PHYSICAL REVIEW B 107, 214507 (2023)

Josephson dynamics at high transmissions: Perturbation theory
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We theoretically analyze Josephson dynamics of superconducting weak links with transmissions 7 not much
smaller than unity at subgap bias voltages V. Employing the effective action approach combined with the Keldysh
technique, we develop a regular perturbation theory in R = 1 — 7 and derive the first-order correction to the
current across the weak link, which consists of two different contributions. One of them is negative, effectively
corresponding to a decrease of the excess current at small V due to breaking of the multiple Andreev reflection
cycle by normal reflection for some subgap quasiparticles. These quasiparticles, in turn, generate the second
(Josephson-like) contribution to the current, which increases with decreasing V' down to very small voltages,
where the perturbation theory in R ceases to be valid. Some of the above features are not reproduced within the
physical picture involving Landau-Zener tunneling between subgap Andreev states.
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I. INTRODUCTION

Josephson dynamics beyond the tunneling limit involves a
nontrivial interplay between superconductivity and nonequi-
librium effects which can, in general, be described only
with the aid of complicated many-body techniques possibly
combined with numerical methods. In some special cases
one can also proceed analytically. An example of such a
situation has to do with the ac Josephson effect in short bal-
listic superconductor-normal metal-superconductor (SNS)
junctions or superconducting quantum point contacts at full
transmissions [1,2]. In this case for bias voltages V well
below the superconducting gap of the electrodes, eV < A,
one recovers the following expressions for the time-dependent
current across the system:

I(t) = Iy(t) = I.|sineVt|sgnV, )]
and for the I-V curve
—  2I
Iy = —sgnV, 2)
T
where
A
I. = eAtanh | — 3
2T

is the dc Josephson critical current [3] of the structure at
temperature 7. Note that for simplicity in Egs. (1) and (2) we
neglect the term growing with V' that is small in the parameter
eV/A. Equations (1)-(3) hold for a superconducting point
contact with a single transport channel at full transmission
T =1 and are trivially generalized to the case of an arbitrary
number of channels. Note that here and below —e is the elec-
tron charge, and we set the Planck and Boltzmann constants
equal to unity (i = kg = 1).
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The charge transfer in such superconducting contacts is
essentially governed by the mechanism of multiple Andreev
reflection (MAR) [4], which yields, e.g., the large excess
current on the I-V curve (2) already at small voltages as
well as a nontrivial current-phase relation (1). Remarkably,
it was demonstrated [2,5] that the same results can also be
recovered without involving the physical picture of MAR
and operating only with occupation probabilities of subgap
Andreev bound states €4 (see Fig. 1). The corresponding ki-
netic equation that controls the dynamics of these occupation
probabilities is supplemented with the boundary conditions
[2,5] for the superconducting phase difference x across the
junction resulting from discrete Andreev levels merging with
the continuum at x = 0, +2m, .. ..

The description of Josephson dynamics at subgap voltages
employing the effective basis of Andreev levels was also
extended [2,5] to the case of nonzero reflection coefficients
R =1-—T > 0, which otherwise was treated with the aid of
numerics [6,7]. For nonzero R a gap between two Andreev
levels develops (see Fig. 1), and Refs. [2,5] suggested includ-
ing the effect of Landau-Zener tunneling between these levels
with probability p = exp(—7RA/e|V]) as an extra bound-
ary condition at x = mod (2r7). Following this scenario,
one concludes that, since for e|V| <« 7’RA the probability
of Landau-Zener tunneling is exponentially small, p < 1, the
system should remain in the lowest Andreev state, and hence,
the current I(7) is essentially described by a time-dependent
version of the Kulik-Omelyanchuk current-phase relation [3].
On the other hand, in the opposite limit, e|V| > 7 RA (al-
though e|V| « 2A, also implying R « 1), the probability p
becomes close to unity, both Andreev levels get occupied, and
the current /(¢) can be evaluated perturbatively in 1 — p. In
this limit Eq. (11) of Ref. [2] yields

I(t) = Io(t) — 8I(t), SI(t) = ndIF (eVt), )
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FIG. 1. A pair of Andreev levels £e€4(x) in a superconducting
quantum point contact with 7 =1, 0.97, and 0.9 shown, respec-
tively, by green, orange, and blue lines.

where

2RA
eV

8 ~

I &)

denotes the correction to the average current (i.e., I=1 -
8I),

F(x):FLZ(x)=®( —%)sinx, 0<x<m (6)

is the r-periodic function that accounts for Landau-Zener tun-
neling, and ®(x) is the Heaviside step function. Note that the
current correction 8/(¢) defined in Egs. (4) and (6) becomes
discontinuous at 2¢Vt =7 mod (2m).

The above reduced description of adiabatic Josephson dy-
namics operating only with subgap Andreev states was later
employed by many authors in different physical contexts (see,
e.g., Refs. [8—11], as well as many other publications). While
this description is quite simple and intuitively appealing, the
question remains whether it is fully equivalent to the standard
physical picture of the charge transfer in terms of MAR. This
question will be addressed in our present work.

Note that the applicability condition of the perturbation
theory in R < 1 can easily be reconstructed also within the
framework of the physical picture of MAR. Indeed, in order
for the current /(¢) to be only weakly disturbed compared to
Iy(¢) (1) the total normal reflection probability Rn within the
full MAR cycle of n traverses across the weak link (see Fig. 2)
should remain much smaller than unity. Since n ~ 2A/e|V|,
we immediately recover the condition e|V| > 2R A, which is
essentially equivalent to that derived within the Landau-Zener
tunneling scenario.

Under this condition below we will develop a regular per-
turbation theory in R and evaluate the first-order correction
to the current 8/(z) both analytically and numerically. We
demonstrate that the function 8/(¢) is continuous at any 7.
Expressing it in terms of the Fourier series, we have

oo
81ty =n8l Y Fe ', F,=F. 7

|=—00

FIG. 2. A typical MAR trajectory in a highly transparent super-
conducting weak link biased by a small constant voltage V < A/e.
A quasiparticle (hole) suffers successive Andreev reflections at both
NS interfaces (solid line) until it gets normally scattered at the point
marked by a star. After this scattering event the quasiparticle either
(a) passes the barrier with the probability 7 = 1 — R and completes
the MAR cycle (solid line) or (b) gets out of the MAR cycle with the
probability R and further propagates along the time-reversed trajec-
tory indicated by the dashed line. Since normal scattering occurs for
each of n traverses across the weak link, the total probability for the
quasiparticle to leave the full MAR cycle is 1 — 7", which equals
Rn as long as Rn < 1.

Within the framework of our analysis we arrive at the result
for an average current 81 consistent with Eq. (5). At the same
time, all Fourier coefficients F; with |/| > 1 exhibit qualita-
tively different behavior from that found for the analogous
Fourier coefficients of the function F; z(x) (6).

Our paper is organized as follows. In Sec. II we develop
a regular perturbation theory that allows us to evaluate the
first order in R correction 8/(¢) to the current flowing across
a superconducting weak link. Section III is devoted to the
calculation of §/(¢) in the limit of small constant voltage bias
V| <« 2A/e. The results are further discussed in Sec. IV.
Additional information employed in our numerical calculation
is presented in the Appendix.

II. PERTURBATION THEORY

In our subsequent analysis, we will closely follow the pro-
cedure outlined in detail in Ref. [12]; that is, we will employ
the combination of the Keldysh technique and the effective
action approach. In order to describe charge transfer across
our superconducting weak link with arbitrary distribution of
transmission probabilities 7 = 1 — R over its conducting
channels k we routinely use the general expression for the
effective action [13,14], which can be written in the form

1 T .. « «
iSi[¢] 3 ;Tr In {1 + Zk[{QL((P)s Or} — 2]}

%Xk:Tr ln|:

The summation over all conducting channels k is implied in
Eq. (8), and {---,---} stands for the anticommutator. The
product of (defined in Keldysh and Nambu spaces) 4 x 4

1

— R « o
7 "(QL+QR)2+RI<}. (8)
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matrices Q; and Qg, describing, respectively, the left and right
superconducting reservoirs, implies the time convolution:

(Or o OR)(',t") = / dtQu(t', H)0r(t, 1), (9)

and the matrices QL,R obey the standard normalization con-
dition (Qr o Qp)(t',1") = 8(r' —t"), where 8(¢) is the Dirac
delta function. This normalization condition was directly em-
ployed in order to cast the action to the form presented in the
second line in Eq. (8), which serves as a convenient starting
point of our perturbation theory.

Assuming that all reflection coefficients R; are much
smaller than unity, we may formally limit our analysis to the
first order in Ry and further rewrite Eq. (8) as

Introducing the matrix
U O « v 2 0

where 73 stands for the Pauli matrix, we can convert the action
to the form

iS;[p] = ZTr In [(1 - %)Q R? 1071
k

It is straightforward to check that at r — ¢’ one has Q(t,1') ~
8(t —t'); that is, the expansion of the logarithm is properly
organized.

Following [12], let us decompose the matrix Q as

0=00+0. (13)

} 12)

The matrix 0 reads

i&[go]%ZTr ln{%[(l—%)@ﬁr@w Lk
k 2 0o = (0 _&A>, (14)
+ 2R (01 + Or )1} } (10)  where
|
FAK(E 1) cos [«ﬂ+(t)—2<ﬂ+<t’)] FRAK(: 1) cos [w(t);w(t’)]
aRAKG, ) = (15)

FRAK( 1) cos [W+(t)4;ﬂ+(t’)] FAK( 1) cos [w(t)—zmt’)]

g¥AK and fRAK denote, respectively, normal and anomalous retarded (R), advanced (A), and Keldysh (K) quasiclassical
Green’s functions of a superconductor [15], and in the absence of electron-electron interactions ¢ (f) = ¢y + e fot V(t")dt' is

half of the time-dependent superconducting phase difference across our weak link.

The matrix Q; has the form

01¢.1) =" ()B<tt>+<° %)Ba,t’)(g %)“"f), (16)
where
. 0 —A@, 1)
BW)‘(@R@,m ,;K(tvt/)) an

@_ is the “quantum” part of the phase difference, and

BR’A’K(Z, l/) —

Neglecting electron-electron interactions, we can define
the current across our weak link by means of the formula

A

I(t) = —emw,(o:o-

19)

Combining this formula with the above expressions for the
action Sy, in the first order in R; we get

10) = = Y Tr{BO; 1 - Re(105")']
k

1= Re(05'1)°]05 ' B Yt 1), (20)

gR’A’K(l, t/) sin |:§0+(l)—2§0+(l/):| fR’A’K(t, t/) sin |:</’+(t)';</’+(f/):|

fR’A’K(t, t/) sin |:</’+(t)';</’+(f/):| gR’A’K([, t/) sin |:¢+(l)—2¢+(l/):|

(18)

(

where we also defined

5/ N o 0 f3 ) ’ 0 %3
B(t,t)_(f3 O)B(t,t)<i_3 O)’ 21

III. CONSTANT VOLTAGE LIMIT

While the above perturbative expression for the current
(20) generally holds for an arbitrary dependence of the applied
voltage V (¢) on time, below we will specifically restrict our
analysis to the time-independent voltage bias limit V(1) =
In this special case the solution for the inverse matrix ;' was
already constructed previously [12]. It is convenient to write
the components of this matrix using the following expansion
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in terms of the voltage harmonics:

o0
d o ,
.x(t, t/) — Z / ix(e’ n)eflé(tft )eflneV(l#»t )/2 (22)

n=—00

The retarded component of the inverse matrix Qa ! has been
demonstrated to acquire the structure [12]

tRe.2n) R, 2n+1)
<§R(e,2n-+-1) R (e, 2n) ), (23)

that is, the components with an even index are diagonal, and
those with an odd index are off diagonal. We also intro-
duce components with shifted energy arguments. Here and
below, for brevity, we denote these components by a tilde, i.e.,
ZR(e, n) = ¢R(e 4+ (neV/2), n). We have

) oV (-1 [Ti<ia a®(e +eVk), ifl>0,
;R(e+—,z>= 1, ifl =0,
2 (-1 ]_[ngk<0 aR(e +eVk), ifl <0,
(24)
where
R fR(é)
a'(e) = T+ &) (25)

defines the Andreev reflection amplitude. This combination is
also involved in the standard Riccati parametrization for the
Green’s functions [15],

R 2aR _ 1+ (a®)?
fr= 1 — (ak)?’ §'= 1 — (a®)? (26)
Having in mind that
A, €Xi0 RA, ~
g ) = iy I O=mag @

where £804(e) = +,/(e¢ £i0)? — A2 and 6 phenomenologi-
cally controls the strength of the inelastic relaxation, from
Eq. (25), in the limit & — 0 we obtain

€ in/A?—¢€2
oo £ WAZE
A A
for €] < A and

af(e) = 225 (je] — Ve — A) (29)

A

= exp (—iarccos i) (28)

for |€] > A.

Note that the multiplicative structure (24) is associated
with the process of MAR. Formally, it results from the multi-
plicative structure of the inverse symmetric tridiagonal matrix,
as discussed in Ref. [16]. The advanced and Keldysh compo-
nents of the inverse matrix were also established and analyzed
in Ref. [12]. Here, however, it is sufficient for our purposes to
restrict our attention to the retarded matrix component.

Making use of Eq.(20), we obtain

_ e Ry K Ry K Ky A Ky A
sI(t) = ER(ngg +DRYS 4 by Y 4 by Y
R1 K R1 K K K
+Y by —YRBY Y b + YY), . (30)

Note that from here on, for simplicity we consider only the
case of a weak link with a single conducting channel charac-
terized by the reflection coefficient R < 1. Generalization to

an arbitrary number of channels simply amounts to substitut-
ing R — ), Ry in any of our final results.

The symmetric 2 x 2 matrices in Eq. (18) can be expressed
in the form

B = bR+ b, (1)
with
BRG, 1) = gt ) sin [M], (32)
b’; = fR(t,1')sin |:—¢+(t) —g %(t/)},

while the matrix ¥ involved in Eq. (30) is defined as
Y =0,'70,'10;,". (33)
Let us introduce the notations
« XR XK N
—1 R ~AR\—1
Qo =<0 XA>’X:(a) s
XA = —@"H!, X8 = —XRoaf o XA, (34)

The components of the matrix X® are already specified in
Egs. (23) and (24), whereas for the components of the matrix
Y we have

R _ yRyRyR Ry RyR Ry RyR Ry RyR
Y, =X, X, X, + Xp X, Xp — XpXp X, — X, XpXp, (35)

Y= XEXEXE 4 XEXEXE — XEXEXE — XEXEXE, 36

A AyAyA AyAyA AyAyA AyAyA
Yo =X X Xy + Xp X Xy — Xp XpXp — X X5 Xy, (37

Y = X2XAXD + XPXAXD — XAXAX) — XAXAXA. (38)

The expressions for Y components turn out to be somewhat
lengthier. They are

Y = XIXEXE + XEXEXF — XFXFxF
—XIXPXF + xEx0x) + xfx)x]
—XFXx} — xKxpxt + xFxfx}
+XFXEX) — xExEx) - xFxFxp (39)
and
YO = XXX+ XEXEXE — XFXFXE
—XIXPXE + XEXXP + xFx)x]
—XFXIx} - xKxx) + xFxfx)
+ XXX} - XExEx) - xfxEx). o 40)
Consider the energies —A —eV/2 <e < —A+€V/2,
which merely contribute to the current harmonics. One can

use the following property of the convolution z = fg with
energy-shifted components:

He.n)= Y fle+1eV.k)g(e, D). 41)
k+l=n

Introducing the combinations 7} = XX — XX and T =
XFXF — XFXF and limiting the summation in Eq. (41) to
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k > 0,1 > 0, one can demonstrate that the following identi-
ties hold for n > 0:

Ti(e.n) =Xf(e.n), Tye.n)=0. (42)

While deriving Eq. (42), we chose to neglect Andreev reflec-
tion at overgap energies, which effectively amounts to setting
a®(e) = 0 at |e| > A. This approximation was used, e.g., in
Refs. [1,2] based on the fact that deep in the subgap voltage
regime that is interesting to us, eV < A, higher-order MAR
processes [and hence higher powers of a®(¢)] determine the
current across the contact. This approximation just simplifies
the calculation and, as will be demonstrated below, is by no
means crucial for our results and conclusions.
Employing the relations (42), we obtain

YX(e,2n) = (1 + [n))Z"(e, 2n) (43)
and
Ve 2n+1) = 1 +nife 2n+ 1),
YR, -2n—1) =1 +nife, —2n—1) 44

for n > 0. Let us emphasize the presence of an additional
factor n in Eqgs. (43) and (44), which becomes particularly
important in the limit of small voltages eV < A.

More generally, at sufficiently large n one may write
Yg’ff(e, n) ~ a(|n|/2)¢R (e, n), where the dimensionless pref-
actor o can be determined explicitly only if one abandons the
approximation a®(e) = O at |¢| > A employed above. We will
not proceed with this (much more complicated) analysis here
and simply determine the prefactor o« numerically (see below).

The Keldysh component of the matrix ¥ can be written as

DK = —RR3RRp,RRaK §4
— XRaK XA XA, R4 + XR%XRaK A5, R4, (45)
The first two summands can be expressed in terms of Y%
and Y*, while the third summand can be neglected in the
low-voltage limit as it does not contain an additional n factor
corresponding to higher-order MAR processes.

Combining all the above expressions, after some algebra
we obtain the linear in R correction to the current in the form

of (7), where
—  2aRA? A
5 = 222 fanh [ — (46)
xV 2T

and
1!
F = 2_/ dx(1 — x) exp(2il arccos x). 47)
T J-

Equations (46) and (47) combined with Eq. (7) represent
the central result of our present work. They determine the
correction to the current I(¢) across weakly reflecting super-
conducting point contacts in the voltage range interesting to
us, RA < eV K 2A.

Evaluating the integral in Eq. (47), we obtain

Fg.  if 1 =1,

Re Fj —
e 0, ifl# £l

ImF = { (48)

1
m(l—42)
and recover the m-periodic function F (eVt) in the form

F(x) = i|sinx| — {sin(2x), 0<x<7m.  (49)

2.0

1.5+ 1

S 17l de)
>

0.5

0.0 0.5 1.0 1.5 2.0
eVvia

FIG. 3. The linear in R current correction 81 (V) = Io(V) —I(V)
evaluated at T = 0.1A, 8 = 0.01 A, and different transmission val-
ues 7 = 0.97,0.95, 0.93, and 0.9 (bottom to top).

In addition to the above analysis we also performed a
numerical calculation of §1(¢) employing the algorithm de-
scribed in the Appendix. Our numerics clearly supports the
above perturbative results and, furthermore, allows us to suf-
ficiently accurately determine the value of the prefactor o
in Eq. (46). We obtain « =~ 3, which is numerically close to
a = . With this in mind, we may conclude that our result
for 81 is consistent with Eq. (5), which follows from the
Landau-Zener-tunneling type of analysis [2].

Our numerical results for 8 as a function of V are
displayed in Fig. 3 for several different values of R and
eV < 2A. We observe that in accordance with Eq. (46) the
current correction decays as 81 o 1/V roughly between eV ~
0.2A and eV ~ A. Also the subharmonic gap structure at
eV =2A/k, withk = 2,3, ..., is clearly observed, in partic-
ular for curves corresponding to lower transmissions 7. At
larger voltages eV 2 2A (not shown in Fig. 3) the current
correction 81 starts to grow with V and demonstrates the
expected behavior 81 >~ ¢>RV/x at sufficiently large V.

The result of our numerical calculation for the function
F(x) is presented in Fig. 4 along with the analytic formula
(49) and the function Fiz(x) (6). For R <« 1 the numerical
curve F'(x) does not depend on R and essentially follows the
dependence (49). In fact, the blue curve is also described by
the function of the form of (49), provided one multiplies the
last term in Eq. (49) by an extra numerical factor >~ 1.19. Such
a minor difference between the two curves is, of course, of no
significance and could be attributed, e.g., to neglecting An-
dreev reflection at overgap energies while deriving Eq. (49).
On the other hand, both these curves differ substantially from
the result of the Landau-Zener-tunneling type of analysis (6).

IV. DISCUSSION

Combining our perturbative results with those of our nu-
merical calculation, we may conclude that the perturbation
theory in R developed here should work sufficiently well
at least up to values R < 0.1. This perturbation theory al-
lows us to microscopically derive the leading first order in
R correction to the current. Including this correction, for
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X

FIG. 4. The function F (x) evaluated numerically for R <« 1 and
0 = 0.01A (blue curve) and analytically [Eq. (49), orange curve].
For comparison we also present the function Fiz(x) [(6), green
curve].

RA K elV]| < 2A we have

Lo aRAL .
I(¢t) = I;|sineVt|sgnV + sin2¢V't, (50)
2e|V|
where
I =1.(1 —aRA/e|V)). (51)

We observe two effects. First, the current I, (51) becomes
smaller than I, since some subgap quasiparticles are elimi-
nated from the full MAR cycle due to the presence of weak
normal reflection. Second, these quasiparticles produce an ex-
tra Josephson-like contribution to /(¢) defined by the last term
in Eq. (50). Decreasing the bias voltage down to e|V| ~ RA,
one reaches the limit beyond which normal reflection, no
matter how weak it is, prevents the vast majority of subgap
quasiparticles from completing the MAR cycle and the per-
turbation theory in R ceases to be valid.

Interestingly, Eq. (50) turns out to be useful also in the
latter limit of smaller V. Indeed, for any bias voltage V
the probability for quasiparticles to follow the trajectories in
Fig. 2(a) and complete the full MAR cycle is 7", with n ~
aA/e|V|. Accordingly, the contribution of such quasiparticles
to I(¢) can be described by the first term on the right-hand side
of Eq. (50) also at e|V| < RA, provided one replaces Eq. (51)
by

I=L(1— Ry, (52)

Clearly, this contribution to /(¢) will die out in the limit V —
0 for any R > 0.

Quasiparticles following the trajectories in Fig. 2(b) may
contribute to the current only if the condition 7™ ~ 1 remains
fulfilled, where m is the total number of traverses of these
quasiparticles across the weak link. It follows immediately
that for e|V| < RA the maximum number of such traverses
is m ~ 1/R. Hence, in order to estimate the contribution of
these quasiparticles to I(¢) it suffices to replace the number
n by m (i.e., xA/elV| — 1/R) in the last term in Eq. (50).
This simple estimate already yields the right order of magni-
tude for the current ~I, in the limit e|V| <« RA. The correct

current-phase dependence [3] in this regime should be recov-
ered by additionally taking into account all higher order in R
processes disregarded here.

Although the analysis [2] yields the average value of the
perturbative in ‘R correction 81 (5) which essentially matches
our Eq. (46), some other features differ substantially from
those found here. Within the approach [2] the correction to
the current §/(¢) emerges due to incomplete Landau-Zener
tunneling of the system to the higher Andreev level rather than
due to breaking of the MAR cycle by normal reflection. As a
result, the correction 8/(¢) derived from this physical picture
becomes discontinuous [see Eq. (6)] and differs from zero
only within half of the Josephson period.

Let us evaluate the ratio between the current correction
harmonics 8IF; and the current harmonics /; corresponding
to fully open quantum point contact, Eq. (1). With the aid of
Eq. (47) we get

—_—~

SIF, RAl 37 37
I elV| '

+ —id1 — —1i6; -
11 g Lo

2 (53)

The same calculation with the function Fyz(eV't) (6) yields

MlFzk  RA oy
; o[l = 20 (54)

Some quantitative difference between the two above expres-
sions is observed already for the first current harmonics.
For all higher harmonics with |/| > 1 the difference between
Eqgs. (53) and (54) becomes even more pronounced since
the imaginary contribution vanishes for such [ in the first of
these equations, while it remains nonzero and grows with / in
the second one. Thus, Eq. (53) ensures that for R <« 1 and
elV| > RA the perturbative correction remains small for all
current harmonics. In contrast, under the same conditions the
perturbation theory is obviously violated for harmonics with
sufficiently large [ in Eq. (54).

Finally, we would also like to point out that in many cases
even equilibrium charge transport in superconducting weak
links cannot be described solely in terms of Andreev bound
states and their filling factors. This is the case, for instance, in
ballistic SNS junctions with thicknesses of the N layer com-
parable to or larger than the superconducting coherence length
or in junctions formed by two different superconductors with
A1 > A,, where no Andreev bound states exist in the range
—m/2 < x < /2 at all. Accordingly, the current cannot be
derived by simply taking a derivative of the Andreev states
energy with respect to x. At the same time, a description
of Josephson dynamics in terms of MAR is, of course, very
possible in those cases.

To conclude, it appears that one should be cautious while
describing Josephson dynamics of superconducting weak
links at high transmissions operating only with a pair of
subgap Andreev levels and including the process of Landau-
Zener tunneling between them. While this reduced physical
picture is intuitively appealing and might capture some of the
features, it is insufficient for some other features, as demon-
strated by our analysis.
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APPENDIX: NUMERICAL PROCEDURE

It is convenient to rewrite a single-channel version of the effective action in Eq. (8) in the form (see also [17])
o1 VT & VT
lS, = 5TI'|:1I1 (1 + T(QL - QR)) + In (1 — T(QL — QR)>] (Al)

Evaluation of the current requires inverting the matrices in Eq. (A1). This matrix inversion procedure follows closely that of
Ref. [12], and we shall just write out the resulting expressions. The current is defined as

(o] 2 o]
0= 3 ne = STve+ [ SSimen+ e -1 (A2)
= T 00 2T
where
(e, ) = @HE’*(e—%,2z>+2R<e+%,2l>]gK(e) (A3)

—|:§:R<6—%,21+1)+ER<E+%,21—I):|fK(E)
w0 5 = ) o)
—Y(e+i,n>2R<e+i,n)fR<—e—i,m>:|

2 2 2
+ 5 n) R(E—%,n)é“(—e—%,m)
e+—n) (e+%,n>2’?<—e+%,m>

Both normal and anomalous Keldysh functions in Eq. (A3) are defined by the standard relations

&K (¢) = 2 Re[¢R(¢)] tanh % FX(€) = 2Re[fR(e)] tanh % (A4)

NG

m+n— l 21 <

m+n+l 21

and the function Z® (e, n) takes the form

8 VT * fR(e+ (k+ 1)ev)
R — —_
tRe,n) = > ;0 (€, V)l_[ ak(e v =0 (AS)
_ JT\" R+ (k= Dev)
R —
tRe,n) = ( t&e, V)l_[ dk(e w10 (A6)
and
Re,n) =¢f(e,eV), n=0. (A7)
The functions d; and §; (see Ref. [16]) are defined by the following recurrence relations:
S_n(e, eV) = 1+?{gR|:e+ <—N+%> } } (A8)

S,(e,eV) = 1+? gR|:e+(n—{—%)eViI—gR:e—{-(n—%)ev]}_i_z[fR(E-F(n—%)C‘V)]z’

4 Su—1(€,eV)
v R _ 1 2
3N(e,eV)=1+TT l—gR[e+< _%)ev] +I{f [e + NV — L1]ev)} .

4 Sn_1(€, eV)
dy(e,eV) =1+ gT 1 —gR[6+ ( - %)eV]

ttess Flefe oo ool | S
>

B 1 T {£5e+ (=N + 3)ev])’
d_y(e.eV) =1+ gR[E * (—N+ 5)6"} B 1} T ey

(A9)
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We also have
e, eV) =

which can be rewritten as ;'(f (e,eV)=1/X, where

X(e,eV) =dy(e, eV) + (e, eV) — 1 — E[g’*(e + i) — gR<6 — i)}

Finally, the function Y (¢, n) in Eq. (A3) is defined as

2d,(€) — 1+ VTgi[e + (n— $)eV].
Y(e,n) = {dy(e) — () + L[ (e + L) + gf(e — ¥)], ifn=0,
—28,(6) + 1+ VTgl[e + (n+ 1)eV],

The functions d,(¢) and §,(¢) are also used in the definition
of (e, n) and are given by the recurrence relations (A8) and
(A9).

Our numerical procedure amounts to first choosing a suffi-
ciently large number of Andreev reflection cycles N relevant
in the limit of small bias voltages eV < 2A. This information
is included in the boundary conditions given by the first lines
of Egs. (A8) and (A9). As a next step, it is necessary to resolve

[To, di(e, eV)

, (A10)
[T, Scle, eV)
5 5 5 (A1)
ifn>1,
(A12)

if n < —1.

(

the recurrence relations (A8) and (A9) and to construct the
functions Z®(e, n) and Y (¢, n). Then, integrating over energy
in Eq. (A2), one recovers all current harmonics /;. It is also
worth pointing out that in the course of our calculation we es-
sentially employed the standard relations between the retarded
and advanced Green’s functions g% (¢) = —[gR(e)]*, f4(e) =
—[fR(e)]* as well as the conditions gf(—e¢) = [gf(e)]* and
fR(=e) = =R
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