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Emergence of Larkin-Ovchinnikov-type superconducting state in a voltage-driven superconductor
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We theoretically investigate a voltage-biased normal metal-superconductor-normal metal (NSN) junction.

Using the nonequilibrium Green’s function technique, we derive a quantum kinetic equation to determine the
superconducting order parameter self-consistently. The derived equation is an integral-differential equation with
memory effects. We solve this equation by converting it into a system of ordinary differential equations with
the use of a pole expansion of the Fermi-Dirac function. When the applied voltage exceeds the critical value,

the superconductor switches to the normal state. We find that when the voltage is decreased from the normal
phase, the system relaxes to a Larkin-Ovchinnikov-type (LO) inhomogeneous superconducting state, even in the
absence of a magnetic Zeeman field. We point out that the emergence of the LO-type state can be attributed to
the nonequilibrium energy distribution of electrons due to the bias voltage. We also point out that the system
exhibits bistability, which leads to hysteresis in the voltage-current characteristic of the NSN junction.
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I. INTRODUCTION

In condensed-matter physics, nonequilibrium supercon-
ductivity has attracted much attention both experimentally
and theoretically [1-53]. It can be realized by exposing a
superconductor to external disturbances, such as laser irradia-
tion [6-20], microwave irradiation [21-27], phonon injection
[28-31], as well as quasiparticle injection [32-37]. These
disturbances cause a deviation of the quasiparticle energy dis-
tribution from the equilibrium one, which can be symbolically
written as [4,5]

Joeq(@) = f(@) + Af (). ey

Here, f(w) is the Fermi-Dirac function, and A f (w) represents
the deviation from the equilibrium distribution. The deviation
A f(w) leads to various interesting phenomena that cannot be
examined as far as we deal with the thermal equilibrium case,
such as charge imbalance [38,39], enhancement of supercon-
ductivity [21-28,40—45], as well as spatially or temporally
inhomogeneous superconducting states [46—53].

In this paper, we revisit nonequilibrium superconductiv-
ity realized in a normal metal-superconductor—normal metal
(NSN) junction [54-62]. When a bias voltage is applied be-
tween the normal-metal leads, the quasiparticles are injected
into and extracted from the superconductor, which brings the
superconductor out of equilibrium. In this sense, a voltage-
biased NSN junction can be viewed as a driven-dissipative
system, where losses of particles and energy in the main
system (superconductor) are compensated by environmental
systems (normal-metal leads).
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In driven-dissipative systems, spatiotemporal pattern for-
mation is commonly found, when the system is driven far from
thermal equilibrium by continuous driving in the presence of
dissipation [63—65]. We can thus expect the emergence of a
spatially or temporally inhomogeneous superconducting state
in a voltage-biased NSN junction. Indeed, a NSN junction
composed of a superconducting wire (the transverse lateral
dimension of which is much less than the superconducting
coherence length &) is known to exhibit a time-periodic su-
perconducting state when a constant bias voltage is applied
between the normal-metal leads [66—73]. The time-periodic
superconducting state is associated with the appearance of
phase-slip centers (PSCs), at which the superconducting order
parameter vanishes.

In this paper, we consider a NSN junction composed of
a thin-film superconductor that is sandwiched by two thick
normal metals, as schematically illustrated in Fig. 1(a). We as-
sume that the superconductor in the in-plane direction is much
wider than the superconducting coherence length (d > &), but
its thickness is small (I < &), and the spatial dependence of
the superconducting order parameter along the z direction is
negligible. In such a NSN junction, the time-periodic state
associated with the appearance of PSCs is not realized because
the cross section (thickness) of the superconductor is too large
(small) for PSCs to appear. However, we cannot rule out
the possibility of a spatially or temporally inhomogeneous
superconducting state induced by other nonequilibrium mech-
anisms than the phase slip.

To explore this possibility, we need to understand the
space-time evolution of the superconducting order parameter
under the bias voltage. For this purpose, the phenomenolog-
ical time-dependent Ginzburg-Landau (TDGL) equation has
been frequently used [69-73]. Although the TDGL theory is
simple and intuitive, it can only be justified in the vicinity
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FIG. 1. (a) The device under consideration. A thin-film (I < &
and d > &) superconductor is sandwiched between left (L) and
right (R) normal-metal leads. The superconductor is driven out of
equilibrium by the bias voltage V between the normal-metal leads.
(b) Schematic description of our model. The thin-film supercon-
ductor (main system) is described by the two-dimensional attractive
Hubbard model. The coupling between the superconductor and the
o (=L, R) normal-metal lead is modeled by assuming each site of
the system is connected to an independent free-fermion « reservoir,
which is equilibrated with the chemical potential i, and temperature
T..y- Electrons are injected into (extracted from) the superconductor
from (to) the reservoirs. Moreover, —th'R describes the hopping
amplitude between the superconductor and the « reservoir, which
can be controlled by changing the insulating barrier strength inserted
between the superconductor and the o normal-metal lead.

of the critical temperature [74,75]. Furthermore, the TDGL
theory is not sufficient to fully understand the effects of the
normal-metal leads on superconductivity. Within the TDGL
theory, the effects of the normal-metal leads are often modeled
by imposing plausible boundary conditions on the pair wave
function [69-73]. However, this phenomenological approach
fails to account for the nonequilibrium energy distribution
function fyeq(w) of the electrons in the superconductor. The
electrons in the voltage-driven superconductor in Fig. 1(a)
obey the nonequilibrium energy distribution function (which
will be derived in Sec. I1 C)

Freq(@) = yLfi(w) + VRfR(CU)’ @
LT WR

reflecting the different Fermi-Dirac functions f,(w) in the left
(¢ = L) and right (¢ = R) normal-metal leads due to the bias
voltage [57]. Here, y,=Lr is the coupling strength between
the @ normal-metal lead and the superconductor, which will
be defined precisely later on. Although the nonequilibrium
energy distribution function fyeq(w) in Eq. (2) can have a sig-

nificant impact on superconductivity, the TDGL theory cannot
capture this.

In this paper, using the nonequilibrium Green’s function
technique [75-77], we derive a quantum kinetic equation for
nonequilibrium superconductivity in the NSN junction, to
overcome the shortcomings of the above-mentioned TDGL
theory. Solving this equation, we determine the supercon-
ducting order parameter in the voltage-driven nonequilibrium
superconductor. We clarify that the nonequilibrium energy
distribution fyeq(w) induces a steady but spatially inhomo-
geneous nonequilibrium superconductivity. We also show
that the NSN junction system exhibits bistability, leading
to hysteresis in the voltage-current characteristic of the
junction.

We note that the derived quantum kinetic equation is a non-
Markovian integrodifferential equation with memory effects.
Although the numerical solution of such an equation is usu-
ally a computationally very expensive problem, we show that
one can effectively reduce the associated numerical costs by
utilizing the auxiliary-mode expansion technique, originally
developed to study the time-dependent electron transport in a
normal-metal device [78-83].

We comment on the connection between previous work
[55,56,60] and this study: In Refs. [55,60], the possibil-
ity of a spatially inhomogeneous superconducting state in a
voltage-driven superconductor was discussed based on the
quasiclassical Green’s function technique. However, these
papers do not solve the quantum kinetic equation to study
the time evolution of the system. Thus, the possibility of
a temporally inhomogeneous superconducting state is ne-
glected. Besides, the stability of the spatially inhomogeneous
superconducting state and the bistability are not explicitly
discussed. On the other hand, Ref. [56] examines the dy-
namics of the voltage-biased superconductor, to point out the
possibility of a bistability. However, Ref. [56] deals only with
the spatially homogeneous case. Our work complements these
previous studies, to give the complete phase diagram of a
voltage-biased superconductor.

This paper is organized as follows. In Sec. II, we derive the
quantum kinetic equation for nonequilibrium superconductiv-
ity in the NSN junction. By solving this equation, we draw
the nonequilibrium phase diagram of this system in Sec. III.
Throughout this paper, we use units such that & = kg = 1,
and the volumes of the reservoirs are taken to be unity, for
simplicity.

II. FORMALISM
A. Model Hamiltonian

We consider a thin-film superconductor sandwiched be-
tween normal-metal leads, as illustrated in Fig. 1(a). To model
this NSN junction, we consider the Hamiltonian,

H = HSC +[ilead + Hpix.- (3)
Here, the superconductor (which is referred to as the

main system in what follows) is described by the two-
dimensional attractive Hubbard model on a square lattice
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of N = L,xL, sites with the periodic boundary conditions,
described by

Hsc = Ho + Hint, 4)
N
Hy = — Z Z[c;gck.a +H.c.] — fsy Z an,a,
o=11 (j.k) o=t j=I1
. )
Him =-U an,Tnj,i, (6)

where ¢, is the annihilation operator of an electron with
spin o =1, | at the jth lattice site (j = 1, ..., N), and n;, =
cj.’ac .o 1s the number operator. In Eq. (5), —¢; is the nearest-
neighbor hopping amplitude, sy, is the chemical potential
of the main system, and the summation (j, k) is taken over
the nearest-neighbor lattice sites. The Hubbard-type onsite
interaction is described by Hi, in Eq. (6), where —U (< 0)
is the strength of the attractive pairing interaction.

The left (¢ = L) and right (¢« = R) normal-metal leads are
assumed to be free-electron gases in a thermal equilibrium
state, described by Hjeoq in Eq. (3), having the form

N
o= D ) D D 5 0d, dip, ()

a=LRo=1.| j=1 p

where djf;a creates an electron with the kinetic energy §; =
P?/2m — 1y (t) in the jth o reservoir. We model the coupling
between the main system and the o normal-metal lead by as-
suming each site of the system is connected to an independent
free-fermion reservoir (which we call the o reservoir) [84],
as schematically illustrated in Fig. 1(b). All the o reservoirs
are assumed to be always equilibrated with the chemical po-
tential uy(#) and the temperature Tg,, [85]. The difference
Ur () — pr(t) of the chemical potentials between the left and
right reservoirs equals the applied bias voltage eV (¢) between
the normal-metal leads. As schematically shown in Fig. 2, we
parametrize (i, (t) as

Vo + AV ()O1)],
(8

where [teny 1S the average chemical potential and ©(¢) is the
step function. We assume that the system is in a nonequilib-
rium steady state (NESS) under a constant voltage V; att = 0.
(We will verify this assumption later by investigating the time
evolution of the system.) For r > 0, the system is driven by a
time-dependent voltage Vy + AV (¢).

The couplings between the superconductor and the normal-
metal leads are described by

Hux=— Y Y. ZZ [19d%T e +He] 9

a=L,Ro=%,] j=1

e e
MLR) () = Menv F EV(I) = Mew F 5

Here, —t{ is the hopping amplitude between the super-
conductor and the « reservoir, which can be tuned by
adjusting the insulating barrier strength inserted between the
a normal-metal lead and the superconductor. In this paper,

L reservoir Main system R reservoir
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FIG. 2. Schematic energy band structure of our model. The en-
ergy is commonly measured from the average of the Fermi energy
levels of the left and right reservoirs. In the left (right) reservoir at
Teny = 0, the energy band &,®(¢) is filled up to +eV (r)/2, respec-
tively. The chemical potential difference ug () — p(f) between the
left and right reservoirs equals the applied bias voltage eV (¢ ) between
the normal-metal leads.

for simplicity, we consider the symmetric hopping amplitude
L _ R _
tt=R=1.

B. Nonequilibrium Nambu Green’s function

To study the superconducting state out of equilibrium,
we conveniently introduce a 2N x2N matrix nonequilibrium
Nambu Green’s functions, given by

G, (t,1) Gy, 1)
X r,a,<
(t,1") = : : )
N1t 1) wai)
where
Gy (t, 1) = —i®F —1')

« (“Q$Ulczﬁfﬂ+) (kﬁ“”,%waqh))
(Ieh (). cf 1) (Ieh (0, ey (D]
=[G’ 11
G(t.t) = (l “{%,T(t:)ciﬁ(t)) ’:(Ckw(f:)cin(t))) .
i{ey 4 (@e; (@) e,y (e (@)
with [, Bl.. = AB & BA.Tn Egs. (11) and (12), Gy, G, and

k are, respectively, the retarded, advanced, and lesser 2x2
matrlx Green’s functions, whose elements are given by

G* (t,1
),(k( ,)12 . (13)
Gt 1)

G, 1) = Gyt o
s ’ G, 1)
In the nonequilibrium Green’s function scheme, the effects

of the pairing interaction, as well as the system-lead cou-
plings, can be summarized by the 2N x2N matrix self-energy
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correction
5@, ) iy, 1)
L) = :
Nt ZnvE 1)) onon
=3 (1. 1)+ E.0. 1), (14)

which appears in the Keldysh-Dyson equations [75-77,86]

o0
GV )y =611 + / dn / A6, 1)
o

r(a)

< £, )6t 1), (15)

o0 o0
G 1) :G;O(t,t/)—l—/ dII/ dnG'(t, 1)
—00 —00

x 2511, 0)6" (1, 1), (16)

with

G;O(t,t/):/ dh/ dt2|:5(l—l1)
oo oo

o0
+ / dlsGr(l,h)):r(ls,ll):|Gg(llalz)

[ee]

o0
x |:5(l‘2—t/)+ / dt3f3a(t2,t3)Ga(f3,t/)j|-
— 00

7)

Here, (A}:)(a) and G, are the Green’s functions of the iso-
lated main system in the thermal equilibrium state before
the system-lead couplings, as well as the pairing interaction,
are switched on. We note that although GJ depends on the
temperature Tiso in the isolated main system, we will later find
that G, in Eq. (17), which involves G, vanishes within our
formalism and the results do not depend on Tis,. (Instead, the
results only depend on the temperature T,, in the normal-
metal leads.)

InEq. (14), £ and 3, describe the effects of the pairing
interaction and the system-lead couplmgs respectively. In the
mean-field BCS approximation, th is given by [87-89]

)y =50, 1) = —A@0)s¢ — 1), (18)

o(t,1) =0, 19)

where A(¢) denotes the 2N x 2N matrix superconducting order
parameter, having the form

Ai(r)
A= (20)
AN(I) 2N x2N
with
0 At

80 = (a0 ") e

In Eq. (21),
Aj(l) = —l.UG;]»(Z‘, Hiz (22)

is the local superconducting order parameter of the jth lattice
site.

We deal with the self-energy correction 3, within the
second-order Born approximation with respect to the hopping
amplitude ¢, , which gives (for the derivation, see Appendix A)

ST $ T . 5
zlead(t,t/)z[):j‘ead(t/,t)] = —2iys(t — 1)1, (23)

! eAV(t)
et 1)) =2iy Y exp (—17)/ dn — )

n==%

do eVo \ -
—la)(t t') _ 1 24
X/ po f( '7_2) 24)

Here, i is the 2N x 2N unit matrix

1
e/Tew 4 1

flw) = (25)

is the Fermi-Dirac distribution function in the reservoirs, and

y =mpltl, (26)

with py(w) = p being the single-particle density of state in
the o reservoirs. In the following, we use y as a parameter
to characterize the system-lead coupling strength. We note
that in deriving f)i(ead, we assume that p, () in the o normal-
metal lead are unperturbed by the proximity effect because the
system-lead couplings are sufficiently weak [55,56]. Under
this assumption, we can ignore the w dependence of p,(w)
around the Fermi levels, which is called the wide-band ap-
proximation in the literature [77,84]. We also note that we

have ignored the real part of the self-energy Elcad in Eq. (23)
because it only gives a constant energy shift, which can be
absorbed into the chemical potential sy of the main system
[77,84].

Due to the wide-band approximation, the retarded (ad-
vanced) self-energy flfiz()j(t, t") in Eq. (23) becomes local in
time, that is, it has nonzero contribution only when ¢t = ¢'. On
the other hand, the lesser self-energy 3 ,(t, ) in Eq. (24)
is nonlocal in time because we do not ignore the w de-
pendence of the energy distribution function f(w) in the «
reservoir.

As shown in Appendix B, substituting the self-energy
corrections in Egs. (18), (19), (23), and (24) into the Keldysh-
Dyson equations (15) and (16), we find G;O(t, t") = 0, which
simplifies Eq. (16) as [86]

A< ’ * o AT &< ~a ’
G (1,1)= dn dnG (t,1)X (t;, )G (1, 1).
—00 —00
(27)

We note that the vanishing of Glso (¢, 1) physically means that
the memory of the thermal equilibrium state in the isolated
main system is wiped out by the couplings with the normal-
metal leads.

C. Nonequilibrium steady state at¢ = 0
We next explain how to obtain the nonequilibrium super-
conducting steady state at # = O under the constant voltage
Vo. When the system is in a NESS, the Green’s functions
GXﬁr’aK(t, t"), as well as the self-energy corrections 2)(([, t),
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depend only on the relative time ¢t — #’. This simplifies the
Keldysh-Dyson equations (15) and (27) as

Ar(a) () Ar(a) sr(a) ()

Gress (@) = Gy (0) + Gy (@)X (0)Gngss (@), (28)

Grpss (@) = Gypss ()2 (0)Gygss (@), (29)

where

o0

Grpss (@) = / d(t — 1) Gpss(t — 1), (30)

—0Q

N (w) = / d(t — ) = 1 —1)). (31)

o]

In frequency space, Egs. (18) and (19) have the forms

ar(a)

2V (w) = —A@ =0), (32)
3 (w)=0. (33)

In the same manner, the self-energy ffead (w) is given by

or(a)

$jeaa(@) = F2iy1, (34)
3 (w) = 2iy [f(w - %) +f(a) + e_;/o)]l (35)

J

Substituting Egs. (32)—(35) into the Dyson equation (28), we
have

A r(a)

Gess (@) = (36)

where

Hpag = Fo — A(0), 37)
with %, being the matrix representation of the Hamiltonian
Hj in Eq. (5), given by
HoW. (38)
In Eq. (38),

o
U' = (c] ey ey aony) (39)

is the 2N-component Nambu field.
The BCS mean-field Hamiltonian Hpy4g can be diagonal-
ized by the Bogoliubov transformation

KN El
W HpicW = ) (40)

E
2N J anxan

FHpag. The retarded (advanced) Green’s function in Eq. (36)
can also be diagonalized by using W as

[w % 2iy —E]7!

~r(a) ~ F ar(a)

Gniss (@) = W' Gypss (@)W = (41)
: -1
[w£2iy —Ewl™ ] ) v
From Egs. (29), (33), (35), and (41), we obtain the lesser component g;ESS of the Green’s function as
[w—eVo/2)+f(w+eVo/2)
o s . [0—E > +4y?
Gness(@) =W Gyggs (@)W = 2iy (42)
flo—eVo/2)+f(wteVo/2)
[w_EZN]2+4VZ IN x2N
The local superconducting order parameter A ;(0) is self-consistently determined from Eq. (22) as
© d(l) A< AN AT
Aj(0) = EGNEss(U))ijl,Zj = [WAW 1y;_12/, (43)
—o0
where
N N X dw A <
A=) A= Z_QNESS(C‘))’ (44)
n=% o0 <7
with A, = diag(A], ..., Al,) being a 2N x2N diagonal matrix. In Eq. (44), A'l_, . oy are given by
*d —neVy/2
A'?zziy/ do (= nelo/2)
J —o0 2 [0 — E;I> +4y
i 1 1 1 E;+2iy —neVp/2 I E;—2iy —neVy/2
== A — - — - - — . 45
2 |:6(Ej+2zy—rzeVo)/2 +1 + 2mi |:1/f<2 27iT 4 2 27 i Tony 45)

Here, ¥(z) is a complex digamma function. We solve the gap equation (43) to obtain the superconducting order parameter A ;(0)
for a given set (y, Vo, Teny) of parameters. For this purpose, we employ the restarted Pulay mixing scheme [90,91], to accelerate

the convergence of this self-consistent calculation.
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We note that substituting Egs. (33) and (35) into the Dyson
equation (29), we have

e i eV %
G\gss(w) = 2iy f(a) - —> +f( 620)

% Gss (©)Gss (@)

. 17 eVy eVO
=—3lro- ) (e )]
x [G;\IESS (w) — GNESS (w)]

= i feq(@)ANEss (@), (46)
with

Freq(@) = = [f(w—e—v‘))w( e;“)} 47)

Angss(@) = [ Ggss (@) — Grpss(@)]. (48)
In deriving the second line of Eq. (46), we used [92]
G;\IESS(C‘)) - G;Ess (@)
= Griss () E' (@) — £(@)]Ggss (@)
= —4iy Gygs (@) Gngss (). (49)

Comparing Eq. (46) with the thermal equilibrium lesser
Green’s function, we can interpret ANESS(a)) and freq(w) as
the single-electron excitation spectra and the nonequilibrium
energy distribution, respectively. We note that the nonequilib-
rium energy distribution fyeq(w) in Eq. (47) is given in Eq. (2)
where Y1, = JR.

Once the nonequilibrium superconducting steady state is
obtained by solving the gap equation (43), we can evaluate
the steady-state charge current / through the NSN junction.
The charge current Iy (t) from the left normal-metal lead to
the superconductor is determined from the rate of change in
the number of electrons in the left reservoirs [86,93]:

N
R = et 3 S 0, )

o=t j=1 p
= 2elt, | ZZf dnRe[G;(t, t)u Dy (p. 11, iy

+ G;(t, t)n D (p, t, Hn. (50)
Here, Di(<)(p, t,t") is the noninteracting advanced (lesser)

Green’s function in the left reservoir, given in Eqgs. (All)
and (A13). From Eq. (50), we obtain the steady-state value

I.(t =0)as [86,93]
* dw eV .
o f(w— 7)[ NEss, jj (@)

N
Iy :4iye2/ >
j=107%

_Gia\uass,jj(w)ll] + Glfuass,jj(w)ll} (5D

The current Ig from the right lead to the superconductor is
also given by Eq. (51) where f(w — eVy/2) is replaced by

f(w+ eVy/2). Since I =1, = —Ig in a NESS, we obtain a
symmetrical expression I = [I, — Ir]/2 as

N
1 :2iyeZ/ 7
j=107%

S e-3) o+ 2))

X [G;]ESS,H(CU)II - G;ESS,H(C{))H] (52)

The w integral in Eq. (52) can be performed analytically by
employing the Bogoliubov transformation in Eq. (40). After
carrying out the Bogoliubov transformation, we have

N
I =4ye Z[W[[\Jr — AW 10j-1, (53)
=1

where Aﬂzi is given in Eq. (45).

D. Quantum kinetic equation for voltage-driven superconductor

To evaluate the time evolution of the superconducting
order parameter A ;(t > 0) after the time-dependent voltage
Vo + AV (¢) is applied to the system, we derive the equation of
motion of the equal-time lesser Green’s function G<(t) =
G (¢, t). [Note that G<(t) is directly related to the supercon-
ducting order parameter A;(¢) via Eq. (22).] Substituting the
self-energy corrections in Egs. (18), (19), (23), and (24) to the
Dyson equations (15) and (27), we obtain (for the derivation,
see Appendix C)

i9,G~(t) = [Hpac (1), G~ (1)]-
—4iyGT ) — A - (@), (54
where

Hpac(t) = Ho — At), (55)

o0
fi() = / dnG 1S (1, 1), (56)
—00

and f[(t) in Eq. (56) involves the retarded Green’s function
Gr(t, t"), so that the quantum kinetic equation (54) is solved
together with the Dyson equation (15).

We note that the first term on the right-hand side in Eq. (54)
represents the unitary time evolution. When we only retain
this term by setting y = 0, which physically means cutting
off the couplings between the superconductor and the normal-
metal leads, Eq. (54) is reduced to

i0,G™(t) = [Hpac(1), G~ (1)]_. (57)

This equation is equivalent to the so-called time-dependent
Bogoliubov—de Gennes (TDBAG) equation [94,95], which is
widely used in studying the dynamics of isolated supercon-
ductors. In this sense, Eq. (54) is an extension of the TDBdG
equation to an open superconductor in the NSN junction.

We also note that Eq. (54) is an integrodifferential equa-
tion that depends on the past information through TI(r) in
Eq. (56). This so-called memory effect comes from the
couplings with the non-Markovian reservoirs [96,97]: The
o dependence of the energy distribution function f(w) in
the o reservoirs makes the lesser self-energy £ ,(7,7) in
Eq. (24) nonlocal in time, which results in the non-Markovian
term f[(t).
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E. Auxiliary-mode expansion

We numerically compute the time evolution of the super-
conducting order parameter A ;(¢) under the voltage V(1) =
Vo + AV (1)O(t), by solving Eq. (54) together with the Dyson
equation (15). Although similar coupled equations have al-
ready been solved in Refs. [96,97] by carrying out the integral
of T1(¢) in Eq. (56) at each time step, these previous papers
deal only with a much simpler spatially homogeneous super-
conducting case at Ti,y = 0 and V(¢) = 0. However, in the
present case, the non-Markovian nature of Eq. (54) makes
such a direct computation very challenging.

To circumvent the problem, we extend the auxiliary-
mode expansion technique, developed in the study of the
time-dependent electron transport in a normal-metal device
[78-83], to the present superconducting junction. This tech-
nique allows us to convert the integrodifferential equation (54)
into a system of ordinary differential equations that are suit-
able for numerical calculations.

The main idea of the technique is performing the w integral
in Eq. (24) by using the residue theorem. To this end, we
expand the Fermi-Dirac function f(w — neVy/2) as

ev 1 ali T, T,
0 n n
w—n—n]\|~=_T E + ,
f( n 3 ) ) env . |: Xom X,;kn:|

where the summation is taken over simple poles of

€V() .
Xnon = N—— + 1 Xn, (59)

2

with r, being their residues. The choice of (x,, r,) is not
unique. The well-known example is the Matsubara expansion
[98] with the Matsubara frequency y, = [2n + 1]7 T,y and
r, = 1. Instead of using this expansion, we use the Padé
expansion [99,100], which converges much faster than the
Matsubara expansion. (We checked that Ng = 10 is sufficient
in the case of the Padé expansion.) For details of this expan-
sion, see Appendix D.

Substituting the expanded Fermi-Dirac function in Eq. (58)
into (24) and using the residue theorem, we have

Nr
f;lf:ad(t’t/) = Z |:ij/8(t —l/)+z¢n.,l(t,l/):|i, (60)

n== n=1

J

~e *® dw
G(t:O):/ 5
oo 21

[Xr;,n + 2iy — E1]71

oo

L, < dw ,r
i, =0)= / O Brwss @y (@) = 2y T W

—00
.....

F. Momentum-space formalism

At the end of this section, we map the real-space formalism
explained in Sec. IIC onto the momentum-space formalism
for later convenience. In the case of the spatially uniform

with

i ' T eAV(t
Dn.n(t, t) = ZJ/Tenvr,,e_’Xﬂ»t(f—t ) exp (_in/ dn, e ( 1))
t/

(61)

We then substitute the expanded self-energy in Eq. (60) into
II(r) in Eq. (56), which reads as

Nr
@) =yi+) > 1,.0).

(62)
n==+ n=1
Here, we use Gr(t, t) = —i /2 and introduce
1,,() = / dnG' (1, 1) yaltr 1), (63)
—00
whose equation of motion is found
i0, ﬁn,n(t) = 2yTenvrni
N . eAV(t)
+ [HBdG(t) - 217/ — Xnon — 1 ) :|
x TL,0(0). (64)

In deriving Eq. (64), we have used Eq. (C4), which is equiva-

lent to the Dyson equation (15), and

eAV (1))
2

ial/¢i’],l’l(t’ t/) = - |:Xn,n + n :|¢n,n(ts t/)' (65)

Substituting Eq. (62) into (54), we arrive at
i0,G™(t) = [FHpac(t). G~ ()] — 4iyG~(t) — 2y1

Nr .
=3 0+ 110

n==+ n=1

(66)

Thus, the original coupled Dyson equation (15) with the (com-
putationally challenging) integrodifferential equation (54) is
now replaced by the set of the ordinary differential equa-
tions given in Egs. (64) and (66).

We numerically solve Egs. (64) and (66) by using the
fourth-order Runge-Kutta method with sufficiently small time
steps. At each time step, A;(¢) in FHpag(7) is evaluated from
G~ (r) via Eq. (22) to proceed to the next time step. The initial
condition at ¢ = 0 is given by (see Sec. IIC)

< AR AT
Grpss (@) = WAW', (67)

W' (68)

[Xnn + 2iy — Ean]™!

(

superconducting state (A;_; n = A), it is convenient to
Fourier transform the field operator as

—ir.k
Cko = E e/ crj,a»
rj

(69)
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where r; = (x;, y;) is the position vector of jth lattice site.
As shown in Appendix. E, by evaluating the lesser Green’s
function in momentum space, we obtain the nonequilibrium
BCS gap equation given by [89]

I Z/ dodyoll — f(o —eVy/2) — f(w +eVo/2)]
27 (0 — Eo)? + 420 + B + 4y2]
(70)

Here,

Ex = /&7 + A? (71)

is the Bogoliubov excitation energy with
ex = —2t[cos(ky) + cos(ky)] — peys (72)

being the kinetic energy of an electron (where the lattice
constant is taken to be unity, for simplicity). We solve the
gap equation (70) self-consistently to obtain A for a given
parameter set (¥, Vo, Teny)-

J

— el ][l — flw — eVo/2) — f(w+ eVp/2)]
0

Particularly in the thermal-equilibrium limit (y — +0 and
Vo = 0), Eq. (70) is reduced to

1 1 Ex

o= Xk: >, tanh (ZT) (73)
which is just the same form as the ordinary BCS gap equa-
tion [95,101] when one interprets T,y as the temperature in
the system. In this sense, Eq. (70) may be interpreted as a
nonequilibrium extension of the BCS gap equation.

We can also work in momentum space, when the system
is in the normal state (A; = 0). As shown by Kadanoff and
Martin (KM) [102,103], when the particle-particle scattering
T matrix x"(q, v) in the normal phase has a pole at (g, v) =
(Q, 0), the normal state becomes unstable (Cooper instability)
and the superconducting transition occurs. By extending the
KM theory to the nonequilibrium case, we obtain the T,
equation that determines the boundary between the normal
phase and the superconducting phase.

Evaluating the nonequilibrium 7" matrix x'(q, v) by using
the nonequilibrium Green’s function technique, we obtain the

TS, equation from the KM condition [x"(g = Q,v = 0)] 7! =
0 as [104-106]

-y / dew 4y [
U 4 27 (@ — ex+0/2)* + 4y (@ + e_k192)* + 4y?]

where

gz,Q = %[‘9k+Q/2 — &_k10,2]- (75)

We summarize the derivation of Eq. (74) in Appendix F. In
Eq. (74), the momentum @ is determined so as to obtain
the highest 7.7 . When Q = 0, the BCS-type uniform super-
conducting state is realized. Indeed, the T equation (74)
with Q = 0 just equals the gap equation (70) with A = 0.
On the other hand, the solution with Q@ # 0 describes an in-
homogeneous superconducting state, being characterized by
a spatially oscillating order parameter (symbolically written
as A, = Ae'?7i). This is analogous to the Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) state in a superconductor under
an external magnetic field [107-109].

III. NONEQUILIBRIUM PHASE DIAGRAM OF
THE VOLTAGE-DRIVEN SUPERCONDUCTOR

We now explore the nonequilibrium phase diagram of the
voltage-driven superconductor. Hereafter, we use the hopping
amplitude 7 as the energy unit. We also set gy, =0 and
U/ty = 3. We focus on the spatial dependence of the order
parameter A; along the x axis in a two-dimensional square
lattice with L, x L, = 101x11 sites.

The main findings are as follows:

(1) When a constant bias voltage is applied, the sys-
tem always relaxes to a certain steady state; that is, the
system never realizes a time-periodic state as seen in a
voltage-driven superconducting wire [66-73]. The phase
diagram in Fig. 3 summarizes the steady states of the
system.

) (74)

(

(2) Inregion II of the phase diagram, a nonuniform super-
conducting state with a spatially oscillating order parameter,
which we call the nonequilibrium Larkin-Ovchinnikov (NLO)
state, is realized. The emergence of NLO is attributed to
the nonequilibrium energy distribution function fyeq(w) in
Eq. (47).

(3) Inregions II and III of the phase diagram, the system
exhibits bistability. When the system enters these regions from
region I, a uniform superconducting state, which we call the
nonequilibrium BCS (NBCS) state, is realized in both regions.
On the other hand, when the system enters these regions from
region IV, NLO and the normal state are, respectively, realized
in regions II and III.

Below we discuss these findings in detail.

First, we consider the case when the system is initially
in the thermal equilibrium BCS state (V, = 0) at t =0 and
then driven out of equilibrium by the voltage V(t) = AV O(?).
Figure 4 summarizes the AV dependence of the time evolu-
tion of the order parameter obtained by solving the coupled
differential equations (64) and (66). In this figure, |A(¢)| and
Ay, .4, are defined by

_ 1 Y
A0l =+ PINIGI (76)
j:
Agug, ) =77 AR (77)
x =y j=1

Here, |A(¢)| is the spatial average of the order-parameter
amplitude and A, 4 (¢) is the order parameter in momentum

q = (4qx, gy) space.
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1.6 Al - T
=3 (IV) Normal
w (IIT) NBCS, Normal

12N
(II) NBCS, NLO

(D) NBCS

Path A

0 0.1 02 03 0.4 0.5
Tenv /1|

(b) (b) V/tH =01 (b2) ’Y/L‘” =0.2

1.6

00 0.1 02 03 04 050 0.1

CZjenv/tH

02 03 04 05
ZEnv/tH

FIG. 3. (a) Nonequilibrium phase diagram of the voltage-driven
superconductor, when y /¢ = 0.01. NBCS and NLO are the nonequi-
librium BCS and Larkin-Ovchinnikov state, respectively. While
NBCS is a uniform superconducting state, NLO is a nonuniform
superconducting state with a spatially oscillating order parameter.
The system exhibits bistability in regions II and III. When the system
enters these regions from region I, NBCS is realized in both the
regions. On the other hand, the system relaxes to NLO (normal
state) in region II (III), when entering from region IV. V) = Vigcs
(boundaries between regions I and IV, as well as regions III and IV)
and Vy = VyLo (boundary between regions II and III) are, respec-
tively, obtained by solving Egs. (70) and (74) (see the main text for
details). (b) Effects of the system-lead coupling strength y on the
phase diagram.

Figure 4 shows that, when the voltage is quenched from
Vo = 0, the system always relaxes to a steady state. When
the system enters regions II and III (eAV/ty =0.8 and
1.2), the system relaxes to a uniform superconducting state
(NBCS), where |A, 4 | has a peak only at ¢ = 0, as shown
in Figs. 4(b2) and 4(c2). On the other hand, Fig. 4(d) shows
that the superconducting state transitions to the normal state
(JA| = 0) when entering region IV (eAV/t; = 1.4). To con-
clude, when the voltage is increased from V;; = 0, NBCS is
maintained in regions I-III and the system transitions to the
normal state when entering region I'V.

(a) Region I 11 I v
eAV/t) > (b)
(c)
L L L L L L L .(d) L PV/f
0 02 04 06 08 1 12 14 16 /1
(b) eAV/t; =0.8
1 & 1
[Aq, 0/ Ao
5 0.8 0.8
=06 S0 0.6
e~ =
504 0.4
— 0.2
021 b1y (b2) 5
% 50 100 130 200 "0 50 100 150 200
tXtH tXt”
(C) (’AV/I‘H =1.2
i Mg o/a :
2,0 0
©08 e 0.8
; 0.6 5o 0.6
04 = 0.4
—02 0.2
0 (cl) (c2) )
—T
50 100 150 200 "o 50 100 150 200
t x q| t X m
! "[12,, 0l/2 !
<08 4 01/ =0 0.8
~0.6 § o [— 0.6
i 04 & 0.4
—0.2 i 0.2
(d1) (d2)
0 — o
0 50 100 150 200 "0 50 100 150 200
tXtH tXt”

FIG. 4. Time evolution of the order parameter under the voltage
V(t) = AVO(t). The initial state at + = 0 is the thermal equilib-
rium BCS state (V, = 0). We set y/f;y = 0.01 and T.,,/t; = 0.05.
(a) Schematic diagram of how we quench the voltage. The regions
I-IV are shown in Fig. 3(a). (b)—(d) Show the time evolution of
|A(¢)| in Eq. (76) and Ay,.q=0(t) in Eq. (77) for each voltage quench
depicted in (a). Here, A, is the order parameter in the case that the
superconductor is isolated from the normal-metal leads and is in the
BCS ground state.

The boundary between regions III and IV can be easily
obtained from the nonequilibrium gap equation (70) [89].
Figure 5 shows the temperature T, and the voltage V;
dependence of the solution A of the nonequilibrium gap
equation (70), when y/f) = 0.01. As seen from this figure,
superconducting solutions (A # 0) vanish in the case when
Vo > VnBes. Thus, Wnpes is the critical voltage for the uni-
form superconducting state (NBCS), and V) = Vnpcs gives
the boundaries between regions I and IV, as well as regions
IIT and IV, in the nonequilibrium phase diagram in Fig. 3.

We note that the nonequilibrium gap equation (70) has
two solutions in the low-temperature regime Teny /7 S 0.35,
as shown in Fig. 5 [89]. While the solid line corresponds to
NBCS, the dashed line corresponds to a spatially uniform
gapless superconducting state analogous to the Sarma(-Liu-
Wilczek) state discussed under an external magnetic field
[110,111]. Since this gapless superconducting state is an un-

104502-9



KAWAMURA, OHASHI, AND STOOF

PHYSICAL REVIEW B 109, 104502 (2024)

A/Ao
1 r
0.8
0.6
Vi :
0.4 // // Unstable solution

0.8 )
("/O/tH . 0.4 Tenv/tH

1.6

FIG. 5. Self-consistent solutions of the nonequilibrium gap equa-
tion (70), when y/ty =0.01. V, = Vngcs gives the boundaries
between regions I and IV, as well as regions III and IV in the
nonequilibrium phase diagram in Fig. 3. While the solid line corre-
sponds to NBCS, the dashed line corresponds to an unstable gapless
superconducting state.

stable steady state [89], the system actually never relaxes to
this state.

Since we find that the system is in the normal steady state in
region IV, we next discuss the time evolution of the order pa-
rameter A ;(t), when the voltage decreases from region IV. (As
a typical example, we set eV, /t) = 1.6.) To trigger the super-
conducting phase transition, we give a spatially random small
amplitude |A;(t = 0)|/Ag = 1073 ¢j, as well as random phase
0;(t =0) = 2m¢;, (where ¢; is a random number between 0
and 1) for the initial order parameter A ;(0) = |A;(0)e®©.

As shown in Fig. 6(b1), the order-parameter amplitude |A|
does not grow over time, when we decrease the voltage to
enter region III (eAV/ty = —0.4), meaning that the system
remains in the normal steady state in region III. On the other
hand, when the system enters regions I and II (eAV/t) =
—1.05 and —0.8), |A| grows and the system undergoes the
superconducting transition, as shown in Figs. 6(c1) and 6(d1).

The superconducting transition line (the boundary between
regions II and IIT) shown in Fig. 7(a) is easily obtained from
Eq. (74) [89]. We see in Fig. 7(b) that the poles of the T
matrix x"(q, 0) appear at g = 0 on the solid line (V) = Vxgcs),
whereas they appear at ¢ = Q( 0) on the dashed line (Vy =
WaLo)- Thus, the solid (dashed) line represents the phase tran-
sition from the normal state to uniform NBCS (nonuniform
NLO). Hence, V) = VNLo gives the boundary between regions
II and III in the nonequilibrium phase diagram in Fig. 3.

Figure 6(c2) shows that the system relaxes to the nonuni-
form superconducting state (NLO), where |A,, , —o| has two
peaks at g, = £0, in region II. The corresponding spatial pro-
file of the order parameter, which can be symbolically written
as A,, = Acos(Qx;), is shown in Fig. 8(b). The magnitude
of Q depends on the applied voltage. As shown in Fig. 8, the
magnitude of Q increases as the applied voltage increases.

The emergence of the LO-type superconducting state in
region II can be attributed to the nonequilibrium energy distri-
bution function freq(w) in Eq. (47) [89,104—106]. Figure 9(a)
shows the nonequilibrium momentum distribution n,°? in
Eq. (F5). The two-step structure in fyeq(w) is taken over by the

(a) Region | I 111 v
(b) eAV/t)
(©), ) *
(d)
L L L I I I L L L EV/tH
0 02 04 06 08 1 12 14 16
(b) eAV/t) =04
! "8y 0/ !
qz,0 0
0.8
508
=06 . 0.6
= =0
504 0.4
- 0.2
02 (b1) (b2)
00700 200 300 400 500 "0 100 200 300 400 500
t x t“ t x tH
(c) eAV/ty=-0.8
1 g 1
|Aq, .01/ A0 0.8
508 : :
=06 | & w—— J0.6
=, =0 —— o4
02 (ch) IR
05T00 200 300 400 500 0 100 200 300 400 500 "
t x t“ t X tH
) eAV/t; = —1.05
1 O A A 1
os [Aq, 01/ Ao s
Dos , - 0.6
= 4 =0 0.4
‘ZI/O. .
02 0.2
0 (d1) (d2) X
0 100 200 300 400 500 "0 100 200 300 400 500
t X t“ t X tH

FIG. 6. Same plots as Fig. 4 for the voltage eV (¢t)/ty = 1.6 +
eAVO(t)/t). The initial state at t = 0 is the normal steady state
(EVO/IH = 16)

momentum distribution n;"?, creating the two Fermi edges, as

shown in Fig. 9(a). These Fermi edges provide two effective
“Fermi surfaces” (FS1 and FS2) of different sizes, which
induce the FFLO-type Cooper pairings with nonzero center-
of-mass momentum. This mechanism is quite analogous to the
ordinary thermal-equilibrium FFLO state induced by the Zee-
man splitting between the spin-1 and spin-| Fermi surfaces
under an external magnetic field [107,108]. However, in the
nonequilibrium case, the spin-4 and spin-|, Fermi surfaces are
exactly the same due to the absence of a Zeeman field. Instead,
each spin component has two “Fermi surfaces” of different
sizes.

The voltage dependence of the NLO order parameter
A, = Acos(Qx;) shown in Fig. 8 can be understood by us-
ing the effective “Fermi surfaces”: Since the magnitude of
QO physically implies a nonzero center-of-mass momentum
of a Cooper pair, it depends on the difference in the size
of FS1 and FS2. Because the position of FS1 and FS2 in
momentum space is determined by the Fermi levels of left and
right normal-metal leads, the size difference increases as the
voltage increases. Thus, the magnitude of Q also increases as
the voltage increases.

When the system enters region I from region IV (eAV/t =
—1.05), although the NLO-like nonuniform superconduct-
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Uniform Vascs

0.4 \Nonuniform

0.2

e/t !
(b) —x 0)/¢

$ Qm

FIG. 7. (a) Superconducting transition line obtained from
Eq. (74). The system transitions to a uniform NBCS (nonuniform
NLO) on the solid Vy = Vypes (dashed Vy = Vnio) line. (b) The
intensity of the 7" matrix x"(q, 0) at the positions (b1) and (b2) shown
in (a).

ing state temporarily appears, the system eventually relaxes
to the uniform superconducting state (NBCS), as shown in
Fig. 6(d2).

Summarizing the results of Figs. 4 and 6, we arrive at the
nonequilibrium phase diagram in Fig. 3(a). In regions I and
IV, the system always relaxes to the uniform superconducting
state (NBCS) and the normal state, respectively. On the other
hand, the steady state realized in regions II and III depends on

(@eV/ty =07 10

Yys

0

(byev/ty =08 10
Js 0.6
' 0.4

0

(c)eV/ty =09 10

Ys

20 40

T 60 80 100

FIG. 8. The voltage dependence of the amplitude |A;| of the
NLO order parameter. The intensity is normalized by Ay. We set
y/ty = 0.01 and T¢y /1) = 0.05.

(a) "//tH =0.01 (b) v/tH =0.2
™ ™

ky 0 kyo0

FIG. 9. Nonequilibrium momentum distribution r,"? for different
system-lead coupling strength y. We set Tc,, = 0 and eV, /t; = 1 for
both panels. Two Fermi edges (dashed and dotted lines) imprinted on
;3 work like two “Fermi surfaces” (FS1 and FS2) of different sizes.

how we tune the voltage: As the voltage is increased from
Vo = 0, NBCS is maintained both in regions II and III, as
shown in Figs. 4(b) and 4(c). As the voltage is decreased from
region IV, on the other hand, the system is in the normal state
in region III and transitions to NLO in region II, as shown
in Figs. 6(b) and 6(c). We briefly note that once the system
reaches the steady state, the phase 6;(¢) of the order parameter
is independent of time, as is the order-parameter amplitude
[A@)].

As seen from Fig. 3(b), region II (where NLO is realized)
is strongly suppressed as the system-lead coupling strength y
increases. This is because the two Fermi edges imprinted on
the nonequilibrium momentum distribution n; "%, which are the
key factors inducing NLO, become obscure as y increases, as
shown in Fig. 9(b). As y further increases, the NBCS phase
(region I) in Fig. 3(b2) also disappears and the system does
not show the superconducting transition.

We note that the electron-electron, the electron-phonon,
and the electron-impurity scatterings would also make the two
Fermi edges imprinted on ;"' obscure and suppress NLO.
Thus, to realize NLO, the applied voltage (which is typically
about the superconducting gap Ag) has to be large enough
compared to the linewidth arising from these scattering pro-
cesses, as well as the linewidth y due to the system-lead
couplings. Since the linewidth due to the electron-electron and
the electron-phonon scattering is much smaller than the su-
perconducting gap in typical BCS superconductors [112], this
condition is satisfied, when y < Ay and the superconductor
is sufficiently clean (which is also known to be important for
realizing the thermal-equilibrium FFLO state in a supercon-
ductor under an external magnetic field [109]).

The bistability in the small-y regime leads to hysteresis in
the voltage-current characteristic of the junction. Figure 10
shows the voltage dependence of the steady-state current /
in Eq. (52), when the voltage is adiabatically increased (de-
creased) along path A (path B) in Fig. 3(a). With increasing
the voltage along path A, NBCS is maintained in regions
IT and III. In this case, the current [ is strongly suppressed
due to the superconducting energy gap [113-115] until the
system enters region IV and transitions to the normal state.
With decreasing the voltage along path B, the current [ is
suppressed, when the system enters region II and transi-
tions to NLO. However, since the NLO order parameter has
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FIG. 10. Voltage-current characteristic of the NSN junction. The
solid (dashed) line shows the steady-state current / through the junc-
tion, when we adiabatically vary the voltage along path A (path B)
in Fig. 3(a). The dotted line shows the result when the system is the
normal state (A; = 0). R, is the normal resistance of the junction.

spatial line nodes (which provide the paths for the single-
electron tunneling), the current / is larger than the NBCS case.
Figure 10 indicates that a voltage-current measurement may
be useful for the observation of the bistability, as well as NLO.

At the end of this section, we briefly discuss how the above
results are affected by the boundary of the present model. So
far, we focused only on the modulation of the order parameter
along the x axis by setting L, = 101 > L, = 11. Here we
set Ly = L, to explore the possibility of a two-dimensional
oscillation of the superconducting order parameter.

Figure 11 shows the time evolution of the order parameter
under the voltage eV (¢)/ty = 1.6 — 0.80(¢). The initial state
at r+ = 0 is the normal steady state [region IV in Fig. 3(a)].
Here we set L, xL, = 31x31. As seen from Fig. 11(a), the
order-parameter amplitude grows over time and the system
transitions to a superconducting state. Figure 11(b6) shows
that the system eventually relaxes to NLO, which is the same
as the result obtained in the previous case with L, xL, =
101 x 11 shown in Fig. 6(c). However, as seen in Figs. 11(b1)—
11(b4), the order parameter has a two-dimensional pattern,
which can be symbolically written as A, = A[cos(Qx;) +
cos(Qy;)], before the system relaxes to NLO. We will refer to
the transient superconducting state characterized by the order
parameter shown in Figs. 11(b1)-11(b4) as two-dimensional
NLO (2D-NLO).

Figure 11(b) indicates that the 2D-NLO is not a stable
steady state. It should be noted, however, that we cannot rule
out the possibility that the present instability of 2D-NLO is
a finite-size effect. In calculations using a periodic lattice,
the momentum ¢ of the order parameter A, can only take
values commensurate with the system size, which would be
detrimental to 2D-NLO. To check this possibility, we perform
the stability analysis of 2D-NLO for different voltages and
system sizes. This is done by adding small superconducting
fluctuations &; to the 2D-NLO order parameter at t = 0 and
investigating the time evolution of the amplitude of the fluctu-
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o
<
~
— 04
a
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FIG. 11. Time evolution of the order parameter A ;(¢) under the
voltage eV (t)/ty = 1.6 — 0.80(t). We set y /t; = 0.01 and Ty, /1) =
0.05, and L,xL, = 31x31. At t = 0, the system is in the normal
steady state [region IV in Fig. 3(a)]. (a) The time evolution of |A(t)|
in Eq. (76). (b) The spatial profile of the order-parameter amplitude
|A(t)] at each point shown in (a).

(=)

ations, given by
_ 1Y
§) = ; &)1 (78)

We set Re&;(0)/Ag and Im&;(0)/ Ay as random numbers be-
tween —0.1 and 0.1. If 2D-NLO is (un)stable, £(z) decays
(amplifies) as a function of time .

Figure 12 summarizes the results of the stability analysis.
Since the frequency of the LO-type order parameter depends
on the applied voltage, for some voltage and system size, the
modulation of the 2D-NLO order parameter is expected to be
almost commensurate with the system size. With this in mind,
we judge from Fig. 12 that 2D-NLO is a metastable (linearly
stable but nonlinearly unstable) state. Thus, when the system
enters region II in Fig. 3(a) from the normal phase, 2D-NLO
initially appears, reflecting the fourfold rotational symmetry
of the lattice potential, but the system would eventually relax
to a more stable NLO, as shown in Fig. 11(b).

We note that the possibility of the two-dimensional LO
(2D-LO) has also been discussed in thermal equilibrium
superconductivity under an external magnetic field [116].
However, it is known that the unidirectional LO (just like
NLO) is always energetically favored compared to 2D-LO
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2.5 y eVo/t
/ Yo/t
a % b

@ ® — 075
2 — 0.76
— 077
=15 —— 078
% — 0.79
= . — 08

ur /
_J — 0.81
0.5 — 0.82
LoxLy=31x31 | LyxL,=33x33 |LyxL,=35x35| 083
0 — 084
0 10 0 10 0 10 20 oss

t><tH t><tH t><tH

FIG. 12. Stability analysis of 2D-NLO for various voltages
and system sizes. We set y/fy = 0.01 and T, /t;y = 0.05. We set
(a) LyxL, = 31x31, (b) Ly xL, = 33x33, and (c) L, xL, = 35x35.

in the two-dimensional attractive Hubbard model under an
external magnetic field [116].

Before ending this section, we briefly comment on the
overdamped behavior of the order-parameter amplitude |A|.
When a system parameter is quenched, the order-parameter
amplitude often oscillates while relaxing to a new steady-state
value. A well-known example is the Higgs oscillation induced
by the pairing interaction U quench [96]. However, when
we quench the voltage V, |A| relaxes to a new steady value
without oscillation, as shown in Figs. 4, 6, and 11(a). This is
because unlike in the case of an interaction U quench (where
the system immediately feels the parameter change), the main
system feels the voltage change only by exchanging electrons
with the normal-metal leads [56]. Thus, for the voltage V
quench, |A| cannot change to a new steady-state value faster
than the electron exchange rate (~1/y) between the system
and the normal-metal leads. Since this rate is comparable
to the damping rate (~1/y), |A(t)| shows an overdamped
behavior for the voltage V' quench.

IV. SUMMARY

To summarize, we have studied the nonequilibrium proper-
ties of a normal metal-superconductor—normal metal (NSN)
junction consisting of a thin-film superconductor. When a
bias voltage is applied between the normal-metal leads, the
superconductor is driven out of equilibrium. By using the
nonequilibrium Green’s function technique, we derived a
quantum kinetic equation for the nonequilibrium supercon-
ductor to determine the superconducting order parameter
self-consistently. The derived quantum kinetic equation is an
integrodifferential equation with memory effects. By utilizing
a pole expansion of the Fermi-Dirac function, we converted
the equation into ordinary differential equations, which are
suitable for numerical calculations.

By solving the quantum kinetic equation, we showed that
the voltage-driven superconductor always relaxes to a certain
nonequilibrium steady state. The resulting nonequilibrium
phase diagram is presented in Fig. 3. In this phase diagram, a
nonuniform superconducting state with a spatially oscillating
order parameter Ay, =A cos(Qx;), which is analogous to the
Larkin-Ovchinnikov (LO) state in a superconductor under a
magnetic field, is found in region II. We pointed out that the

nonequilibrium LO (NLO) is induced by the nonequilibrium
energy distribution of electrons in the superconductor, which
has a two-step structure reflecting the different Fermi levels of
the left and right normal-metal leads. We also found that the
system exhibits bistability in regions II and III of the phase
diagram. We showed that the bistability leads to hysteresis in
the voltage-current characteristics of the junction.

We end by listing some future problems. In the thermal-
equilibrium case, the kernel polynomial method is known to
be very useful in studying large-scale inhomogeneous super-
conductors [117-119]. The combination of the method and
our kinetic equation may enable large-scale simulations to
reexamine the stability of the two-dimensional NLO in re-
gion II. Applying our kinetic equation to a voltage-driven
superconducting wire is an interesting future problem. In a
voltage-driven superconducting wire, the time-periodic su-
perconducting state associated with the appearance of the
phase-slip centers is well known [66-73], but our results
suggest that not only temporally but also spatially inho-
mogeneous superconductivity would be realized due to the
nonequilibrium energy distribution function having the two-
step structure. The search for unconventional ordered phases
in nonequilibrium quantum many-body systems is currently a
rapidly evolving field, so that our results would contribute to
the further development of this research field.
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APPENDIX A: DERIVATION OF THE SELF-ENERGY
CORRECTIONS

To derive the self-energy corrections fiim(t, t') and
$1eaa(t, 1) given in Egs. (18), (19), (23) and (24), we conve-
niently introduce the 4 x4 Nambu-Keldysh Green’s function
[87-89], given by

y G (t,1) GX.(t,1)
) N Jjk Jjk
Gi(t,t') = ( 0 j‘.k(t,t’))' (AD)

Here, G and G are given in Eq. (11) and

[cj+ (@), cf (] [cj,w),ck,T(ﬂ)])

[l () cf @] (el (@), ey (]
(A2)

G (t.1) = —i(

is the Keldysh component. The lesser component in Eq. (12)
is related to G;.’ka’k(t, t') as

G (t,1") = %[Glj('k — Gy + Gy ], 1. (A3)
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1. Interaction effects ):

ra,

@)

In the mean-field BCS approximation, the 4 x4 matrix self-energy Eim, jk(t,t") due to the interaction —U is diagrammatically

drawn as Fig. 13(a), which gives [87-89]

v (t t ) Z t k(t t/)
Ein r (t, Z‘/) — int, jk int, j
ne < 0 mt ]k(t ! )

T, Tin[7-GY (2, 1)

iU
2 Z(r Trx[7Gy (2, 1) + 1 G (2, 1)]

where T+ = [7) £i72]/2 and
1 1

F=RTe %N
are vertex matrices [89] with oj_; » 3 being the Pauli matrices
acting on the Keldysh space. Try and Trg stand for taking
the trace over the Nambu space and the Keldysh space, re-
spectively. Noting the definition of the superconducting order
parameter

v Or-1 (AS)

e iU
Aj(t) = —iUGj;(t, )i = _TGE(I’ 12, (A6)

we simplify Eq. (A4) as

o (A 0 N

i jk (£, 1) = ( 0 _A0) 8t —1)8k. (A7)
Here, A;(t) is given in Eq. (21). We note that the off-
diagonal components of flm jk(t,t") identically vanish be-
cause Gr(a)(t i = Gr(a)(t )21 = 0. From Egs. (A3) and

(A7) we obtam the 2N X2N matrix self-energy corrections
< r a, <

(¢,t') in Egs. (18) and (19).

2. System-lead coupling effects 3"~ (¢, ')

In the second-order Born approximation with respect
to the hopping amplitude 7, the 4x4 matrix self-energy
Yiead, jk(t, ") describing the couplings with normal-metal

(b)

T s ® VE - Da
Ylead,jk = < B —<—H<
-U —th —ty

FIG. 13. Diagrammatic representation of the 4x4 Nambu-
Keldysh self-energy corrections. (a) f)im,_,k describes effects of the
onsite pairing interaction —U in the mean-field BCS approximation.
The solid line is the dressed Nambu-Keldysh Green’s function G Jk
given in Eq. (Al). The wavy line is the pairing interaction —U,
being accompanied by the vertices 7, ® vf at both ends. (b) fleﬂd, K
describes the effects of the system-lead couplings in the second-order
Born approximation with respect to the hopping amplitude ¢, . The
dashed line denotes the noninteracting Green’s function [V)a:L,R in
the o reservoir given in Eq. (A9). The solid square represents the
hopping amplitude —#, between the system and the « reservoir.

=iU Y Y (1, @ v TinTrl(1-s @ v;)G (1, )18t — 118
s=% =12

T, TN [T G (1, 1) + TGy (1, 1)]

8@t —1t)8; 1, A4
TsTrN[T—stk(t,t)] )(l )3k (A4)

(
leads is diagrammatically drawn as Fig. 13(b). Evaluating this
diagram, we obtain [87-89]

Piead jx(t, 1) = |t. | Z Zba(P,t,t/)%,k-

a=L,R p

(A8)

Here,

. D' (p,t,t') DX(p,t,t)
Dectlp 10 = ( 0 ) A

is the noninteracting Nambu-Keldysh Green’s function in the
« reservoir. From the Heisenberg equation of the field opera-
tor, one has [86]

() = /OO do ! et
LR)\P> L oo 2 0+ 08 — [€p — Henv]T3
! V(t
X exp (:Fi/ dt1e 2(1)73)’ (A10)
v
*® dw 1 1 ’
D} x\(p,t,1') = / — e
L(R)(p ) oo 2T W — 18 — [81, — Menv]T3
d V(¢
xexp( / dle 2(1)‘[3), (A11)
t

o0

DX (p.t, 1) = —2mi d—a)(S(a)—s + Meny)
L(R) s by — 27_[ )4 Meny

—00

X tanh( @ )e_i“’(’_’,)
2]—‘611\7

xexp( fdtl Vz(t‘)r3), (A12)

o0

D (p,t, 1) =2mi d_w(s(w — e, + )F( —iw(t—t")
LR)MT 5> - 2 g/ Menv U))e
oo 2T

! V(t
xexp(:Fi/ dtle 2(1)13),
o

where wy = w £ 8, with § being an infinitesimally small
positive number.

Assuming the constant density of state p,(w) = p in the
a reservoir and performing the p summation in Eq. (A8), we
have

(A13)

T 1) = F2iy8(t —1)T08 4. (Al4)

e—iw(z—t’)

*® dw
sk o, = —2i f
lead,(;k( ) ’Vnzzi 27
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—neVy/2
« tanh (“’2’7—/>5

env

! AV (¢
xexp(—in/ dn & 2(‘)). (A15)
;

Here, y is given in Eq. (8). In deriving Eq. (A14), we neglect
the real part of the self-energy, which only gives the constant

energy shift. The lesser component X5, (¢, ") is obtained

from Zfegdk L (. 1') as

lead, j

< 1 k T a /
Tiad k1) = E[Zlead,jk — Xlead jk T Zlead.jk](t’t )

L eAV(t
=2iy Z exp <—1n/ dt 2( 1))

n==+
o0 da) —iw(t—t' V()

X/_ooge ¢ ”f( —777>To5/k

(A16)

From Egs. (A14) and (A16) we obtain the 2N x2N matrix
self-energy corrections Zledd (¢,t') in Egs. (23) and (24).

APPENDIX B: VANISHING OF G (¢,¢') IN EQ. (17)

1s0

We first introduce the “inverse” Green’s functions G 0 L)

<
and G ;'(¢) that obey

l(t)Gg‘a)(t ') =8 — )i, (B1)

GO0 G5 () = 8 — . (B2)

J

From the Heisenberg equation of the field operator, these
inverse Green’s functions are found to have the forms

= — 4 N
G,'t)=id,1-H,, (B3)
< <~ . N
G,'t)=—id 1—H,, (B4)

where H, is given in Eq. (38) and the left (right) arrow on
each differential operator means that it acts on the left (right)
side of this operator.

The Dyson equation (15) (which is called the right Dyson
equation) is known to be equivalent to the left Dyson equa-
tion [75], given by

r(a)

r(a) o & A~ r(a)
t,t) = G, (t, )+ dt1 dnG (t, )

x £, tz)GB(a)(fz, ). (B5)

Operatlng 1(t) and G 1(t ), respectively, to the right and
left Dyson equatlon we have

dn 21, 1)G (1, 1),
(B6)

= ~a A &
G,')G (t,1) =81t —1')1 +f

—00

oo

anG' @, 1) 1, 1).
(B7)
(t,7')inEq. (17)

At < N
Gt 1)Gy't)=80-1)1 +/

—00

Using Egs. (B6) and (B7), we can rewrite G
as

1S0

A< , o o AT -~ 1 A< = 1 ~a ’
Giso(t,r)zf dn/ A6 1. 0) G5 )6 (. 1) 6 3 0)6 (1. 1)
—00 —00

o0 AT P = ~a
=i [ an 0065 0. 65 )6 )

o0

11=00

H=—00

* o AT = 1 A< = 1 A4
+ / d / A6 (1, 1) G )G, 1) 6 3 ()6 (1, ). (B8)
-0 —o0

To obtain the second line, we have integrated by parts with
respect to ;. Since the Dyson equation (15) can be formally
solved as

G'(t,1') = —iO®t —t')e =1

t
s exp ( [
t

the first term in Eq. (B8) vanishes. [Note that G' (¢, +00) = 0
due to the step function ©(r —t'), and G' (¢, —o0) = 0 due
to the damping factor e=2¥*~") arising from the system-lead
couplings.] In Eq. (B9), FHpa () is given in Eq. (55).

For the second term in Eq. (BS8), from the Heisenberg
equation of the field operator, G; (t,1") is found to have the

’

dt; Hpac (1) )) , (B9)

(

form

Gy (1,1) = ie o= (W), (B10)

Here, W is the 2N-component Nambu field given in Eq. (39)
and (. . .)y, denotes the expectation value on the thermal equi-
librium state at the temperature Tis, before the system-lead

couplings, as well as the pairing interaction, are switched on.
From Egs. (B3) and (B10), one has

= A<

G, G, (t,1)=0 (B11)
and the second term in Eq. (B8) is also found to vanish. Thus,
we find G (@, t")=0.

180
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APPENDIX C: DERIVATION OF EQ. (54)

=
Operating the inverse Green’s function G '(t)in Eq. (B3)

<
and G 1(¢")in Eq. (B4) to the Dyson equation (27) from left
and right, we have

G;')G 1, 1) =[2G +2 oc6G71¢,1), (C)
A< / (A_71 / AT o< A< o ,
G (t,1)G, t)=[G oX +G oX]t,1). (C2)
Here, we introduce the abbreviated notation
[AoBl(.1") = f dnAG. B, (C3)
—0oQ
In obtaining Egs. (C1) and (C2), we used
—
0(t)G(tt)—8(t—t)1—|—[ oG](tt) (C4)
~a / ("_71 / Ng ~a <2 /
G(t,t)G, ()= —-1")+[G oX7](t,1). (C5)

Subtracting Eq. (C2) from Eq. (C1) and setting ¢t = ¢/, we
obtain the equation of motion of the equal-time lesser Green’s
function G<(t) = G<(t, t)as

= ~< A< ST

G,'OG (1) -G 1)G,' 1)
=[f§roG< —G<oia+f<oéa—6rofﬁ<](t,t)
=7Z@), (C6)

where the collision term f(t) = fim(t) + i’lead (t) consists of
the interaction term

Tin(t) = [El, 0 G —G" 0 £ +55 0 G ~G 0 £ ], 1),

(C7)
as well as the system-lead coupling term
Tiead(t) =[Bieq 06~ =G 0 Z1 g+ 51y 0 G
—G o Z )@, 1. (C8)

Substituting the self-energy corrections in Egs. (18), (19),

(23), and (24) to Egs. (C7) and (C8), one can evaluate each
term as

Tii() = —[A@), G~ (1)1, (C9)

Tieaa(t) = —4iyG=(t) — T(t) — T (1), (C10)

where TI(¢) is given in Eq. (56). Since the left-hand side of
Eq. (C6) is evaluated as

= A< A< < A< ~ A<
Go1)G (1)—G 1)Go(t)=1i0,G (1) — [Ho, G ()]-,
(C11)
we obtain Eq. (54).

APPENDIX D: PADE EXPANSION
OF THE FERMI-DIRAC FUNCTION

In the Pad€ expansion [99,100], the poles yx,, , and residues
r, in Eq. (58) are efficiently calculated by solving an eigen-
value problem B |b,) = b, |b,) of a 2Ngx2Ng tridiagonal

0.3 T
l".Q L, xL,=31x31
o | ‘\‘ ’}//tH =0.01
g 02 ‘\‘ eVQ/tH =1.1
g Tony /1] = 0.05
\

FIG. 14. Typical Nr dependence of Zl;l:l |A’;’F -
several steady-state solutions. Here, A; and NG
obtained with Eqs. (45) and Eq. (D4). We set L, = L, =31, y /) =
0.01, eV()/l‘H = 1.1, and Tenv/tH = 0.05.

are, respectively,

matrix B that has nonzero components
1
2J12) - 12j +1]

for 1 < j < 2Ng — 1 [100]. Due to the symmetry of the ma-
trix B all elgenvalues of B come in pairs (b,, —b,), where

Bjjri =Bjy1j = (DD

=1...Ns > 0. By using b, and |b,), x, and r, are obtained
as
]‘CHV
Xn b, (D2)
|(11by) *
= D3
" 42 (5)

where (1] = (1,0, ..., 0).

The required number Ny of poles in Eq. (58) can be esti-
mated from the superconducting order parameter A;(0). As
explained in Sec. IIC, A;(0) is self-consistently determined
by solving the gap equation (43) with Ain Eq. (44). Although
the elements Aj_; ..oy of A are computed exactly as in
Eq. (45), they can also be evaluated from the expansion of the
Fermi-Dirac function in Eq. (58). Substituting Eq. (58) into

the first line in Eq. (45) and using the residue theorem, one
has

AT —;

iT.
Try [m

n==% n=1

I'n
4+ 1. D4
Ej—x;’n+21y:| (D4)
Here, AIJYF in Eq. (D4) is reduced to A in Eq. (45) in the limit

of Np — oo. Comparing A ;(0) obtained with A and Aj,
we can estimate the required number Ng of poles to obtain the
order parameter A ; with sufficient accuracy.

Figure 14 shows the typical Ny dependence of

Z |

j=l1

AT — |

D5
A (D5)
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for several steady-state solutions (NBCS, NLO, and 2D-
NLO). For the details of these steady states, see Sec. III. In
Eq. (D5), A; and AIJYF are, respectively, obtained with A;
in Eq. (45) and ANF in Eq. (D4). As seen from this figure,
the difference between A; and A Y becomes smaller as the
number Ng of poles 1ncreases In particular, the difference
between the two is less than 0.005 % for all steady-state

J

G'(k,t,t) =[G k,t', )] = —iO@F — t’)((

G(k,t,t) = i(

When the system is in a NESS, the Nambu Green’s func-
tions G*="*=(¢,t") depend only on the relative time ¢ —¢’.
In frequency space, Giggs(@) then obey the Keldysh-Dyson
equations

Grpss (b, ) = Gk, w) + Gyk, )X (k, 0)Gpgs (K, 0),

(E3)

G (k, w) = G\ggs(k, ©) X~ (k, 0)G\gss(k, ©),  (E4)
where

TSk, w) = B (k) + Bk, o). (ES)

In Eq. (ES), 2, (k, ) describes the interaction effects. In the
mean-field BCS approximation, it is given by [89]

X ko) =X (k,0) = — ATy, (E6)

Tk, 0) =0, (E7)

with the Pauli matrices 7; acting on the Nambu space. Here,
we assume a uniform superconducting order parameter (A; =
A), which is related to the off-diagonal component of the
Nambu lesser Green’s function as

A——zUZ/

The system-lead coupling effects
Xk, ), which are given by [89]

T .
2;fead(k’ w) = [Zilead(k’ (1))] = _217/107 (E9)

. V eV()
Zl<ead(k’ (,()) = 2l]/ |:f<(1) — 7) + f(a) + 7>:|TO.
(E10)

Substituting the self-energy corrections in Eqs. (E6), (E7),
(E9), and (E10) into the Dyson equations (E3) and (E4), we
have the Nambu Green’s functions as

> iy
= 0 E2iy — By ke

3 2iy[f(w — eVo/2) + flw +eW/2)] _,
o — nEJ* +4y? e
(E12)

GNESS (k, w)12. (E8)

are summarized in

Gk, ) = (E11)

GRgssk, 0) =
n==+ [

ONGL0G)
(ch 1 @)’y

solutions, when Ng = 10. Thus, we choose Ng = 10 in our
calculations.

APPENDIX E: DERIVATION OF EQ. (70)

In momentum space, the 2 x2 matrix Nambu Green’s func-
tions are defined as [89]

(leer @), ey (D) (lerr (@), cop ()]4) E
[ @ o DL (el (), e ()]1)
(c,k,¢(€/)ch,T(z)> ' E2)
L) (er (DT, )

[
Here, E} is the Bogoliubov excitation energy given in Eq. (71)
and

gr=t _ L[, 4 & A (E13)
= = —| T —T —T1 |-
k ) 0 E, 3F E, 1

Substituting Eq. (E12) to (E8), one has the nonequilibrium
BCS gap equation (70).
APPENDIX F: DERIVATION OF EQ. (74)

When the system is in the normal state (A; = 0), the
nonequilibrium Green’s functions are given by

Gylk,t,1") =[Gk, 1", D)]"
= —i0( —1") (leo (1), cf ,(D]4),  (F1)

Gik.1,1') = i{cf (1 )ck.o (1)) - (F2)

In a NESS, these Green’s functions can easily be obtained
from Eqgs. (E11) and (E12) by setting A = 0 and extracting
the (1,1) component, which yields [104,105]

ra l
ONessh0) = e
4[1—(—V2) (+V2)]
(F4)

We note that the lesser Green’s function is related to the
nonequilibrium momentum distribution 1, as

N Cdw _
nied = /_ 5 Giness ks @) (F5)

Within the mean-field (ladder) approximation, the retarded
particle-particle scattering 7" matrix x'(q, v) can be evaluated
as [104,105]

-U
xX'(qv)=—"—. (Fo6)
1 + UX()(% V)
Here, x;(q, v) is the lowest-order pairing correlation function,
given by

Xo(q’ U) - 12/

GN Ness(K +4/2, 0 +v)
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x Gy Ness(—k +4/2, —o)
+ Gunessk +q/2, 0+ v)
x Gy ness(—k +¢/2, —w)

+ Gxnessk +4/2, @ +v)
X Gy ness(—k +4/2, —o)]. (F7)

Substituting Eqs. (F3) and (F4) into (F7), we have Eq. (74).
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