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Thermal transport through ac-driven transparent Josephson weak links
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We discuss how phase coherence manifests in the heat transport through superconducting single and
multichannel Josephson junctions in time-dependent situations. We consider the heat current driven through the
junction by a temperature difference in dc voltage and ac phase biased situations. At low bias, the electromagnetic
driving mainly modifies the form of the coherent resonance that transports a large part of the heat current, rather
than simply dissipating energy in the junction. We find a description for the heat current in terms of quasiparticle
n-photon absorption and emission rates, and discuss analytical and numerical results concerning them. In addition
to the ensemble average heat transport, we describe also its fluctuations.
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I. INTRODUCTION

Time-dependent effects in superconducting junctions have
been under extensive study since the discovery of the Joseph-
son effect. As far as charge transport is considered, the physics
is well understood both theoretically and experimentally and
has been studied in detail—both for tunnel junctions [1]
and for finite junction transparencies [2-8]. In contrast,
time-dependent heat transport through Josephson junctions
has attracted interest only quite recently [9], in the wake of
theoretical [9—15] and experimental [16,17] advances in the
understanding of how the heat transport is modulated by phase
differences of the superconducting order parameter.

In a stationary situation, electronic heat current between
two superconductors connected by a weak link is mainly
mediated by the transport of above-gap quasiparticles. The
heat transport is determined by their energy dependent trans-
mission rates Y(E) [10-14], which in the simplest picture
can be found by solving the Bogoliubov—de Gennes scattering
problem associated with the weak link [15,18]. Due to the
presence of phase-coherent Andreev reflections, the transport
depends on the phase difference between the superconducting
order parameters of the two sides, and moreover exhibits
transmission resonances which are of importance especially
in low-transparency junctions [9-15].

Presence of an electromagnetic field in the weak link
enables additional possibilities for quasiparticle transfer, as
energy can be absorbed from or emitted to the field (see
Fig. 1). Transport is no longer elastic, and processes such
as photon assisted tunneling [19] and multiple Andreev
reflections [20,21] appear. The energy absorption physics is
also related to the quasiparticle dynamics of the Andreev
bound states (ABS) residing in the junction. This physics
has been studied by a number of recent experiments using
quantum point contacts with a small number of transport
channels [22-24], diffusive metal junctions [25,26], and phase
dependent absorption has been studied in tunnel junctions [27].

To describe the effects of time-dependent drive on the
heat current carried by quasiparticles, the energy dependent
transmission rates Y (E) of the stationary state need to be
generalized to depend on both the initial E’ and final E
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quasiparticle energies Y (E, E’). If the junction is driven with a
periodic signal at frequency wq (or dc voltage eV = hwy), the
final energy is E = E’ — kwy, and the results can be described
in terms of a set of rates {Y; (E)} related to emission/absorption
of k photons to the field, as illustrated in Fig. 1(b).

Heat transport and its fluctuations in the presence of
time-dependent driving have been recently discussed in terms
of Floquet scattering matrices in Refs. [28,29] for normal-state
systems. In this description, the rates {Y;(E)} can be directly
related to the Floquet scattering matrices. Although these
works consider normal-state systems, the formal description
of electronic heat current in time-dependent superconducting
junctions turns out to be similar. This should be contrasted
to charge current: The superconducting condensate transports
charge without requiring quasiparticle transfer, which implies
that transport of charge and heat are not as closely connected
in superconductors as in normal-state systems.

In this work we study theoretically the heat transport in
superconducting junctions of general transparency driven by
classical fields, as shown in Fig. 1. We derive results for the
rates {Y;(E)} and for the heat transport and its fluctuations
using quasiclassical Green function theory. Previously, a
similar approach has been used in Ref. [30] for studying
time-dependent heat transport in NIS junctions, and it has
been extensively applied for examining the charge transport
(see, e.g., Refs. [2,6,8,31]). For tunnel junctions, the approach
here is equivalent to that of Ref. [9], but it can also describe
the time-dependent heat transport in junctions with a finite
transparency away from the tunneling limit.

We consider situations with dc and ac bias, and discuss how
the electromagnetic driving modulates the temperature-driven
heat current. In particular, for weak driving, we find the effect is
mainly dominated by a modulation and phase averaging of the
coherent resonances appearing in the rates {Y;(E)}. We find
analytical descriptions in certain limiting cases, and discuss
representative features in terms of numerically exact results.

This paper is structured as follows. Section II introduces
the theoretical and numerical approaches used. Section III A
discusses the effect of a dc voltage bias on the heat transport,
and Sec. III B concentrates on the ac bias case. Section IV
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(a) (b)

FIG. 1. (Color online) (a)Heat current J flows through a Joseph-
son junction between identical superconductors R and L, driven
by a temperature difference Tk > T,. The simultaneously applied
time-dependent voltage V (¢) not only dissipates power in the junction,
but also modulates the phase coherent effects related to quasiparticle
transport, thereby changing J even when the dissipated power is
negligible compared to J. (b) Heat is carried by quasiparticles
traversing the junction. They can absorb or emit energy by interacting
with the electromagnetic field in the junction. For monochromatic
ac bias V(t) o sin(wt), energy absorbed is an integer k multiple
of the frequency. Heat transport is fully described by the total
rates Y;(E) of the corresponding processes. A; and Ay denote the
temperature-dependent energy gaps of the two superconductors.

summarizes the main points. We postpone details of the
derivation of the analytical results to a number of appendixes,
referring to the salient points in the main text.

II. MODEL

We consider the situation depicted in Fig. 1: Heat transport
between two identical superconducting terminals that are
connected by a generic contact described by the transmission
eigenvalues {r;} of the normal-state scattering matrix of
the junction. The terminals are kept at different constant
temperatures, 7; and Tk, and a time-dependent voltage or
phase bias is applied between them. Moreover, they are
assumed to have sufficient impurity concentration to lie in the
dirty limit. To study the transport in this system, we make use of
the Keldysh-Nambu Green function formulation for transport
in superconducting structures [32-34], and the quasiclassical
boundary condition description of a weak link between bulk
superconductors in the diffusive limit [2,35,36].

At equilibrium, electrons inside a superconducting terminal
at temperature 7 with superconducting gap A are described
by the quasiclassical equilibrium Green function go(E),

AR AR _ AA E
y 8¢ (8¢ — &3) tanh 5z
8o = "V , (D
0 80
E A
AR (E+iny—|AJ? (E+in®2—|AJ2
o = _J m2=lAl _\/ D @)
N (E+in?—|AR N (E+im?—|A)2
with n — 0% and §4 = —#33R% %3, where 3 is the third spin

matrix in the Nambu space. We assume the energy gap
A(T) depends on the temperature according to the BCS gap
relation [20]. The Green function describing a superconductor
at a nonzero electric potential V' is found by a gauge transform

g([,t/) — eifg(ﬁ([)go(t _ t/)efi‘f3¢(1')’ (3)
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where  @(1) = ¢ f "dr' V() is  the electromagnetic
phase [2,37]. Here go(t —1')= [ 4Ee EC=g\(E).

We consider the phase as a classical field, neglecting its
quantum fluctuations, which simplifies its Keldysh structure.

For cases where the frequencies in the drive ¢ and the dc
bias voltage are commensurate, with a base harmonic w,, we
can use a (Floquet) matrix representation [38]

0 dG . ’ ik
v ’ — —th— N
g(l,t)_— z : / e i(e+mawg)(t—t')—i u)olg k,m(e)~
0 2r
k,m=—00
( )

In this representation, time convolution ffooo dty A(t,t)B(11,1)
is equivalent to a matrix product ), Ak(€o)Bim(€o). Below,
products between two-time quantities with time or energy
arguments omitted imply time convolutions. We also denote
o(t,1") =8t — t)¢(t), so that Eq. (3) is written as g =
et gpe=itd.

The charge and heat currents flowing between two con-
nected superconductors can be found from boundary con-
ditions applicable to quasiclassical Green functions [2,35].
Transport properties of the junction are described by a matrix
current [35]

2

P=1g8el 2, 2= - 5)
= L8L,8R]1-4; = - ,
h 1 — 2+ 2[g0.8r]+

n

where ¢g; and g are the Green functions inside the terminals at
the two sides of the junctions. In particular, the charge current,
and the heat current entering terminals L and R read (cf. also
Ref. [30])

I(t) = §tro1831(1,0), (6)
01(t) = L wé&i(e + ut)l + I(e + ntple,n), (7
Or(t) = — L tr&y[el + Iel(t.1), 8)

where & are spin matrices in Keldysh space, and €(¢,7") =
i0;6(t —t")and u(t,t’) = 8(t — t')9;¢(t). Moreover, we fix the
potential of the right terminal to zero. The heat currents as
defined above satisfy conservation of energy at each instant of
time u()1(t) = QL(t) + Qr(1).

To make a connection with Ref. [9], it is advantageous
to rewrite the heat currents in a different form, using % =
(€ + me'?,

N D .. 3,0,()

O = gwrdilgZgr — grZgult:t) + % )
. | B .. 9, 0()
Or = gwdilgnZer — g Z&rlt,0) + TJ (10)

where gr = €gro and g, = e?Teg e %™, The quantity
appearing in the second terms is

1 . .
;@) = l'g tr&[ELZ8r + SRZEL(1,1). (11)

The total time derivative 9; Q; does not contribute to time-
averaged heat currents. Below, as far as heat currents are
concerned, we mostly discuss the time-averaged quantities
Q'dc,L /R» as these are experimentally more easily accessible.
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In the case of low-transparency tunnel junctions, we have
7 = 1/Ry, where Ry is the tunnel resistance. The approach
then coincides with that discussed in Ref. [9]. Comparison to
the tunneling Hamiltonian calculation of Ref. [9] identifies first
terms of Egs. (9) and (10) as the heat carried by quasiparticles
into the bulk of the terminals. Moreover, the term Q; ~
(Hr(t)), the component of the internal energy associated with
the part of the Hamiltonian coupling the two terminals together.
For slow phase variations qb — 0, one can verify that the
expression is related to the Josephson energy of the junction
at equilibrium, 8, Q,(t) — I; (1) (1) = 8, E;[¢(1)].

One can compute the sums over 7, for different trans-
parency distributions. A relevant case is the eigenvalue
distribution corresponding to a dirty interface [39,40]

h 1
T 2melR 32T -1

which has been experimentally found to agree with high-
transparency oxide junctions [41]. From this,

p(T) (12)

. 1 1
zZ=—

R V2+131.8r1+

The result for diffusive junctions in the short junction limit
(dwell time T, <« h/A) can be found either by solving the Us-
adel equation [34,42,43], or averaging over the corresponding
transparency distribution [44]. The former approach readily
yields

13)

. 2 .
I = ElogngR- (14)

As discussed in Ref. [15], the resulting heat current in diffusive
junctions in the absence of voltage bias turns out to be
independent of the phase difference ¢ over the junction.

The above approach can also be used to compute statis-
tics of heat transport. The problem can be formulated as
follows [45,46]: The internal energy Qg of one terminal is
probed two times, firstat# = 0 and a second time att = #,. The
cumulant generating function Sg(#y,u) of the energy change
A Qg = Qgr(ty) — Qr(0) can in the long-time limit (fy — 00)
be written as [45-47]

3uSr(t0,1) = i1 QR dcl g o> o) (15)
gro(u) = eMEN 2 gy gem1EN/2, (16)

The resulting statistics in the absence of driving are discussed
in Ref. [15], and results including driving are for the tunnel
limit discussed in Ref. [9]. Below, as far as fluctuations are
concerned, we mainly concentrate on the zero frequency heat
noise Sg = —02Sglu=0/1o = ((Qr — (Qr))?).

The above formulation is directly accessible to numerical
calculations in the matrix representation (4). The numerical
results below are found by keeping only a finite number of
the harmonics k and truncating the energy range to energies
within several |A|,T from the Fermi level. Matrix inverses,
exponentials, square roots, and logarithms can be computed
efficiently numerically [48,49].
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III. DRIVEN QUASIPARTICLE TRANSPORT

The electronic dc heat current is carried by quasiparticles,
which are either transferred from one side to the other, or
created or destroyed in pairs by breaking or creating Cooper
pairs in the condensate. During their traversal through the
junction area, the quasiparticles can either gain or lose energy
via interaction with the electromagnetic field.

Within the formalism described here, the dc heat current
entering terminal « = L/R can in general be written in terms
of the quasiparticle distributions in the two terminals:

a7

Expressions for Y, (E) can be found with some algebraic ma-
nipulations discussed in Appendix B. The functions Y, g ¢ (E)
can be understood to be proportional to the total rates of
processes in which a quasiparticle starting at energy E + kwy
in terminal B ends up in terminal « at energy E while losing
or gaining energy kwy by interacting with the electromagnetic
field in the junction.

One should note that the rates ¥ do not correspond to
elementary energy transfer processes in the counting statistics
sense. Rather, they are simply proportional to time-averaged
total rates. Analogous expressions as Eq. (17) for the heat
current can in normal-state systems be written in terms of the
Floquet scattering matrices [28,29].

The total power dissipated in the junction is

P = Qqcr + Qucr- (18)

In general, it is directly connected to the charge current in
the junction, by conservation of work done by the bias, P =
TV . For the discussion below, we also define the temperature-
driven heat current as

J = (Qac. — Qac.r)/2. (19)

The result is a well-defined temperature-driven current pro-
vided the dissipation is low, P < | J|, which requires a large
enough temperature difference between the two sides of the
junction.

A. dc voltage bias

In dc voltage biased junctions with a finite trans-
parency, the well-known multiple Andreev reflection processes
(MAR) [20,21] play a role in the quasiparticle transport. They
lead to diffusion of quasiparticles upward in energy inside
the junction, and in general give rise to several side bands
Y1 r k=0, corresponding to quasiparticles Andreev reflected
several times inside the junction.

Similarly as for the charge transport [21,31,50], the calcu-
lation of the heat transport and its fluctuations in the dc voltage
biased case reduces to solving a relatively simple recurrence
equation, describing the propagation of quasiparticles upwards
in energy. We defer the derivation of the equations to
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FIG. 2. (Color online) Quasiparticle transport factors Y, o(E)
(dotted line) and Y.z 1i(E) (solid and dashed lines) for tunnel
junction at constant bias voltage ¢(t) = Vi, V = 0.4A. Analytic
results in Eq. (20) are shown as dotted lines.

Appendix C. They can be solved analytically in certain limiting
cases, and are in general straightforward to solve numerically.

The tunnel junction limit is one of the analytically tractable
cases, and for it one finds [9,11]

Y rik = NL(E)[S;,iNR(E + V) + 8 .1 Nr(E — V)], (20)

Yook =Yer1+ YL r-116k0, 2D

where Ny /g are the densities of states of the superconductors.
The result is shown in Fig. 2 for reference. The resulting
expression for the electronic heat current is similar to that
in normal-state junctions, with the superconductivity only
modifying the quasiparticle densities of states of the two
terminals.

In junctions with finite transparency, Andreev reflections
as expected start to facilitate quasiparticle transport across the
energy gap region. The corresponding factors Y; are plotted in
Fig. 3 for a fully transparent junction (r = 1). One can note
that in addition to the direct quasiparticle transmissions, one
obtains MAR processes for |k| > 2A/V.

0.5

0.4

0.3

Y(E)

0.2

0.1

0.0 &=
—4

FIG. 3. (Color online) Energy flow functions Y.z «(E) for quan-
tum point contact with ¢ = 1 at constant bias voltage ¢(t) = V1,
V = 0.4A. Only processes with energy absorption are shown. Inset:
Schematic energy diagram showing the quasiparticle trajectories
corresponding to Yy g (direct quasiparticle transport) and Y. g7
(MAR). Note that Andreev reflection probability is finite also at
|E| > A.
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FIG. 4. (Color online) Heat current J (solid lines) through a
quantum point contact with T = 0.5, as a function of bias voltage,
normalized by its zero-bias value. Temperature difference is present,
with 7, = 0 and Ty varying. Dotted lines indicate the normalized
power IV /J(V = 0) dissipated in the junction. Results are plotted
up to voltages where the dissipated power P becomes larger than the
heat current.

Results for the heat current under the simultaneous appli-
cation of a temperature difference and bias voltage are shown
in Fig. 4, corresponding to a quantum point contact with
partial transparency. One can note that features of multiple
Andreev reflections do not appear to play a large role in the
temperature-driven heat current as long as P <« J. This can
be seen explicitly by considering the contributions in Eq. (17)
separately for each sideband &k (not shown), which indicates
direct quasiparticle transfer (Y;—.) is responsible for the low-
bias features. At higher bias when P 2> 7, especially in the
high-temperature curves for which Az(Tg) < Ap(T.), MAR
processes do not contribute in the same way to QOr and Q;.
This results in sharp changesin J = (Qr — Q1)/2 atvoltages
close to thresholds of the different possible MAR processes.

The nonmonotonic behavior at low voltages in Fig. 4 arises
from modification of the resonance in Y g 1 at |E| > A. The
evolution of the resonance in Y with increasing bias voltage is
shown in Fig. 5. Initially, transport at energies immediately
above the gap is reduced. A somewhat similar effect also
occurs in the tunnel junctions, as described by Eq. (20),
where the peak in Y,z ; near E = A is reduced from N(E )2
to N(E)N(E + V). The behavior of partially transparent
junctions differs from tunnel junctions in that the amplitude of
the resonance increases again at larger voltages, resulting in a
nonmonotonic behavior in the heat current. The effect is the
largest at low temperatures, as visible in Fig. 4, as transport
close to gap edges has the most importance in that case.

Figure 6 displays the dependence of the heat current on
the bias voltage for different values of the transparency. The
above nonmonotonic behavior becomes more prominent as the
junction transparency increases and the suppression of heat
current is lifted. As expected, MAR processes also become
more significant as the transparency increases: The higher
the transparency, the lower the bias voltage V at which the
dissipated power P overwhelms the heat current 7.

How multiple Andreev processes contribute to the heat
transport is also visible in the heat transport noise, shown
in Fig. 7. At low bias, the voltage dependence of the noise
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FIG. 5. (Color online) Bias dependence of Y,z for r = 0.5.
The functions are symmetric around £ = —V /2. The reduction of
transport at energies A < E < A 4 V for intermediate V /A ~ 0.15
is responsible for the reduction of heat current in Fig. 4. Inset: Bias
dependence of )", Y, g . For V. — 0, the result converges towards
the adiabatic limit (dashed line) given by averaging the dc result over
phase differences ¢, [Eq. (C28)].

follows that of the heat current itself, a feature similar to what
occurs in a stationary situation without bias [15]. At high bias,
the noise increases rapidly as the MAR processes activate.
The MAR features are best visible in the ratio Sg/Q, which
has sharp features at the activation thresholds V =2A/n.
For a Poissonian process of absorbing energy packets Ej,
the ratio Sg/Q = Ej indicates directly the energy transferred
by a single elementary process. Although the situation in
the present case is more complicated, the fact that order
n = ceil(2A / V) MAR process is associated with absorption
of energy Eg~nV ~ceil(2A/V)V results in oscillatory
behavior similar as seen in Fig. 7 (right panel).

Finally, Fig. 8 shows the bias dependence of the
temperature-driven heat current for the dirty interface and
diffusive channel distributions. The behavior of the heat
current in these cases is dominated by the large number
of low-transparency channels, and is mainly similar to low-
transparency junctions in that the heat current decreases with
increasing bias without significant oscillations. The peaks
appearing in the dirty interface case occur at V. = Ay (T.) —

1.05 =T T T
Co— 01 —:05
1.00 ; — 02—:07
— 03
? 0.95 — 04
I :
S 090
S
0.85 |-
0.80 |-
0.0 0.1 0.2 0.3 04 0.5
VIA,

FIG. 6. (Color online) Heat current 7 in a QPC as a function of
bias, for fixed 7; = 0 and Tk = 0.357T, and different . The adiabatic
limit result J = J(¢(t)) is indicated with dots on the left axis, and
the dissipated power 1V is shown with dotted lines.
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FIG. 7. (Color online) Heat current noise Sr as a function of
bias voltage V for a point contact with T = 0.5. Noise in the heat
current into left (Sg ., solid line) and right (Sg g, dotted line)
terminals is shown, for different temperatures Tx keeping 7, = 0
fixed. Right panel shows the noise normalized to the heat current.
Zero temperature MAR thresholds V = 2A/n are indicated with
dotted lines.

ARg(Tg), and are due to matching the peaks in the above-gap
DOS in the superconductors. A similar feature is present also
in tunnel junctions [9]. In contrast, the results for the diffusive
distribution contain less low-transparency channels, and the
gap-difference features are not clearly resolved.

B. ac phase bias

Consider now the case of a junction under monochro-
matic ac phase bias, ¢(¢) = ¢o/2 + 2s cos(wt), where s =
Vac/(2hw). Such an excitation in general has two effects—first,
the microwave photons Aw can be absorbed, which can result
in dissipation in the form of photon-assisted tunneling and
breaking of Cooper pairs. Second, the time-dependent phase
modulates the coherent transmission resonance responsible for
carrying a significant portion of the heat current.

Let us first discuss the dissipation in the junction, for which
Cooper-pair breaking transitions from negative to positive
energies are important. In particular, the Andreev bound states
are crucial for this, as they reduce the frequency threshold
for Cooper-pair breaking [4,5,51]. An ABS atenergy E4 < A

1.10 .
105} TR/T, -
1.00} 1.1 -

> 095} —— 0.88 -

= 090 | = 0.71 1

S 0.71

S 085 — 0.53 -
0.80 |- .
0.75 | _ _ ) ]
0.70 ' S '

0.00 0.25 0.50 0.75

VIA

FIG. 8. (Color online) As Fig. 4, but for the dirty interface (solid
line 7, dotted line P) and diffusive distributions (dashed line 7) of
transmission channels.
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FIG. 9. (Color online) Dissipated power (solid line, left axis)
and heat transport noise (dashed line, right axis) in a QPC with
T = 0.7 under acdrive ¢(t) = w/2 4+ 0.2 cos(wt), with T, = T = 0.
The frequency thresholds associated with pair breaking facilitated by
ABS are clearly visible. Noise Sy = na)Q & expected from Poissonian
n = [(A+ E,)/w] photon statistics is also shown (dotted line).
Inset: Illustration of the processes corresponding to the thresholds
shown.

enables pair breaking by one-photon processes to occur via
processes involving only the bound states at w = 2E,4 and
via processes involving also the continuum at w > A + E4,
as also seen, e.g., in Refs. [5,6]. These frequency thresholds
occur prominently in the dissipated power shown in Fig. 9 [52].
Analytical results for the dissipated power in the representative
case A; = Ar = A, T;, = Tz = T in the limit s — 0 can be
deduced from results in Ref. [5].

Figure 9 also displays the heat transport noise, computed
numerically via Eq. (15). At high frequencies, the result
converges towards Sp — @ Q r>and one can check that also the
third cumulant 3} Sg(u)|,=0 & itow? Q in this limit. That the
cumulants coincide suggests that photon absorption follows
Poisson-like statistics. The situation at lower frequencies
w < A+ E, is somewhat more complicated, as multiple
photons are required for each absorption event. For Pois-
sonian multiphoton processes, we expect Sp = nwQpr for
(Eps+A)/n<w<(Es+ A)/(n—1). This is in line with
the results in Fig. 9, apart from features that come from the
second possible transition process involving only the bound
states.

At frequencies below the transition thresholds, dissipation
by photon absorption via processes involving the ABS be-
come less important. Rather, the main physics comes from
quasiparticles in the continuum and from the modification of
their phase dependent transport resonances. Analytical results
can be obtained by taking the drive amplitude s as a small
parameter. Working to order s? and considering only processes
in the continuum (E > A), we find for a fully transparent QPC
(r=1,

5 2ByBiy[(E £ w)E + A% cos ¢y + BoBuiy)
ApAx,

Yro 41 =5

(22)

»2ByBi,[(E £ w)E + A? — ByBy,]
ApA+,

Yrr+1 =5 . (23)
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2(E% — A?) ) Cio
Y =0gp———— 1 -+ s
REO =074, ; AoAy

Ay = 2(E + w)* — (1 + cos o) A?,
B, = ewV(E+w)2_ sz
(24)
0, = O[(E + w)* — A?],
C, = [2ByB, — (1 — cos o) A?]

X [2E(E + w) + (1 + cos gg) A?].

The divergence in Yz o at |E| = w + A|cos(¢o/2)] is to be
understood in the principal value sense—the above result does
not describe the dissipative processes involving the Andreev
bound states. Details of the calculation and results for v # 1
are in Appendix D. In the tunneling limit, t — 0, on the other
hand,

(E £ w)E + A%cos ¢

Yri +1 = 000+ NG E T = (25)

Yrr+1 ~ 0, (26)
E? — A%cos ¢ 5
YRL,O = QOW(I — 25 ) (27)

The results for t = 1 are shown in Fig. 10. The energy
dependence of the driven response reflects the behavior in the
stationary state: There is a resonant contribution at energies
immediately above the superconducting gap, which is for
transparent junctions reduced when the Andreev bound states
at E4 = /1 — tsin%(¢/2) separate from the gap edges.

The resulting change §Gy = Gp(s) — Gp(s = 0) in the
heat conductivity Gy, = J /(T — Tg) in the limit s — 0 is
shown in Fig. 11 for a transparent junction and in Fig. 12 for a
low-transparency junction. For the transparent junction case,
the effect of the ac excitation is the largest at phase differences
o ~ 0, as expected on the basis of Fig. 10. Moreover, the
excitation tends to suppress the heat flow more than it enhances

2.0 T

L5

1.0

Yrpi/s?

0.5 ft

0.0 0.0
0.00.51.01.52.02.53.0 0.00.51.01.52.02.53.0
E/IA E/IA

FIG. 10. (Color online) Yg 1,k +1 related to one-photon absorp-
tion processes, for a fully transparent QPC (v = 1) under harmonic
drive ¢(t) = ¢o/2 + 2s cos(wt). Here w = A /5, and the result is
shown for ¢y = 0,7 ,7 (curves from top to bottom). The functions
are symmetric around the point £ = —w/2. The results are from
Egs. (22) and (23), which are valid for s — 0. Thin black lines
indicate results from Eq. (B6) for s = 0.1, which have additional
multiphoton resonances due to bound states.
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FIG. 11. (Color online) Change of heat conductivity ina 7 = 1
QPC caused by small harmonic drive s > 0. Shown as a function
of phase, temperature (left panels), and frequency of the drive (right
panels). The contour lines denote regions where change in dissipation
is >10% (dotted line) and >100% (solid line) of the change in the
temperature-driven heat current for 7 — 7;, = 0.1A. Theregion w >
A + E 4, where one-photon Cooper pair breaking activates is omitted
in the plots, as it is not described by Egs. (22)—(24).

it. The dependence on ¢y in the tunneling limit is opposite to
the transparent limit, reflecting the similarly reversed phase
dependence in the stationary case [13]. In the tunneling limit,
the resonance has the largest effect at ¢y ~ 7, and the ac drive
reduces its contribution to the heat current.

The amount of power dissipated relative to the change
in heat current for a 0.1A( temperature difference is also
indicated in Figs. 11 and 12 with contour lines. In the

10 g
«
50T
)
S8 0 wg
-5 E
—~10 =
. 0.0 05 1.0 1.5 2.0 K
_ T/T. wlAg
(=} - I I ] - I I I -
51 10 — . .3
3 4 2 4
TS5t ] N
6 O \\':s_-—”/? r_\\ i
e A I S
(53 l l l l l
<00 0.5 1.0 00 05 1.0 1.5 20
T/T. wlAg

FIG. 12. (Color online) As Fig. 11, but for a low-transparency
junction T = 0.01.
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FIG. 13. (Color online) Phase oscillations of heat conductivity in
aQPCwitht =1,at T/A = 0.3 and w/A = 0.3, for different drive
amplitudes. Results from Eqgs. (22)—(24) (dashed line) and adiabatic
limit (dotted line) are also shown.

regime shown, power dissipation is mainly due to processes
at E > |A|, which are well described by Egs. (22)—(24). The
features seen in the left panels mainly come from the fact that
the change §Gy, reverses its sign around ¢y ~ 7 /4 both for
tunnel and transparent junctions—as seen in Figs. 11 and 12,
the sign reversal is only weakly temperature and frequency
dependent. The main feature of the dissipation in the right
panel is that if the phase excitation amplitude is kept fixed, the
dissipated power grows with increasing frequency, whereas
the effect of the drive on the temperature-driven heat current
saturates towards higher frequencies. Moreover, at sufficiently
high frequency, the Cooper pair breaking processes activate,
and start to dominate the heat flows.

Phase oscillation of heat conductivity as a function of
increasing drive amplitude is shown in Fig. 13. Initially,
the response is well described by the leading-order theory,
but starts to deviate from the s — O limit when the drive
amplitude exceeds s 2 0.1. The result moreover stays close
to the adiabatic limit G (¢(7)), obtained by averaging the
stationary heat-current—phase relation over the drive cycle.

The heat current in diffusive short junctions is independent
of the phase difference ¢ [15]. Nevertheless, the response of
the heat current to a small ac excitation is phase dependent.
This is illustrated in Fig. 14, which shows the temperature-
driven heat current J = (Qr — Qr)/2 as a function of ¢.
The inset of Fig. 14 displays the comparison to results from
Egs. (D5)-(D12), which neglect transitions involving the
subgap Andreev bound states in the junction, but still capture
the main features. The changes in J are however not very large,
and are of a similar order of magnitude or smaller compared
to the power dissipated in the junction.

The power dissipated in a diffusive junction grows rapidly
at phase differences away from zero. Such behavior is expected
due to (multi)photon absorption processes involving the sub-
gap bound states, as these processes are limited by the presence
of a phase-dependent energy gap 2E, = 2|A|| cos(¢/2)| in the
density of states inside the junction [5]. As ¢ increases, the
energy gap decreases, and n-photon processes activate after
corresponding thresholds are crossed:

nw

@ > @, = 2arccos ——

TN 28)
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FIG. 14. (Color online) Emergence of phase-dependent oscilla-
tions in the heat current through a short diffusive junction, when it
is driven by ac bias ¢(t) = ¢y/2 + 2s cos(wt), with /A = 0.2, for
T, =0, T = 0.2A. Relative change in the heat current §7/J =
[T(s)/T(s =0)] — 1 (solid line) and the relative dissipated power
P/J(s = 0) (dashed line) are shown. The n-photon process activa-
tion thresholds (28) are indicated with arrows. Inset: Comparison to
results for J from Egs. (D5)—-(D12) (dotted line).

The onsets of dissipation in the numerical results in Fig. 14
align with these thresholds, even though the phase oscillation
amplitude 4s is not very small compared to 7. Note that in
contrast to the above-gap heat transport, the subgap absorption
physics can be sensitive to electron-phonon and other inelastic
relaxation processes [53,54], as excited subgap quasiparticles
cannot easily escape to the leads. Such mechanisms are
neglected in the above results, and the subgap populations
are determined via the drive-induced multiphoton coupling to
the above-gap states.

IV. DISCUSSION

The effect of electromagnetic driving on heat transport in
superconducting junctions is twofold: First, quasiparticles can
absorb energy from the field and the field can break Cooper
pairs, both of which leads to dissipation. Second, a nonzero
electromagnetic field inside the junction implies a time
dependence in the the phase difference in superconducting
order parameters. This results in modulation and averaging
of phase coherent transport effects, which does not directly
dissipate power in the junction.

In general, we find that at low drive frequencies or voltages,
there is a finite parameter range in which the response of the
system is nonadiabatic while the power dissipated by the elec-
tromagnetic fields is still small compared to the temperature-
driven heat currents. That is, time-dependent effects associated
with modification of the transport resonances of the continuum
quasiparticles can be seen before the dissipation heats up the
system significantly.

The steady-state effects on the temperature-driven heat
current J can in principle be measured with the help of estab-
lished experimental thermometry techniques [55] for studying
heat in mesoscopic structures, similar to those applicable
to a stationary situation. In addition, the energy absorption
P is experimentally accessible via certain spectroscopic
approaches, used for quantum point contacts in Ref. [24] and

PHYSICAL REVIEW B 90, 014511 (2014)

it can also be deduced from susceptibility measurements, used
in Ref. [25] for diffusive junctions.

In summary, we consider heat current driven by a temper-
ature difference across superconducting junctions of different
transparencies. We obtain analytical and numerical results for
the transport rates describing transport combined with energy
absorption of k photons from the electromagnetic field. The
results are applicable to quantum point contacts and to generic
quantum coherent multichannel junctions.
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APPENDIX A: SYMMETRIES

The charge and heat currents in this problem have specific
symmetries with respect to transformations of the input
drive ¢.

We can first observe that since —t37280T273 = o and
ThT3T) = —T13, it follows that

Oue.r/rlP] = Quc.r/rl—0),  lacldl = —lac[—9],

which is associated with the electron-hole symmetry within
the model. Moreover,

Oacld] = Quac[—dllLors

from gauge choice. In symmetric junctions for Ty = Tk, this
implies Qqc.r/x = 31V.

(AD)

(A2)

APPENDIX B: ALGEBRAIC MANIPULATIONS

It is useful to start by splitting to partial fractions (cf.
Ref. [35])

I'=f@rgr) — f@rEL) = FO), (B1)
qﬂ
= —4 N
f) g
(B2)

qn = —1 + E + u’
Tn Tn
where ¥ = g, grand y~' = (g.8r)”" = gr&.. The quantities
qn are eigenvalues of the Hermitian square of the transfer
matrix of the junction [35,56]. For continuous transmission
distributions, we can define the corresponding density

JQ =4 q.80 —qn)

n

_ 4anma(t” _ 4—¢) (B4)

(B3)

(1+¢)

The result is particularly simple for diffusive
junctions j(¢) = 6(—1 4+ ¢), as the transmission distribution
o 1/(t+/1 — 1) cancels the prefactor. Similar result applies
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also to the analogously defined j corresponding to f. For
diffusive junctions, j(¢) = 0(¢).

From the above discussion, and the symmetries (§%/4)f =
2 (GARY 12y (FK) = —25(5~1)K 3, it follows that

: 1
QR,dc=/ dEEanRetral( )
- n + 3 /)00

n

o 1 1
= dE E q,,Retr< — K . )
/_oo Z Gn + 987 gn + 94 ) oo

(BS)

which is a form useful for analytic considerations. In particular,
this can be rewritten in the form used in Sec. III, with

B _Retrz <6In +8réx gL)o,k
x [(éﬁéo 8z ")m]ko’ (B6)
=Rer2 [qn S =]

The results corresponding to Q L.dc are found by exchanging
¢ < —¢ and L <> R. A sum rule applies,

Z Yrrk + YRLk

4n R A
= Ret — =0, (B8
ewl (St ), =0 B

qn+y

where the second step follows from (§4)1 = (g2)1(g)1 =
738K 9R @R, and the fact that gx is diagonal in the energy
space.

Finally, let us point out how the heat current in diffusive
junctions is phase independent in the absence of bias. In the
absence of spectral broadening, quasiparticle heat current can
only originate from region |E| > |A.|,|Ag|. From the form
of the equilibrium Green functions (1) it follows that for | E| >
[ALLL|AR]:

81 /r(E) = =81 g o(E), (B9)
. SR(E) 298 (E)lhg —hi]
q(E) = . B10
Yeq(E) ( 0 94(E) ) (B10)

Therefore, for this energy range,

298 (E)
=1tr
[¢ + 3&(E)T?

tro

5(hg —h). (B11)

{4 Yeq(E)
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Integrating over the j distribution yields
o (E)
/ dec Lz =2,
o [+ 9kE)]

which indeed has no phase modulation. It is also clear that
phase modulation in general prevails if the distribution j(¢) is
nontrivial.

(B12)

APPENDIX C: DC VOLTAGE BIAS RECURRENCE

We proceed now to evaluate the cumulant generating
function of energy exchange [15,45,47]:

1 S
Se(w) = 5 ;Trln (1 + ’Z{[gbgmh — 2}) (C1)

= ZTrln[q,,ei"’f3/2gL,oe

n

—i¢ts/2

_I_e*iqﬁf}/zeiuem/ZgR’Oefiueo']/Zei(ﬁf_z/Z] (CZ)

in the dc voltage-biased case. One can simplify the problem by
reusing the approach of Ref. [31], where a similar generating
function for the charge rather than the heat current is discussed.
The key idea is to make use of the fact that the sum of the Green
functions is a block-tridiagonal matrix in energy space, so that
one can apply a determinant recursion formula:

N
det X = Hdetaj,

(C3)
=1
= Xi1.1, (C4)
ajp1 = Xjp1 01 — Xjerja; Xj e (C5)

In the case here, it is useful to work in a gauge where the
superconducting terminals are biased to £V /2, so that the
frequency components read

8ii8L(Ey) 8iv1 fr(ED)
[8elij = Y , (Co)
Sl <_8i,_j+1fL(Ei) —68;;8L(E; — V))
el =( 1Er(Ei = V) ,]HfR( ))’ «n
=8 ir1 frR(E)  —6;;8r(E})

where E, = Eqg+nV, and we work in Nambu®Keldysh
instead of Keldysh@Nambu:

. (coshf, 2Re[cosh,]tanh 5=
8L = ( 0 —cosh 6; ) €8
E
= JiEus /2 coshfr 2Re[coshOg]tanh T, e—iEu(“n/Z’
0 —cosh 0}
(C9)

v

where 0,z = arctanh[Af g /(E + i01)]. Expressions for f
are obtained by replacing cosh > sinh.
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In the recursion formula for the generating function, we
therefore have

X, . = qngL(E]) + gR(Ej_l) O
JsJ 0 _QngL(Ej,I) _ gR(Ej) )
(C10)
0 fR(E))
Xjw1j = N : (Cl11)
i (_ClnfL(Ej) 0 )
0 n fL(E})
Xjjr=1 . CI2
o+l <_fR(Ej) 0 ) (C12)

Clearly a; stays diagonal in the recursion.
Finding the generating function now reduces to solving a
pair of 2 x 2 matrix recurrences:

V(E + V,u) = qu81(E + V) + gr(E,u)
+ fR(E.w)[w(E,u)]™" fr(E,u), (Cl3a)
W(E + V,u) = —qug1(E) — gr(E + V.,u)

+ ¢ fLU(E)V(E,w)] " fL(E),  (C13b)
and
© dE  det¥(E,u)det w(E,u)
S = [ —1 +C,
r(1) 0;/00 5. In Tt
(C14)

where a normalization was added to make the result conver-
gent; this does not affect observables. Differentiation yields
directly the average heat current, 9,Sg|,—0 = i Q R.dc-

The recursion can be solved numerically in a straightfor-
ward way, as f — 0 for |E| — o0o. Analytical results can be
obtained in some particular limiting cases.

1. Tunnel limit

We can consider the solution of the recursion in the tunnel
limit ¢ — oo. There, to order O(q"), it reads

UE + V)~ qugL(E + V) + gr(E),
W(E + V)~ —q,§L(E) — §r(E+ V)
+ qu fLE)3L(E)™" fL(E)
— JLE)3L(E) ' gr(E — V)gL(E)”" fL(E)
= —qu§L(E)"' = gr(E+V)
— fL(E)3L(E)'gr(E — V)3L(E) fL(E),
(C16)

(C15)

where we used the normalization conditions g — fr=1,
gf = f&. From this,
Indet 5(E,u)w(E + V,u)
1 ~ ~ “
~ —Trg(E)Er(E + V,u)+ gr(E — V)l + C.

n

(C17)
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This yields the result for heat transport by tunneling quasipar-
ticles, also obtained in Ref. [9],

Spu) ~ ;—OZ ., /_OO dE N, (E)Ng(E — V)

x {[e"E=V" — 11FR(E — V)[1 — FL(E)]

+ e ETVM 1 FL(E)[1 — FR(E — V)]}, (CI8)

where N = Re cosh 0 are the densities of states on both sides,
and Fp g Fermi functions.

2. Zero bias

In the zero-bias limit V — 0, the results coincide with
averaging the corresponding dc formulas in Refs. [13,15] over
the phase difference ¢ = 0-27. However, in this case it is also
possible to solve the recurrence relation exactly.

We first observe that a factorization applies

gL(E) = gL(EhL(E), gL(E) = cosh6,(E),  (C19)

L, |E] <ALl

MEEAG T, B> 1AL,

(C20)

and similarly for f .For L — R, the I g Matrix obtains the
additional u#-dependent unitary transformation (C9).

Importantly, 7% = 1 and h? = 1. Defining ¥ = vh; and
y= wﬁR, we have

(C21)
(C22)

¥ = qugr + grhrhy + £33 ' hrhy,
V= —qugrlhrhi]™" — gr + g2 f23 [hghy 17"

The equations projected to the eigenspaces of /gl have no
matrix structure, and can be solved. The eigenvalues p of high
satisfy

ph =2 = 4™E — 1)FL(1 — Fg)

+4(e ™ — 1) Fr(1 — Fp). (C23)
As a consequence, the generating function can be found
in closed form, although the general expressions are not
particularly illuminating.

For simplicity, let us consider T = 1 and A, = Ag. In this
case,

—4 6

cos ]
— 2[4 e+ 1 4 cosh(26)

Indet[vw] = 21n { 3

+ A+ wp A+t 2cosh(20)} 1C.
(C24)

This V — 0 heat transport statistics deviates from the station-

ary Levitov-Lesovik form [57,58] due to the averaging over

the slowly varying phase ¢(¢) = 2Vt in the long time limit.
Expanding in u, we find

1

9] 3/2 ,
cosh9+ @)

Indet[tw] = C — 2iuE(f, — fr) (C25)
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so that the heat current is

. 1 o [E2 — A2
ORrdc = ;/ dEERCT[fR(E)—fL(E)I
(C26)

We can verify that this coincides with the average of the dc
result in Ref. [13]:

Y_/erd(p (Ez—Az)(EZ—AZCOSZ%)_ /EZ_A2
o 2m [Eoar(1-sing)] Bl
(C27)

For comparison with the inset of Fig. 5, let us also state the
result for r = 1/2:

2E%J4E* — 6A2E2 +2A%

Y(E > A) = GE A2 :

(C28)

which coincides with numerics.

APPENDIX D: SMALL AC PHASE BIAS

In the case of a small ac phase bias, ¢ = ¢y/2 + a, we can
expand

" & M52 (1 +iaty — La*) + - . (D1)

The corresponding expansion for the expressions appearing in
the heat current is

1 1 1 1
v — + —liat3,81.018r0 -
Qn+y Qn+y0 qn+y0 qn+y0
1 . 1
- < X—va
qn+Yo qn+ Yo

(D2)

. 1 1
2v v . 2y A v A w
X =—-za"8r08ro— z8r.0a 8ro + t3agr.0T3a&R 0

2 2
! [at3,81,0]-8
~1at3,8r,0l1-8Rr,0,
C]n+)’0

+lats3,8r.01-8ro (D3)

where g; ¢ contains the phase ¢y and Yo = &1 08r,0. For
harmonic drive, a(t) = 2s cos(wot), we can evaluate the
leading term in the expansion in s in closed form.

It is useful to identify the stationary Andreev bound states
(ABS):

1 B B, N B_ N 1
q+y(f/A(E)_Ej:in—EA E+in+E;, 1+4gq°
(D4)

where E4 = |A|y/1 — T sin?(gy/2) are the ABS energies, and
By 2 x 2 matrices independent of E. The contributions to the
heat current separate to § contributions from E £ w = +E,4
corresponding to processes involving the bound states, and
principal value parts corresponding to continuum processes.
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Straightforward calculation for the principal value part
yields

1
Yreo=8YrL0+ = Y dnDo(qn). (D5)
r n
1
SYrLo = —5°— 2 DE(G1)00, D6
RL.O SrZi:Zn:q 1 (gn)00 (D6)
1
Yoo =52 @Dy (gn) + Dy (@)1=, (D7)
1
Y =s2= I DE(Gn) — DE(G)100040, D8
R sr;qu(q) £(g)1000+ (D8)
where r = Y 7,, 0, = O[(E + w)> — A?], and
Yo

Dy(q) =2tr ————, (DY)

o (g + $0)?

4q o 1
Di(q) = 2tr<§ 0 — T3 — 21 +0D3
! BOG+50 g+ P "

(g — y?)};o 5,4~ Vo f3), D10)

(g + %) g+ I+

1 1
Di(g)=1tr| g 7 61 103 ), D11
5 (q) (gR’Oq—i-?o 3q+ying,i 3) (D11)
g—% ., q9—Y+t0 .,

D3 (q) = tr(gR,o Lot

~ o 03 -
(g +30)° (g + Jzo
4% . Ve 4 )
~ 5 3 - 3
(@ +90)* (g + Fxr0)?
We have here used additional symmetries arising from assum-
ing A; = Ag. Above,

(D12)

R 1 |E + | A
8Row = —F/——— , (D13)
(E4+wP—-A2\ —-A —|E+o
R 1 |E + o| A
8Lo=—F———— » , (D14)
(E+w)? — A2\—e""A —|E + o]
Yo = 81,08R.w- (D15)

Evaluating the result for t =1 (¢ = 1) yields Egs. (22)
and (23). Explicit expressions for general T can be written,
but are too lengthy to be useful.

We can also observe that the coincidence (B12) that made
phase oscillations disappear in the diffusive limit for the
stationary heat current does not occur for the time-dependent
modifications above. While Dy(g) averages to a phase inde-
pendent constant when integrating over the g distribution, the
other coefficients retain their phase dependence.

In the situation 7p =T =T, AL = Agp = A only D;E
contributes to the principal value part. The reason why the
result in this case is simpler, is that heat currents are then
directly connected to the total dissipated power, P = I(¢)V(¢),
via P = QL + QR = ZQR. The power can be obtained by
calculating I(¢) to first order in a, i.e., from the frequency-
dependent admittance of the junction. This is done via direct
linear response approach in Ref. [5], and the results coincide
with the above formulation.

014511-11



P. VIRTANEN AND F. GIAZOTTO

[1] N. R. Werthamer, Phys. Rev. 147, 255 (1966).
[2] A. V. Zaitsev and D. V. Averin, Phys. Rev. Lett. 80, 3602 (1998).
[3] D. Averin and A. Bardas, Phys. Rev. Lett. 75, 1831 (1995).
[4] L. Y. Gorelik, V. S. Shumeiko, R. I. Shekhter, G. Wendin, and
M. Jonson, Phys. Rev. Lett. 75, 1162 (1995).
[5] E. Kos, S. E. Nigg, and L. I. Glazman, Phys. Rev. B 87, 174521
(2013).
[6] F. S. Bergeret, P. Virtanen, T. T. Heikkild, and J. C. Cuevas,
Phys. Rev. Lett. 105, 117001 (2010).
[7]1 A. Zazunov, V. S. Shumeiko, E. N. Bratus’, J. Lantz, and
G. Wendin, Phys. Rev. Lett. 90, 087003 (2003).
[8] F. S. Bergeret, P. Virtanen, A. Ozaeta, T. T. Heikkila, and J. C.
Cuevas, Phys. Rev. B 84, 054504 (2011).
[9] D. Golubev, T. Faivre, and J. P. Pekola, Phys. Rev. B 87, 094522
(2013).
[10] K. Maki and A. Griffin, Phys. Rev. Lett. 15, 921 (1965).
[11] G.D. Guttman, B. Nathanson, E. Ben-Jacob, and D. J. Bergman,
Phys. Rev. B 55, 3849 (1997).
[12] G. D. Guttman, E. Ben-Jacob, and D. J. Bergman, Phys. Rev. B
57,2717 (1998).
[13] E. Zhao, T. Lofwander, and J. A. Sauls, Phys. Rev. Lett. 91,
077003 (2003).
[14] E. Zhao, T. Lofwander, and J. A. Sauls, Phys. Rev. B 69, 134503
(2004).
[15] P. Virtanen and F. Giazotto, arXiv:1405.1362.
[16] F. Giazotto and M. Martinez-Perez, Nature (London) 492, 401
(2012).
[17] M. Martinez-Perez and F. Giazotto, Nat. Commun. 5, 3579
(2014).
[18] C. W. J. Beenakker, Phys. Rev. Lett. 67, 3836 (1991).
[19] J. Tucker and M. Feldman, Rev. Mod. Phys. 57, 1055 (1985).
[20] M. Tinkham, Introduction to Superconductivity, 2nd ed.
(McGraw-Hill, New York, 1996).
[21] M. Octavio, M. Tinkham, G. E. Blonder, and T. M. Klapwijk,
Phys. Rev. B 27, 6739 (1983).
[22] M. Zgirski, L. Bretheau, Q. Le Masne, H. Pothier, D. Esteve,
and C. Urbina, Phys. Rev. Lett. 106, 257003 (2011).
[23] L. Bretheau, C. 0. Girit, H. Pothier, D. Esteve, and C. Urbina,
Nature (London) 499, 312 (2013).
[24] L. Bretheau, C. O. Girit, C. Urbina, D. Esteve, and H. Pothier,
Phys. Rev. X 3, 041034 (2013).
[25] F. Chiodi, M. Ferrier, K. Tikhonov, P. Virtanen, T. Heikkila, M.
Feigelman, S. Guéron, and H. Bouchiat, Sci. Rep. 1, 3 (2011).
[26] M. Fuechsle, J. Bentner, D. A. Ryndyk, M. Reinwald, W.
Wegscheider, and C. Strunk, Phys. Rev. Lett. 102, 127001
(2009).
[27] I. M. Pop, K. Geerlings, G. Catelani, R. J. Schoelkopf, L. L.
Glazman, and M. H. Devoret, Nature (London) 508, 369 (2014).
[28] M. Moskalets, Phys. Rev. Lett. 112, 206801 (2014).
[29] F. Battista, F. Haupt, and J. Splettstoesser, arXiv:1405.4326.

PHYSICAL REVIEW B 90, 014511 (2014)

[30] N. B. Kopnin, F. Taddei, J. P. Pekola, and F. Giazotto, Phys. Rev.
B 77, 104517 (2008).

[31] J. C. Cuevas and W. Belzig, Phys. Rev. B 70, 214512 (2004).

[32] A. L. Larkin and Y. N. Ovchinnikov, in Nonequilibrium Super-
conductivity, edited by D. Langenberg and A. Larkin (Elsevier,
Amsterdam, 1986), p. 493.

[33] W.Belzig, F. K. Wilhelm, C. Bruder, G. Schon, and A. D. Zaikin,
Superlatt. Microstruct. 25, 1251 (1999).

[34] K. D. Usadel, Phys. Rev. Lett. 25, 507 (1970).

[35] Y. V. Nazarov, Superlatt. Microstruct. 25, 1221 (1999).

[36] A. V. Zaitsev, Sov. Phys. JETP 59, 1015 (1984).

[37] N. B. Kopnin, Theory of Nonequilibrium Superconductivity,
No. 110 in International Series of Monographs on Physics
(Oxford University Press, Oxford, 2001).

[38] J. C. Cuevas, J. Hammer, J. Kopu, J. K. Viljas, and M. Eschrig,
Phys. Rev. B 73, 184505 (2006).

[39] K. M. Schep and G. E. W. Bauer, Phys. Rev. Lett. 78, 3015
(1997).

[40] J. A. Melsen and C. W. J. Beenakker, Physica B (Amsterdam)
203, 219 (1994).

[41] Y. Naveh, V. Patel, D. V. Averin, K. K. Likharev, and J. E.
Lukens, Phys. Rev. Lett. 85, 5404 (2000).

[42] S. N. Artemenko, A. F. Volkov, and A. V. Zaitsev, JETP Lett.
28, 589 (1978).

[43] Y. V. Nazarov, Phys. Rev. Lett. 73, 134 (1994).

[44] O. N. Dorokhov, Solid State Commun. 51, 381 (1984).

[45] M. Kindermann and S. Pilgram, Phys. Rev. B 69, 155334
(2004).

[46] M. Esposito, U. Harbola, and S. Mukamel, Rev. Mod. Phys. 81,
1665 (2009).

[47] 1. Snyman and Y. V. Nazarov, Phys. Rev. B 77, 165118 (2008).

[48] N. J. Higham, SIAM. J. Matrix Anal. Appl. 26, 1179 (2005).

[49] E. Deadman, N. J. Higham, and R. Ralha, Lecture Notes in
Computer Science 7782, 171 (2013).

[50] J. C. Cuevas, A. Martin-Rodero, and A. Levy Yeyati, Phys. Rev.
B 54, 7366 (1996).

[51] V. S. Shumeiko, G. Wendin, and E. N. Bratus’, Phys. Rev. B 48,
13129 (1993).

[52] The matrix element for the 2 E 4 process is & /1 — 7 [7], so that
the feature is absent in Fig. 10.

[53] A. Zazunov, V. S. Shumeiko, G. Wendin, and E. N. Bratus’,
Phys. Rev. B 71, 214505 (2005).

[54] D. G. Olivares, A. L. Yeyati, L. Bretheau, C. O. Girit, H. Pothier,
and C. Urbina, Phys. Rev. B 89, 104504 (2014).

[55] F. Giazotto, T. T. Heikkila, A. Luukanen, A. Savin, and J. Pekola,
Rev. Mod. Phys. 78, 217 (2006).

[56] C. W. J. Beenakker, Rev. Mod. Phys. 69, 731 (1997).

[57] L. S. Levitov and G. B. Lesovik, JETP Lett. 58, 230 (1993).

[58] L. S. Levitov, H. Lee, and G. B. Lesovik, J. Math. Phys. 37,
4845 (1996).

014511-12


http://dx.doi.org/10.1103/PhysRev.147.255
http://dx.doi.org/10.1103/PhysRev.147.255
http://dx.doi.org/10.1103/PhysRev.147.255
http://dx.doi.org/10.1103/PhysRev.147.255
http://dx.doi.org/10.1103/PhysRevLett.80.3602
http://dx.doi.org/10.1103/PhysRevLett.80.3602
http://dx.doi.org/10.1103/PhysRevLett.80.3602
http://dx.doi.org/10.1103/PhysRevLett.80.3602
http://dx.doi.org/10.1103/PhysRevLett.75.1831
http://dx.doi.org/10.1103/PhysRevLett.75.1831
http://dx.doi.org/10.1103/PhysRevLett.75.1831
http://dx.doi.org/10.1103/PhysRevLett.75.1831
http://dx.doi.org/10.1103/PhysRevLett.75.1162
http://dx.doi.org/10.1103/PhysRevLett.75.1162
http://dx.doi.org/10.1103/PhysRevLett.75.1162
http://dx.doi.org/10.1103/PhysRevLett.75.1162
http://dx.doi.org/10.1103/PhysRevB.87.174521
http://dx.doi.org/10.1103/PhysRevB.87.174521
http://dx.doi.org/10.1103/PhysRevB.87.174521
http://dx.doi.org/10.1103/PhysRevB.87.174521
http://dx.doi.org/10.1103/PhysRevLett.105.117001
http://dx.doi.org/10.1103/PhysRevLett.105.117001
http://dx.doi.org/10.1103/PhysRevLett.105.117001
http://dx.doi.org/10.1103/PhysRevLett.105.117001
http://dx.doi.org/10.1103/PhysRevLett.90.087003
http://dx.doi.org/10.1103/PhysRevLett.90.087003
http://dx.doi.org/10.1103/PhysRevLett.90.087003
http://dx.doi.org/10.1103/PhysRevLett.90.087003
http://dx.doi.org/10.1103/PhysRevB.84.054504
http://dx.doi.org/10.1103/PhysRevB.84.054504
http://dx.doi.org/10.1103/PhysRevB.84.054504
http://dx.doi.org/10.1103/PhysRevB.84.054504
http://dx.doi.org/10.1103/PhysRevB.87.094522
http://dx.doi.org/10.1103/PhysRevB.87.094522
http://dx.doi.org/10.1103/PhysRevB.87.094522
http://dx.doi.org/10.1103/PhysRevB.87.094522
http://dx.doi.org/10.1103/PhysRevLett.15.921
http://dx.doi.org/10.1103/PhysRevLett.15.921
http://dx.doi.org/10.1103/PhysRevLett.15.921
http://dx.doi.org/10.1103/PhysRevLett.15.921
http://dx.doi.org/10.1103/PhysRevB.55.3849
http://dx.doi.org/10.1103/PhysRevB.55.3849
http://dx.doi.org/10.1103/PhysRevB.55.3849
http://dx.doi.org/10.1103/PhysRevB.55.3849
http://dx.doi.org/10.1103/PhysRevB.57.2717
http://dx.doi.org/10.1103/PhysRevB.57.2717
http://dx.doi.org/10.1103/PhysRevB.57.2717
http://dx.doi.org/10.1103/PhysRevB.57.2717
http://dx.doi.org/10.1103/PhysRevLett.91.077003
http://dx.doi.org/10.1103/PhysRevLett.91.077003
http://dx.doi.org/10.1103/PhysRevLett.91.077003
http://dx.doi.org/10.1103/PhysRevLett.91.077003
http://dx.doi.org/10.1103/PhysRevB.69.134503
http://dx.doi.org/10.1103/PhysRevB.69.134503
http://dx.doi.org/10.1103/PhysRevB.69.134503
http://dx.doi.org/10.1103/PhysRevB.69.134503
http://arxiv.org/abs/arXiv:1405.1362
http://dx.doi.org/10.1038/nature11702
http://dx.doi.org/10.1038/nature11702
http://dx.doi.org/10.1038/nature11702
http://dx.doi.org/10.1038/nature11702
http://dx.doi.org/10.1103/PhysRevLett.67.3836
http://dx.doi.org/10.1103/PhysRevLett.67.3836
http://dx.doi.org/10.1103/PhysRevLett.67.3836
http://dx.doi.org/10.1103/PhysRevLett.67.3836
http://dx.doi.org/10.1103/RevModPhys.57.1055
http://dx.doi.org/10.1103/RevModPhys.57.1055
http://dx.doi.org/10.1103/RevModPhys.57.1055
http://dx.doi.org/10.1103/RevModPhys.57.1055
http://dx.doi.org/10.1103/PhysRevB.27.6739
http://dx.doi.org/10.1103/PhysRevB.27.6739
http://dx.doi.org/10.1103/PhysRevB.27.6739
http://dx.doi.org/10.1103/PhysRevB.27.6739
http://dx.doi.org/10.1103/PhysRevLett.106.257003
http://dx.doi.org/10.1103/PhysRevLett.106.257003
http://dx.doi.org/10.1103/PhysRevLett.106.257003
http://dx.doi.org/10.1103/PhysRevLett.106.257003
http://dx.doi.org/10.1038/nature12315
http://dx.doi.org/10.1038/nature12315
http://dx.doi.org/10.1038/nature12315
http://dx.doi.org/10.1038/nature12315
http://dx.doi.org/10.1103/PhysRevX.3.041034
http://dx.doi.org/10.1103/PhysRevX.3.041034
http://dx.doi.org/10.1103/PhysRevX.3.041034
http://dx.doi.org/10.1103/PhysRevX.3.041034
http://dx.doi.org/10.1038/srep00003
http://dx.doi.org/10.1038/srep00003
http://dx.doi.org/10.1038/srep00003
http://dx.doi.org/10.1038/srep00003
http://dx.doi.org/10.1103/PhysRevLett.102.127001
http://dx.doi.org/10.1103/PhysRevLett.102.127001
http://dx.doi.org/10.1103/PhysRevLett.102.127001
http://dx.doi.org/10.1103/PhysRevLett.102.127001
http://dx.doi.org/10.1038/nature13017
http://dx.doi.org/10.1038/nature13017
http://dx.doi.org/10.1038/nature13017
http://dx.doi.org/10.1038/nature13017
http://dx.doi.org/10.1103/PhysRevLett.112.206801
http://dx.doi.org/10.1103/PhysRevLett.112.206801
http://dx.doi.org/10.1103/PhysRevLett.112.206801
http://dx.doi.org/10.1103/PhysRevLett.112.206801
http://arxiv.org/abs/arXiv:1405.4326
http://dx.doi.org/10.1103/PhysRevB.77.104517
http://dx.doi.org/10.1103/PhysRevB.77.104517
http://dx.doi.org/10.1103/PhysRevB.77.104517
http://dx.doi.org/10.1103/PhysRevB.77.104517
http://dx.doi.org/10.1103/PhysRevB.70.214512
http://dx.doi.org/10.1103/PhysRevB.70.214512
http://dx.doi.org/10.1103/PhysRevB.70.214512
http://dx.doi.org/10.1103/PhysRevB.70.214512
http://dx.doi.org/10.1006/spmi.1999.0710
http://dx.doi.org/10.1006/spmi.1999.0710
http://dx.doi.org/10.1006/spmi.1999.0710
http://dx.doi.org/10.1006/spmi.1999.0710
http://dx.doi.org/10.1103/PhysRevLett.25.507
http://dx.doi.org/10.1103/PhysRevLett.25.507
http://dx.doi.org/10.1103/PhysRevLett.25.507
http://dx.doi.org/10.1103/PhysRevLett.25.507
http://dx.doi.org/10.1006/spmi.1999.0738
http://dx.doi.org/10.1006/spmi.1999.0738
http://dx.doi.org/10.1006/spmi.1999.0738
http://dx.doi.org/10.1006/spmi.1999.0738
http://dx.doi.org/10.1103/PhysRevB.73.184505
http://dx.doi.org/10.1103/PhysRevB.73.184505
http://dx.doi.org/10.1103/PhysRevB.73.184505
http://dx.doi.org/10.1103/PhysRevB.73.184505
http://dx.doi.org/10.1103/PhysRevLett.78.3015
http://dx.doi.org/10.1103/PhysRevLett.78.3015
http://dx.doi.org/10.1103/PhysRevLett.78.3015
http://dx.doi.org/10.1103/PhysRevLett.78.3015
http://dx.doi.org/10.1016/0921-4526(94)90062-0
http://dx.doi.org/10.1016/0921-4526(94)90062-0
http://dx.doi.org/10.1016/0921-4526(94)90062-0
http://dx.doi.org/10.1016/0921-4526(94)90062-0
http://dx.doi.org/10.1103/PhysRevLett.85.5404
http://dx.doi.org/10.1103/PhysRevLett.85.5404
http://dx.doi.org/10.1103/PhysRevLett.85.5404
http://dx.doi.org/10.1103/PhysRevLett.85.5404
http://dx.doi.org/10.1103/PhysRevLett.73.134
http://dx.doi.org/10.1103/PhysRevLett.73.134
http://dx.doi.org/10.1103/PhysRevLett.73.134
http://dx.doi.org/10.1103/PhysRevLett.73.134
http://dx.doi.org/10.1016/0038-1098(84)90117-0
http://dx.doi.org/10.1016/0038-1098(84)90117-0
http://dx.doi.org/10.1016/0038-1098(84)90117-0
http://dx.doi.org/10.1016/0038-1098(84)90117-0
http://dx.doi.org/10.1103/PhysRevB.69.155334
http://dx.doi.org/10.1103/PhysRevB.69.155334
http://dx.doi.org/10.1103/PhysRevB.69.155334
http://dx.doi.org/10.1103/PhysRevB.69.155334
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1103/PhysRevB.77.165118
http://dx.doi.org/10.1103/PhysRevB.77.165118
http://dx.doi.org/10.1103/PhysRevB.77.165118
http://dx.doi.org/10.1103/PhysRevB.77.165118
http://dx.doi.org/10.1137/04061101X
http://dx.doi.org/10.1137/04061101X
http://dx.doi.org/10.1137/04061101X
http://dx.doi.org/10.1137/04061101X
http://dx.doi.org/10.1007/978-3-642-36803-5
http://dx.doi.org/10.1007/978-3-642-36803-5
http://dx.doi.org/10.1007/978-3-642-36803-5
http://dx.doi.org/10.1007/978-3-642-36803-5
http://dx.doi.org/10.1103/PhysRevB.54.7366
http://dx.doi.org/10.1103/PhysRevB.54.7366
http://dx.doi.org/10.1103/PhysRevB.54.7366
http://dx.doi.org/10.1103/PhysRevB.54.7366
http://dx.doi.org/10.1103/PhysRevB.48.13129
http://dx.doi.org/10.1103/PhysRevB.48.13129
http://dx.doi.org/10.1103/PhysRevB.48.13129
http://dx.doi.org/10.1103/PhysRevB.48.13129
http://dx.doi.org/10.1103/PhysRevB.71.214505
http://dx.doi.org/10.1103/PhysRevB.71.214505
http://dx.doi.org/10.1103/PhysRevB.71.214505
http://dx.doi.org/10.1103/PhysRevB.71.214505
http://dx.doi.org/10.1103/PhysRevB.89.104504
http://dx.doi.org/10.1103/PhysRevB.89.104504
http://dx.doi.org/10.1103/PhysRevB.89.104504
http://dx.doi.org/10.1103/PhysRevB.89.104504
http://dx.doi.org/10.1103/RevModPhys.78.217
http://dx.doi.org/10.1103/RevModPhys.78.217
http://dx.doi.org/10.1103/RevModPhys.78.217
http://dx.doi.org/10.1103/RevModPhys.78.217
http://dx.doi.org/10.1103/RevModPhys.69.731
http://dx.doi.org/10.1103/RevModPhys.69.731
http://dx.doi.org/10.1103/RevModPhys.69.731
http://dx.doi.org/10.1103/RevModPhys.69.731
http://dx.doi.org/10.1063/1.531672
http://dx.doi.org/10.1063/1.531672
http://dx.doi.org/10.1063/1.531672
http://dx.doi.org/10.1063/1.531672



