conventional superconductors the fluctuations are important
only in a very narrow region around the superconducting
transition line (usually within the ~107!> K temperature
range), in high-temperature, low-dimensional, and organic
superconductors, the fluctuation region is much wider. In
particular, as early as in 1968, Aslamazov and Larkin,
and, independently, Maki showed that in disordered thin
superconducting films, the width of the fluctuation region,
which is determined by the sheet resistance, grows noticeably
as compared to that of bulk superconductors.’® Moreover,
it was demonstrated that not only thermodynamic but also
dynamic characteristics of the low-dimensional systems are
strongly influenced by the fluctuations close to an equilibrium
(see, e.g., Refs. 5 and 9 for a review).

A quantitative approach to nonequilibrium fluctuation
superconductivity was recently formulated in Refs. 10 and 11.
Building on this approach, we develop further our original
Keldysh technique enabling us to find nonequilibrium fluctua-
tion contributions to the electrical conductivity of a supercon-
ductor above the (nonequilibrium) superconducting transition.
We show that, by measuring the fluctuation corrections, one
can infer the parameters of the nonequilibrium state of the
superconductor from the experimental data. Further, while in
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the equilibrium, the lifetime of the fluctuation-induced Cooper
pairs is determined by the difference T — T, where T is the
critical temperature,s’9 we find that in FFE conditions, it is
controlled by the parameters of the nonequilibrium density
matrix of the system. For example, for a thin superconducting
film sandwiched between the gate and the substrate (see Fig. 1),
these parameters are the temperatures of the gate and of the
substrate, and the gate voltage V.

The paper is organized as follows. In Sec. II, we introduce
the model. In Sec. III, we derive the nonequilibrium Ginzburg-
Landau- (GL-) type action, while in Sec. IV, we calculate
fluctuation-induced corrections to the electrical conductivity
of the normal metal. In Sec. V, we focus on the specific
experimental realization shown in Fig. 1 and analyze the pre-
viously derived results for this concrete setup. In Sec. VI, we
summarize our results and discuss their further applications.
Technical details are relegated to the Appendix.

II. KELDYSH SIGMA-MODEL ACTION

The Keldysh partition function of a superconductor with
the Hamiltonian H in the coherent state basis is defined as

ZoN / DY Dy expli SIT. ¥ 1), )

where

Shﬁ,w]=/cdr{/(1/‘faiatm>—H[&,w]} P

FIG. 1. (Color online) Thin superconducting film sandwiched
between the substrate and the gate. The substrate temperature is 7},
the gate temperature is 75, and the gate voltage is V;;. Changing T},
T, and V,;, one can tune the nonequilibrium quasiparticle distribution
in the film.
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and V is a normalization constant. Hereafter,i = ¢ = kg = 1.
Here, C is the Keldysh contour and @ =1, is the spin variable.

The Hamiltonian has the form H = Hy + Hj,, where the
single-particle Hamiltonian

_ (V —ieA)?
H0=/¢a|:—T+Udis+e¢:|1ﬁa- 3)

Here, A, ¢, and Uy are vector, scalar, and disorder potentials
and e is the electron charge; the tensor summation over the
spin indices is implied. The interaction Hamiltonian describes
the electron-electron interaction in the Cooper channel

A -
H =~ / R @

where p(r) = )", Yo (r), (1) is the local electron density and
the superconductive coupling constant . > 0. The disorder
potential is assumed to be Gaussian distributed with the
correlator

S(r—r)). 5)

(Udgis(r)Uygis(r")) = !
2rvt

Averaging over disorder and carrying out the standard de-
coupling in the four-fermion terms in the action via the
Stratonovich-Hubbard fields {Q,A},” and integrating out
the degrees of freedom with the energies higher than 1/7,
where 77! is the elastic scattering rate, we arrive at the Keldysh
nonlinear o -model partition function

Z = [ DIQ,AlexpliS[Qx, Axl), 6)
S[Ox,Ax] = Sa + Sy + So. @)
The nonlinear o-model action S consists of three parts:
v NV
Sa = — 5 THALV Ac], ®)
v _ . oy
Sp = TTr[fﬁch okl )

imv < 0 o x
So = —~TrlD(@:Qx)” — 483, D

—diedr Ok + 4i A Oxl, (10)

where QZ = 1. Here, D is the diffusion coefficient and v is
the bare single-particle density of states at the Fermi level per
one spin projection. The action (7) holds while the effective
temperatures (see Sec. I'V) that follow from it are much smaller
than 1/7. The check mark above the field variables indicates
that they are defined in the space that is the tensor product of the
Keldysh and Nambu spaces. The former and latter are spanned
by the Pauli matrices &; and t;, i € {0,x,y,z}, respectively.
S0, Y =6,® %, &8 =6p® .. Multiplication in time space is
implicitly assumed, and “Tr” includes an integration over real
space. The subscript K denotes the gauge transformed fields

b= — 8K, (11
Ar =A+ VK, (12)
K = [k“6 + k16,] ® 1. (13)

PHYSICAL REVIEW B 84, 064510 (2011)

A and ¢ are defined in the same way as K. Also,

A =[A%+ A6,]® %, —H.c., (14)
A/C(r t) — eieélﬁ(l‘,t)Aefieék(r,t). (15)

O is defined in the same way. The quantum (g) and classical
(cl) components are defined as half-sum and half-difference of
the field values at the lower and upper branches of the Keldysh
time contour. The field A“ becomes the superconducting order
parameter on the mean-field (saddle-point) level, while the
saddle-point equation for Q produces the Usadel quasiclassical
equations, where Q plays the role of the quasiclassical Green’s
function. The covariant spatial derivative is given by

3 O = Vi O — ie[EAx, Okl (16)

III. GINZBURG-LANDAU ACTION

First, let us consider the simplified situation ignoring the

interactions. Then, the metallic saddle point of Eq. (7) is'>~!*
A=UAU™", Ao=6.®1, (17

v . Sr—r—0T Fo(r
Z/{t,t’(r) _ ut’_t], (l‘) _ t—t'—070 t,t ( )A , (18)

0 —8—r+070
a F?.(r) 0

F.o)y=[_" ) 19
7,0 (r) (0 le:lz/(r) (19)

By setting quantum components of electromagnetic potentials

to zero, the equation for Ff?,h(r) reads as

D(VzFe/h F2ie[ALVF/"] Fie[VAL F/"]

e
2
Fie[pl . F/"] = 0. (20)

(AL (AL P = T F g P

After the Wigner transformation, we can map F¢/" to quasi-
particle electron (hole) distribution functions: F¢ / h(r,t) =
1-2 ff/ h(r,t). In the leading order, with respect to time and
energy partial derivatives of external potentials, the kinetic
equations become

D[V*F!/" £ 2¢(3,A) (3. VF™)
+ L0 ag) @2F")] - o, P
Fed, (DVAYL + ¢ )a F/" = 0. (21)

Note that one has to take into account adequate boundary
conditions.

Having specified the metallic saddle-point solution, we
consider the massless fluctuations around it. They can be
parametrized as'>

Ox() = VO K(r) 7P,
. (wr+ —w*T_

WoTo + W, T,

W =uhu="', 22)
woTo + W, T,
wry —wr_ )’

(23)
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suchthat WA + AW = 0. Here, we introduced four real fields
w, (r),wf, (r) with « = 0,z representing diffusion degrees of
freedom and two complex fields w; (r),w;(r) for cooperon
degrees of freedom.

Since the main goal of this section is the derivation of
the nonequilibrium extension of GL-type action in the normal
state but very close to the transition, in what follows we will
concentrate on cooperon degrees of freedom only. By plugging
Oy, given by Eq. (22), in the action Eq. (7) and expanding it
up to the second order in cooperons, we get

SQ == Sw2 + SwAv (24’)
TV
Su2 = iTTr[W:t,(r)C:II, @)Wy (r)]. (25

Swa = —V Tr[(—= A — F,AT)w + (A + F,A)w*

+ (A — F,A™)0 4 (=AY + F,ADD*]. (26)
Here, w, (r) = (u),,,r(l'),u_),’,r(l'))T and’
i _ (Cy® 0

Cf,f’(r) - (0 C_';tl,(l‘) ’ (27)

Crh(r) = =0, + 3y —ie[pf(r,t) — ¢ (r,1)]
— D[V —ieA{(r,1) — ieALr,)],  (28)

C ) =0, — oy +ie[pf(r.t) — g (r,t")]
— D[V —ieA(r,1) — ieA(r, )], (29)

Note that there are additional terms in the action (24),
which are not presented here for the sake of brevity. They
contain quantum components of electromagnetic potentials.
Since quantum components of fields are the auxiliary source
fields usually used to calculate observables by the appropriate
differentiation of the Keldysh action, we omit the mentioned
terms here. They are not important for the derivation of the GL
action. We will discuss these terms in the next section when
calculating different corrections to the Drude conductivity that
arise due to superconducting fluctuations.

Now, the cooperon degrees of freedom can be integrated
out from the Keldysh partition function (6). In this way, the
GL action is generated:

iSaulAY A1) = —1(S2,) ¢ +iSa. (30)

L Su;z

In what follows, we consider stationary distribution functions
(i.e., F;» = F,_,) and stationary electromagnetic fields. Also,
we assume that they slowly vary in space as compared to the
fluctuating order parameter A(r,7). Then, we obtain (see the
Appendix )

SalAY, A9 = 20 T AL (r, ) L7 A (r,1)], (31)

where A = (A!, A9)T . The structure of the fluctuation propa-
gator L is characteristic for bosons:

. 0 L7
L='= ( » f_‘l>. (32)
LR LK

The indexes R, A, and K denote the retarded, advanced, a}nd
Keldysh propagators, respectively. The c/-cl component of L is
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zero. This is expected since, for A? = 0, the field on the upper
and lower branches of the Keldysh contour is the same, and
therefore the corresponding actions cancel each other, resulting
in Sy (A ,0) = 0. The Keldysh propagator is responsible for
the Gaussian noise term in the time-dependent GL (TDGL)
equation, and it also carries information about distribution of
electrons and holes. The details of the derivation, as well as
general formulas for the fluctuating propagators (that are valid
if the system is far from the transition) are presented in the
Appendix. Close to the transition into the superconducting
state, the propagators become

Ly = i%(l — FIEY), 33)

L = {—(r o)+ [FHTEE
R/IA T RT, aLlcp elly

+D(V —2ieA$) 70, T 2ieqd]

li'Te 34
(=3} o

me/h _ pelh
Here, F.'" = Ffie%%l

function, while other parameters appearing in the retarded
and advanced propagators are the functionals of FX = (F, 6” —
F¢)/2:

denotes the gauge-invariant distribution

-1 dFER
T, =2 y , (35)
€ e=0
2 FR_FR
Q! = —][ de—<——", (36)
T €
O 7.\’
Zep = 1+ 5 . (37)

They are strongly drive dependent, as will be demonstrated
in Sec. V. The symbol + denotes the principal value of
the integral. Note that the existence of effective temperature
T, does not imply the local equilibrium form of excitation
distribution functions.

The nonequilibrium GL relaxation rate is defined as

4 +op  FR _tanh (5% T2 .
'L'_1 = _;ZCPTEf dée—(zn) +4Zcp§eF0R ,

@wp €

(38)

where wp is the Debye energy. The GL relaxation rate
represents the inverse lifetime of Cooper pairs, and, therefore,
it vanishes at the transition to the superconducting state.
In an equilibrium, the density matrix is parametrized by
the temperature, and the condition 7' = 0 tells us that the
transition occurs at 7' = T,. In a general nonequilibrium
case, additional parameters may appear, e.g., voltage drop
and temperatures of the thermal baths that are in contact
with the system. Then, the condition ‘L'GII = 0 defines the
phase-transition surface in the parameter space. We find that
any distribution function F, at the phase-transition surface
satisfies
+wp R _ <

/ deﬂtafrlh(”f)—n%ﬁf:o. (39)

@p
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By tuning the external electromagnetic fields and/or temper-
ature of thermal baths, one can control the distance from the
phase-transition surface. We point out that the theory presented
above is valid only for the systems (in the normal state) close
to the transition, i.e., when (7, T,)~' < 1. The difference
between Egs. (34) and (38) and the work in Ref. 10 is the
appearance of Q™! and presence of terms NFOR (results of
Ref. 10 are restricted to the nonequilibrium states generated
by the voltage between the leads or gates in a certain way). In
general, Q! is nonzero, as discussed in Sec. V.

In an equilibrium, the following relations hold: F¢/* =
tanh(%), T.=T, =0, z,, =1, and we reproduce the
standard GL action. It is given by Eq. (31), but with the
propagators

(L)), = i%, (40)

(L) n = g7l = @)+ DV 58] @

eq\—1 8

(t84)” = =(T - T.). (42)
b4

In an equilibrium, the Keldysh fluctuation propagator sat-

isfies the relation following from the fluctuation-dissipation

theorem

w

(Leg)g = coth <2T)[(Leq‘),e<q,w) — (L) @] @3

for o < T. We find that, in a general case, this relation is
violated for a system out of the equilibrium.

Next, we derive the TDGL equation. After the term ~|A4|?
in Eq. (31) is decoupled by introduction of the Hubbard-
Stratonovich field ¢(r,t), one differentiates (31) with respect
to A9* and obtains

8TeL—lAC’Jr =0 (44)
= Lk Bx ¢=0,

EY 16 2 h / ’
(CEnet @) = —1; (1= FLES)S(r — )8 — 1),
(45)

The field ¢ has a meaning of the Gaussian noise. The supercon-
ducting order parameter changes under a gauge transformation
as Al = A e?*" However, the TDGL equation for the order
parameter is gauge invariant since the presence of the gauge
field k in L' (through A$ and $) compensates the change
of the order-parameter phase.

Using the Keldysh formalism, derivation of the GL close-
to-equilibrium action was performed in Ref. 9. A special
gauge was utilized where DV A + ¢ = 0 and found that
the scalar potential does not appear in the TDGL equation
for the order parameter. In Ref. 9, it was used as F, =
tanh(e/(27)). By looking at kinetic equation (21), it becomes
obvious that the mentioned gauge may indeed simplify the
calculation. However, in the presence of external potentials,
tanh[e/(27)] is not the solution of the kinetic equation even
in this gauge, due to boundary conditions. As a result, the
scalar electromagnetic potential does appear in the retarded
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propagator (34) and therefore also appears in the TDGL equa-
tion for the order parameter (44), contrary to the statements in
Ref. 9.

Although the higher-order terms in the superconducting
order parameter in the GL action are unimportant for our
analysis of superconducting fluctuations, we will state them
for completeness. We focus only on local fourth-order terms
of the form A7*A¢|A|? and find

o0 ~
Sps = —m)/ dttY(7)
0

x Te[ AL (0, )AL, 0)| AL D[] + cc.,  (46)

Y(r)= /OO de F e (47
oo 2 € +i0

In the equilibrium, the action reduces to® Sy+=
=T BT AL (r, ) AL (e, )| AL(r 1)) + c.c.]/(Ar>T?).

IV. CORRECTIONS TO ELECTRICAL CONDUCTIVITY

In this section, we derive corrections to the Drude con-
ductivity arising in thin films due to superconducting fluctu-
ations. The system is close to the transition, but under FFE
conditions.

First, we briefly explain the origin of different fluctuation-
induced contributions. Fluctuation Cooper pairs carry charge
and directly contribute to the electrical conductivity, deter-
mining the Aslamazov-Larkin (AL) contribution.®’ Since
quasiparticles are involved in Cooper pairing, effectively the
number of carriers participating in the single-electron charge
transfer is decreased. The fluctuation pseudogap opens at
the Fermi level in the single-particle spectrum, and results
in diminishing of the Drude conductivity for the so-called
density of states (DOS) correction.” The third contribution
to conductivity, the (anomalous) Maki-Thompson®'® (MT)
correction, is of purely quantum origin. It arises due to
coherent scattering of the electrons, forming a fluctuation
Cooper pair, on the elastic impurities. As a result, the diffusion
coefficient changes and, therefore, the Drude conductivity is
influenced.

We are interested in linear response to the in-plane electric
field, while the system is strongly driven out of equilibrium
due to contacts with thermal baths at different temperatures
between which it is sandwiched, or due to an electric
field perpendicular to the plane. We focus on the regime
where fluctuations can be treated perturbatively, meaning that
the below derived corrections are small compared to the
Drude conductivity o,. We take into account terms linear in
the Ginzburg number G; = (def)’l, ie., éo/o, ~ G,
where d; is film thickness. The in-plane dc conductivity is
given by

GXX -

. (48)
AL=0

1 . < 1 8z )
——=lim | —
2 Q-0 \ Q 8A%J(Q)8A;€X(—Q)
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where Z is the Keldysh partition function [Eq. (6)]. The terms
in the action, which are linear or quadratic in the vector
potential, arise from the first term of Eq. (10) and read as

imveD

iSy=— Te{[W.(VW)]EA}, (49)

<

éA AW éA,CZ\W}, (50)

respectively. The first term of Eq. (50) does not contain su-
perconducting fluctuations and, therefore, after differentiation
over classical and quantum components of the vector potential
and averaging over Q and A fluctuations [see Eq. (48)], it
gives the Drude conductivity. The other two terms in (50)
produce the MT and DOS correction to the conductivity. The
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part of the action linear in the vector potential (S4) gives the
AL correction. The Drude conductivity is

wvDe? 1 oy vy
op = — 2 slzli)l}) aTr(AEUXAQJrE + UXAEA—Q+€)
_ mvDé? Tr(F{ o — Fiiq+ F!' g — Flig)
- 2 o Q
= 2vDé>. (5D

In Eq. (48), all the quantum components of vector potential are
set to zero after differentiation. Therefore, after differentiation
with respect to A< and A?, in calculation of ¢ we can use
the action (24) derived in the previous section. We assume

the stationary situation (F, e{,h =F, e/ h) The in-plane classical
components of the vector potentlal can be set to zero since
we are interested in the linear response to the in-plane electric
field. Then, we find the saddle-point configuration of w for the

action (24) and, using the GL-type action (31), we obtain

_861—62,64—63

(w1 20Qw3 (=) 0.a =

2i

_861—62,64—63

(01 2(QW3 4(—@)) 0,4 =

2i

_561*62&4*63

(W1 2(w3 4(—P)) g.a =

2i

= 861*62,64*63

(w1 2(@ W3 4(—D)) o.a

Here, the angular brackets denote averaging over fluctuations

of Q,A, Fie/h = F/" and Wi,j = We.e, Where i,j =
.,4. Also, LA/R,ifj = [L}}A(q,éi - 6j)]_l-
|
\)De2
56™0 = / [(96, F£)
qe

(3F

+ F{g(

where [, = [dq/Q2n)’ [7 desdes. Note that the terms
which in the limit 2 — 0 behave as 1/ 2 will be canceled out
with similar terms from the other corrections (MT and AL),
and that is why they are omitted here. The main contribution

close to the transition reads as

S0P ~ —D—ezlm /
4 €0,q

Li' (9 F¢ILAP + 0 FL|LAP)
D —iCe—w)p |
(57)

2i —Ly'LayaLgy o+ FiLri o+ FfLaj (52)
{DQ? —i(e; + e)HDG* —i(e3 +€)}
~Ly'LayaLgyo—FiLa1o— F{Lgi (53)
{DQ? +i(e; + e)HDG +ies +€)}
LEILA,I—zLR,l—z-G-FZhLA,I—z — Fl'Lg1- (54)
{D@* +i(er + e)H{Dq? — i(€3 + €4)}
L'LayoLri o+ F{Lgy 2 — FfLay (55)

{D@* —i(e1 + )HDQ? + i(e3 + 1)}

Now, we can proceed to the calculation of different
corrections to the Drude conductivity. We start with the DOS
correction

(w3 4(Qwy 3(—q) + W3 4(QW} 3(—q))) 0.4

) (W5 4(@ws 3(—q) + W} (@4 3(—q))) 0.2
_F 39((w34(Q)w4+9 3+Q( qQ)) |Q 0
(w 4(Q)w4 Q,3— Q( Q)) |Q 0+F2 aQ((w3 4(Q)w4 3-o(—q)) |Q 0] (56)

— F oo ((w} 4(@wires+(—@))| g

where L;‘ = L (q, £ w). We obtain the DOS correction in a
thin film:

5O,DOS ~ —

2
762¢(3) T, Tep log( T, > (58)

7'[4df T2 —1

DpOS ToL

up to logarithmic accuracy. Here, dy is the film thickness and
the new characteristic temperatures are

Top = Tezp(1 — Fgﬁ(f)’ 59
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1 2 |:/
— =——_Re| | d
Tios 7¢(3)

F; = (F¢ + F")/2. The important contribution in Eq. (57)
comes from small momenta and, therefore, we safely cut
the momentum integration at the upper limit Dg2, ~ T..
The main contribution in the DOS, MT, and AL corrections
comes from frequencies w — 2e¢ + €9 < ;' Here and in the
following, we assume that the system is close to the transition,

such that the characteristic energy scales of EX™ are much
greater than ;! and |€y|/2; €g = —4T, Ff + 7' T,/ Q. If the
system is far from the transition and these conditions are not
satisfied, then one can start calculation from Eq. (56) and use
general fluctuation propagators (see the Appendix) that are not
restricted to low frequencies.

Next, we focus on the MT correction to the conductivity. It
is given by

9. FL
< } (60)

e +i0y

5 MT——”DeZ/ (80, 5 (@23(@w? 5 (—q))
o = 87 Jore, e, Iy (W2, 3(Q)w;3 H(—(q
+ 3¢, F3 ({05 5(@w3 2(—q))) ]. (61)

N 1 [1<< 8(iSa)  8(iSx) >> ]
o™ = ——=1lim | —
2 9-0 [ Q\\8AY(Q) 8AL(—Q)[[ g a

(mvDe)* .
207)" 9s

Q
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The main contribution close to the transition is

. —iD& B FY\LAP + 9 FHLAP
50T A Ll (62
A Jgew D*q* + (2e + w)
2
~ _neTJchptGL In (%) + 80, (63)

where we cut off the infrared divergency in the momentum in-
tegration by introduction of the finite dephasing time Dqpi, ~
T4, Ta. K T4.> There are many phase-breaking sources, such as
the electron scattering on phonons or paramagnetic impurities,
or superconducting fluctuations.’ The nonequilibrium condi-
tions may affect also the equilibrium phase-breaking time.
However, we leave this problem for future studies. By treating
energy € as a complex number in (62), we obtain the first
term in Eq. (63) from the poles of the integrand determined by
zeros of the denominator. The second term in Eq. (63) comes
from the poles of distribution functions F¢/”. Note that the
first term is positive, while the second one is negative. Then,
the DOS correction is effectively doubled, although the first
term in 0™ is the dominant one close to the transition.
Next, we calculate the AL correction to the conductivity

(64)

1
{_ / {{[wi 2D Vew3 | o(r1) = wi () Vews 11(r) + w — @]
r|,r,€,€2,€3,€4
X [ = Fi_qus a(r)Vaw] 5_q(r2) + F3_qws (1) Vaws 5-a(r2)

+ F{ 3 4(r2) Vi 5_o(r2) — F{ w5 4(r)V, 11)4,3—9(1'2)]>)Q’A}- (65)

We find that, close to the transition, the main contribution
assumes the form

D)? T\ 1
st~ )”<1+i—e>—z
16d, Q)12

_ 0
xf qQLKHLA(q,w—60>|28—[Lk(q,w—eo)],
q.0 [}

(66)
where the new characteristic temperature is given by
1 4 1 T, 1
— = <— = ——), 67)
T2~ 22 \T? QT.T,
FR
— =1 de——|, 68
T, m[/ E(e—i0>2] (©%
1 ER
— =Re de———|. 69
T, [/ 6(6—1’0)2] 9

Performing the remaining integration over q,w, we obtain, in
the quasi-two-dimensional case,

2
AL ~_ T,

2
e e
8™ A o TepTa o (70)

We conclude that all the fluctuation-induced corrections to the
conductivity behave differently as a function of . For a thin
film close to the superconducting transition, the MT is the most
important one. Moreover, each correction is parametrized by
a different combination of the effective temperatures: T, Tcp,
Tpos, and T, . These temperatures are strongly drive dependent,
as will be shown in the next section when considering a

concrete example. In the equilibrium, F¢ " — tanh e /2T and

T, =Ty = Tyos = Ty. = T. Then, we reproduce the well-
known results for the DOS, MT, and AL corrections to the
conductivity.

Note that the calculation of the DOS, MT, and AL
corrections in the equilibrium within the Keldysh formalism
was done in Ref. 9. In their derivation of DOS correction,
they have missed the last four terms from Eq. (56), which give
important contributions in the final result. However, after some
canceling mistakes, they surprisingly obtained the correct final
result.

In this section, we have focused on the derivation of the
fluctuation conductivity corrections close to the transition.
They are the most pronounced in that region, but nevertheless
they can be still significant also far from the transition.’ Then,
the derived GL-type theory is not applicable. One has to take
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into account high frequencies and short-wave contributions in
fluctuating propagators. However, this can be done within the
above-developed approach. Namely, the expressions for the
corrections given by Egs. (56), (61), and (65) are valid also far
from the transition. Then, in Egs. (52)—(55), one has to use the
general expressions for the fluctuating propagators, which are
given in the Appendix .

V. EXPERIMENTAL REALIZATION

In this section, we propose an experimental setup where our
predictions could be tested. The setup is shown in Fig. 1, where
the superconducting film is sandwiched between the substrate
and the gate and is separated from them by the interface barriers
with the resistances R; and R, respectively. We consider
the stationary situation and assume that the Thouless energy
corresponding to diffusion across the film Ez = D/d} well
exceeds all the effective temperatures. Then, the current across
the interface separating the substrate and film is

1 /de{Fe(e) — F§(e) — F'(e) + Fg(e)}, (71

- 4eR 1
and a similar equation holds for the interface between the
film and the gate (here the subscript S denotes the substrate).
From the continuity equation for the current follows F¢/"(¢) =
xF"(€)+ (1 — x)F¢'"(¢), where x = Ry/(R) + Ry). Here,
F¢"(€) = tanh[e/(2T1)] and F¢'" = tanh[(e T eV,)/(2Ty)]
denote distributions in the substrate and in the gate. Then,
the gauge-invariant distribution in the film assumes the form

Belh, e+ (1 —x)eV;
F¢"(e) = x tanh |:—2T1 (72)
€ FxeVg
+ (1 — x) tanh |:2—T21|’ (73)

in the case of very resistive interfaces, i.e., when the resistance
of the film can be neglected: Ry & R + R;. Next, we calcu-
late parameters appearing in the GL-type action [Eq. (31)] and
demonstrate that they are strongly drive dependent.

A. Ginzburg-Landau relaxation time

In this section, we analyze the GL relaxation rate under FFE
conditions [given by Eq. (38)] for the setup shown in Fig. 1.
The GL relaxation rate is a very important parameter since
many quantities influenced by superconducting fluctuations
are singular functions of it. One example is fluctuation-induced
corrections to the conductivity, which are analyzed in the
previous section. While in the equilibrium (77 = 7, and
V; = 0) and close to the transition, it behaves as (42); far
from equilibrium, we find

-1
X (1 —x)
T. = — e )
¢ |:T1Chz—(1 27),] Vo TzChZT‘;G]
o — 2x ml v l_ieVG(l —X)
T\m? 2 2w T,
2(1 — x) A1 eVex
——Im| ¥’ = , 75
+ T27T2 m[ <2+ZZJTT2):| ( )
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8 1 1 —x)eV;
‘L'(;l = ;chTe{x Re|:\ll<§ +l%>]

1 xeV;
1 —x)Re|W| = +i 2log2
r—rel (5 i ) | 2

txlog 2 “log 2 4yl 44 T—SFR (76)
xogT2 ogT2 Y Zch 0>
where W(z) is the digamma function defined as W(z) =
I'(z)/ I'(z), where I'(z) is the gamma function. y is the Euler
constant and definitions for z., and FR are given in Sec. IIL.
Note that the theory presented in the previous chapters is valid
only above (75, > 0), and very close to the transition. However,
the obtained expression for GL relaxation rate might be valid
also below the transition. Also, all the expressions are valid for
sufficiently small voltage drop. The system can be driven from
equilibrium due to finite difference of the gate and the substrate
temperatures and/or due to gate voltage. First, we start with
the zero voltage case. Then, the general expressions (74)—(76)
simplify significantly, and we obtain Q~! =0, z = 1, and

‘1—§T log 2L _ log L& (77)
tGL_”exogT2 ogT2 .
Simple analysis shows that ‘L'GII is negative (positive) when
both temperatures 77 and 7, are smaller (greater) than the
critical temperature 7, and can be either positive or negative
when one of the temperatures is greater and another is smaller
than 7, (see Fig. 2). Looking at lower part of Fig. 2, one
notices that the GL relaxation rate can take rather different
values than in the equilibrium. The dotted line denotes the
equilibrium situation. In the equilibrium, we reproduce (42)
when the system is close to the transition (T — T, < T;).

- T2:0.9Tc _-
10 TeT, =
5 os) e
\s /,1/
g 00—
—0.5F N

0.0 02 04 06 08 1.0 12 14
T,

FIG. 2. (Color online) The upper figure shows two regions in
which . has different signs for fixed x = 0.3. In the blue (shaded)
region, it is greater than zero, and in the white region, it is smaller
than zero. The lower figure shows ;' dependence on T; for fixed 75
and x = 0.3.
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FIG. 3. (Color online) GL relaxation rate dependence on the gate
voltage for 7y = T, = T and x = 0.5. One distinguishes quadratic
and linear dependence on the gate voltage around the transition for
T =T.and T = 0.95T,, respectively.

Next, we switch on the gate voltage. Since the expression for
the GL relaxation rate is rather complicated, we first analyze
the case T} = T, = T. Then, for V; < T, we obtain

N 8T T. 2V? T. 7
LIRS —710g T~ T—;x(l - x)[IOg T~ ;((3)},

(78)

where ¢ (x) is the Riemann zeta function. Then, one sees that,
for T =T, and V; =0, the system is at the transition. It
moves away from the transition by increasing the gate voltage,
as it is shown in Fig. 3. The GL relaxation rate increases
quadratically with V, and assumes the form ;! = 14V2x(1 —
x)¢(3)/ (T,.73). On the other hand, if for zero gate voltage, the
system is below but close to the transition [| T{LI(VG =0,7) K
T < T.], then at some critical finite voltage V, it will be at the
transition

4 log %

Vc =T .
x(1—=x) L¢(3) —log &

(79)

In this case, one obtains linear behavior in V —V,
around the transition for the fixed temperature 7'~
I 7 T, . .
g\/log(T)x(l —0)[7¢(3) — log #1(V — V,). This situation
is illustrated in Fig. 3. However, for some choice of parameters,
the situation can be more complicated, as it is shown in Fig. 4.

0.4
0.3F
0.2}
0.1F

TGL_I/TC

0.0

-0.1F

_Q2L . \ s s ‘
-1.5 -1.0 -05 0.0 0.5 1.0 1.5

VelT,

FIG. 4. (Color online) GL relaxation rate dependence on the gate
voltage forx = 0.3, T, =27T.,and T} = T;(";')/‘”le/” ~ 0.2T.,.
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B. Corrections to the electrical conductivity

In this section, we examine fluctuation-induced corrections
to the in-plane conductivity for the setup in Fig. 1. We start with
the DOS correction, Eq. (58). We find that the characteristic
energy scale Tpos [Eq. (60)], parametrizing the DOS correction
reads as

1 1 X A1 ieVg(l —x)
— =—————Re|V'| - — ———
T2 14¢(3) le 2 2T

DOS
1 1—x 1 ieVyx
Re|¥"| = — . . (80
e[ <2 2T )} (80)

14¢(3) T22

Now, we have the analytic expression for dopes as a function
of T\, T», Vs, and x. In Fig. 5(a), we plot the dependence
on the gate and substrate temperatures for zero voltage and
x = 0.5. In Fig. 5(b), we plot the dependence on gate voltage
for 7y =T, and x = 0.5.

Next, we analyze the AL correction [Eq. (70)]. We find that
the characteristic temperatures 7, and 7} [Eqgs. (68) and (69)]

for the given setup become
1 1 ieV,(1—
L Re| Xy (L iV = ®)
T, T, 2 2Ty

+Re 1—x‘p, 1 ieVix @1
2 27TT2 ’

1 x (1 ieV,(1—x)
— =—-Im| —V¥ (-4 ——
Tb T[]T 2 27TT1

1—x (1 ieVyx
—Im v = — : (82)
T27T 2 21 T2

Then, we have the analytic form of the AL correction. Its
dependence on system parameters is illustrated in Figs. 5(c)
and 5(d). All the temperatures that appear in do,,, are already
calculated. We plot just the first term in Eq. (63), the so-called
anomalous part of the MT correction, in Fig. 5(e) and Fig. 5(f)
since the second one is equal to doy,,s. The dephasing rate is
taken to be 7, ' = 10737,. Comparing all the corrections to
the conductivity, one sees that the most important one close to
the transition is the MT correction.

VI. CONCLUSIONS AND DISCUSSION

We have derived GL-type theory valid close to the tran-
sition into the superconducting state under FFE conditions.
We considered the stationary situation and electromagnetic
fields slowly varying (with respect to the superconducting
order parameter) in space. We found that the parameters
appearing in the GL-type action are functionals of electron
and hole nonequilibrium distribution functions. Close to
an equilibrium, we reproduced known results and showed
that the time-dependent GL equation, which is frequently
found in literature,!” is correct, contrary to the findings in
Ref. 9.

Utilizing the theory, we studied the influence of fluctuations
on the electrical conductivity in the FFE situation. We demon-
strated that different fluctuation-induced corrections are con-
trolled by different effective temperatures. These temperatures
are drive dependent and carry information about temperatures
and electrochemical potentials of the reservoirs that are in
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FIG. 5. (Color online) DOS, AL, and MT corrections to the in-plane electric conductivity as a function of the gate and the substrate
temperatures for zero gate voltage x = 0.5 and 7, ' = 10737, are shown in (a), (c), and (e), respectively. DOS, AL, and MT corrections to
electric conductivity as a function of gate voltage for 7} = 7, = T, x = 0.5, and Ty =107 T, are shown in (b), (d), and (f), respectively.

contact with the system. We proposed the experimental setup
where our predictions could be tested (see Fig. 1).
The approach developed in this paper allows us to ana-
lytically treat many other important questions, for example,
the influence of superconducting fluctuations on the thermal
conductivity under FFE conditions. This question, close to
an equilibrium, was a controversial and puzzling issue for a
long time (see Ref. 18 and references therein). Hopefully, the
final solution is that singular contributions of the the DOS and
MT correction to the thermal conductivity cancel each other,
while the AL contribution is finite.'® Therefore, experimentally
detected structure in the thermal conductivity,lg‘22 which
previously was believed to be explained by these corrections,
needs a new explanation. However, since we have found
that different corrections to the electrical conductivity are

PHYSICAL REVIEW B 84, 064510 (2011)

characterized by different effective temperatures under FFE,
it is likely that this is the case also with thermal conductivity.
Then, the MT and DOS corrections do not cancel each other

but instead produce a nontrivial result, which might explain
the experiments.
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APPENDIX: GINZBURG-LANDAU ACTION

In this appendix, we present a detailed derivation of the
nonequilibrium GL-type action [Eq. (31)] valid in the normal
state, but very close to the superconducting transition. We
start from Eq. (30). In the following, we consider stationary
distribution functions and stationary electromagnetic fields,
slowly varying in space with respect to the fluctuating
superconducting order parameter A, Then,

(wel,sz(ql)w;,&((h))iswz

_ 227)742 §(e1 — €a)8(e3 — €2)8(q1 + q2)
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where d denotes the dimension. The average values of all
other two-field combinations give zero contribution. Then,
after some algebra we obtain

do d _ _
Sq = 2v / E(znq)d [AF LR'A¢  + AP LAY L

+AC_Ly' AR L],
where Ax + = Ax(Fq, F ). The general formula for the

retarded part of the superconductive fluctuation propagator
is

1 @ Ff
Ly (qw) = - —i/ de - ,

(A3)

(A4)

, (AD _ N2 _ o
TV Dlar - 2eAf) —i(er + ) or Dla—2eA7)” —2ie
where €. =e—w/2, FR=(F! — F¢,)/2,and (L' (q,0))* =
(11161,52(q1)111;;54(qz))isw2 Lg.l(q,a.)). In the following, we shovy that L;l can be
(Y2 § 5 s written in the form of Eq. (34). Taking into account that the
_ 2Gm) (€1 — €)dles _262) @+ (h)’ (A2)  gauge-invariant distribution function is F</" = F:!’ 4o and by
¢ . Pk
TV D(qr — 2eAR)” +i(er +€) replacing ¢ = €_ + e¢y, one obtains
|
| op  FR_ FR ©p PR FR _ FR
L;lz———i-/ deg—o—i/ de —— 4+ £ 0 (A5)
A ey 2¢ ~on | D(q —2eA§)” —2ie —iw + 2ie¢] 2ie

Here we have taken into account that Debye frequency wp >
w/2 — egb,“cl. Also, we have added and subtracted the term

[e0 de(ER — FR)/(2¢) from Eq. (A4). Let us concentrate

—wp
on the last two terms in Eq. (AS) and denote their sum as l;l:

2i Ff (A6)

4 Jo

The value of the first term in Eq. (A6) is determined by the
poles of the function X with a positive imaginary part. Then,
very close to the superconductor-metal transition, it becomes

I = %[D(q —2eAY) — i+ 2ieg]

o0
x/ de
—0Q

since @/2 + e, as well as D(q — 2eA%)?, is much smaller
than any relevant scale of the distribution functions. Taking into
account that ff’:}’[) detanh (¢/2T)/e ~ 2log(4wpe” /2n T) for
wp > T, where y is the Euler constant, T, = 2wpe’ ~'/*/m,
and Sokhotsky’s formula (s +i0)~' = —ind(e) + P(e™ ),
one obtains

op  FR _tanh (5%
LEI :/ de € (211)
—wp 2¢

(FF — FF B in R
e(e +i0) 2 7

(A7)

+ [ D(q—26AL) +io

. 7 dER
—216¢K] + Z?

i ([ FE = F)[D(a- 2eA%)’ —iw — 2ieds!]
&
ele +iD(q —2¢A%)’ /2 + w/2 — egd]

+i][de FR — FR B in ER
0 4g2 2

(A8)

e +iD(q - 2eAY)’ /2 + w/2 — e

After introducing T,, €2, and 7. as given by Egs. (35)-(38),
one arrives at Eq. (34).

Note that the term ~A¢* A vanishes. This is the expected
property of the action (see the explanation in the main text).
Taking into account that 9, in Eq. (7) is just a symbol standing
instead of a matrix in the discrete time space, and that the sum
of the retarded and the advanced Green’s functions taken at the
same time vanishes, we find that the term ~A“* A is zero,
while

1 —3(FrFe +F" F¢
;lzi/de (P F — ‘). (A9)
D(q — 2eA{)” —2ie
Very close to the transition, it reduces to
| 1 — 3 (FrFE + F! Fe,
L;l=——/de 2 (R — ) (A10)
2 €+1i0
in h e
= 7(1 - F_w/2+e¢;1 Fw/2—e¢;1) (A1D)
in h e
~ (1= FLE). (A12)

064510-10



FAR-FROM-EQUILIBRIUM SUPERCONDUCTORIN . ..

Note that, after applying the Sokhotsky’s formula, the term
fde(F! F . +F f€+ F¢_ )/e gives zero contribution, since the
function under the integral is the odd function of €.

In the above calculation, we used that, close to the
transition, w/2 — e¢s as well as D(q — 2¢A$)? is much
smaller than any relevant scale of the distribution functions. Let
us demonstrate the importance of the mentioned combination
of the momenta and frequency and gauge fields by considering
a simple example. Let us consider an equilibrium situation

PHYSICAL REVIEW B 84, 064510 (2011)

and denote the order parameter by Ag(w,q) in this case.
It satisfied Dq> ~ o ~ (t50)~! < T. Next, we turn on a
constant scalar potential ¢. Then, the order parameter becomes
A = Agexp(—2iedt), ie., A(w,q) = Ao(w — 2e¢,q). Then,
w—2ep ~ (t1a)~! « T. Similarly, it can be shown that
the combination D(q — 2eA{)* has to be compared with
characteristic energies of the distribution function. That is why
it is necessary to introduce the gauge-invariant distribution
functions during the calculation, as we did above.
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