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Signatures of odd-frequency correlations in the Josephson current of superconductor/ferromagnet
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Contacting a bilayer ferromagnet with a singlet even-frequency superconductor allows for the realization
of an effective triplet odd-frequency superconductor. In this work, we investigate the Josephson effect
between superconductors with different symmetries (e.g., odd versus even frequency). In particular, we study
the supercurrent flowing between two triplet odd-frequency superconducting leads through a weak singlet
even-frequency superconductor. We show that the peculiar temperature dependence of the critical current
below the superconducting transition of the weak superconductor is a signature of the competition between
odd/odd-frequency and odd/even-frequency Josephson couplings.
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I. INTRODUCTION

It is well known that superconductivity arises from the
formation of Cooper pairs of electrons, where the wave
function of a pair is a function of spin, space, and frequency
(or time). The Pauli principle tells us that such a wave function
should be antisymmetric. In dirty metals, due to multiple
scattering events on impurities, the orbital part is necessarily
symmetric. As a consequence, a spin-singlet pairing is even
in frequency and a spin-triplet pairing is odd in frequency [1].
In conventional superconductors (S) the pairing is even in
frequency. However, it has been predicted that, thanks to the
proximity effect, one may induce spin-triplet odd-frequency
correlations in hybrid superconducting/ferromagnetic struc-
tures (S/F). When F is homogeneous, the triplet proximity
effect involves electrons of opposite spins and is short-
ranged [2]. By contrast, an inhomogeneous magnetization, as,
e.g., in noncollinear bilayer ferromagnets (F’/ F), also induces
long-range triplet correlations between electrons with parallel
spins [3,4]. Furthermore, if F’ is short whereas F is much
longer than the coherence length of singlet correlations, “pure”
triplet odd-frequency correlations are induced at the extremity
of the long ferromagnet. Thus the S/F’/F structure realizes
an effective triplet odd-frequency reservoir (S7). In this paper,
we study how to probe these odd-frequency correlations.

Recently, long-range supercurrents have been measured
in trilayer ferromagnetic Josephson junctions, which can be
viewed as Josephson junctions between two odd-frequency
reservoirs (S7 /St junctions) [5-7]. While this indicates the
presence of triplet odd-frequency correlations, the measure-
ments did not present any peculiarities as compared to
observations made in “classic” Josephson junctions connecting
two conventional superconductors (S/S). Indeed, from a
symmetry point of view the S7/Sr junction as well as
the S/S junction realize a coupling between two reservoirs
sharing the same symmetry (odd/odd frequency for Sy /St and
even/even frequency for S/S§), yielding similar supercurrent
measurements. By contrast, the current-phase relation of
S7/S§ junctions is predicted to be superharmonic [8§—10]. This
specificity originates from the odd/even-frequency Josephson
coupling. Namely, the symmetry mismatch between the
reservoirs prohibits mechanisms involving the transfer of a
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single Cooper pair. Instead, the supercurrent originates from
the coherent flow of an even number of pairs, yielding a
peculiar 7 -periodic current-phase relation.

In this work, we explore the competition between
odd/odd-frequency and odd/even-frequency Josephson cou-
plings through the temperature dependence of the critical
current of hybrid junctions. In particular, we study the
current through an S7/S/Sr junction, where a conventional
superconductor of bare critical temperature 7, is sandwiched
between two effective triplet odd-frequency reservoirs. Such
a junction may be realized ina S'/F'/F/S/F/F’/S" hybrid
junction, where S’ are conventional superconductors with a
critical temperature 7'; see Fig. 1.

In the following, we assume that 7. > T.. Above the
critical temperature 7, of the superconducting layer, an
effective odd/odd-frequency Josephson coupling builds up:
the transfer of “odd-frequency” pairs between leads happens
via virtual Andreev pairs in the island. Below 7., when the
central § layer is superconducting, the quasiparticles above
the gap coexist with the even-frequency condensate of Cooper
pairs. Therefore, an additional odd/even-frequency Josephson
coupling is generated at the interfaces between the layer and
the leads, generating a double S7/S Josephson junction.

We will show that the currents associated with odd/odd-
frequency and odd/even-frequency Josephson couplings are
in competition. Besides a peculiar current-phase relation, this
leads to a suppression of the critical current below the transition
temperature of the weak superconductor.

The outline of the paper is as follows. In Sec. II, we
introduce the formalism and, in Sec. III, we derive the Green
function of an effective St reservoir. Then, in Sec. IV, we treat
the full S7/S/Sr junction and compute both its current-phase
relation and its critical current. Finally, we briefly discuss
metallic junctions in Sec. V, before concluding in Sec. VI.

II. FORMALISM

Within the quasiclassical theory, the equilibrium properties
of hybrid superconducting/ferromagnetic junctions can be
expressed via the quasiclassical Matsubara Green function g,
which is a 4 x 4 matrix in the particle-hole and spin spaces,
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FIG. 1. (a) Realization of an effective triplet odd-frequency
superconductor Sy by contacting a ferromagnetic F'/F bilayer
with noncollinear magnetizations, with a relative angle 6 = x — x’
between their directions, to a singlet even-frequency superconductor
S’. (b) Effective S7/S/Sr double Josephson junction formed with
triplet odd-frequency superconducting leads connected through a
singlet even-frequency superconducting layer.

and obeys the normalization conditions g> = 1 and Tr[g] = 0.
Within circuit theory [11], g takes the constant value g; in
each superconducting or ferromagnetic node or reservoir of
the circuit. Thus the circuit theory assumes that the thickness
of each layer, modeled as a node, is much shorter than the
coherence length for superconducting correlations in that layer.
The Green functions in the nodes obey the equations

27'[GQ

[(@+ihi o)+ Aigl+) Iy =0. (1)
i

1

Here, §; = 1/(vyV;) is the mean level spacing in node i, with
volume V; and density of states v in the normal metallic phase,
G = ¢/ is the conductance quantum, @ = (2n + Dz T is
a positive Matsubara frequency at temperature 7 (n > 0), h; is
an exchange field acting on the electron spin in ferromagnetic
nodes, and A; = Aj(cos ¢; T, — sing;t,), where A; and ¢; are
the modulus and phase of the superconducting order parameter
in superconducting nodes. The Green functions at negative
Matsubara frequencies can be obtained from the analyticity
condition,

gi(-0) = gl ()., @
or the particle-hole symmetry,
8i(—w) = 0yT:g] (©)oy Ty 3)

The Pauli matrices 7; and o; (i = x,y,z) act in particle-hole
and spin space, respectively. Moreover, the spectral current
between two nodes or leads i and j,

A G; j
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is related with the normal-state conductance G;; of the
“connector” between them. The current flowing through that
connector is

Lj = ——1Im Y Trlz.[;]. ®)

Finally, in the case of a superconducting node with “bare”
critical temperature T;, the order parameter should satisfy the
self-consistency equation

e*l’%

T, 1 ;
In =+ =277 U; (5 ~ a, TG+ g )]>, ©6)

where 11 = (7, L it,)/2.

Note that Eq. (6) is complex: it combines two real equations,
one for the amplitude, |A;|, of the order parameter in node
i and another one for its phase, ¢;. The latter is equivalent
to the current conservation condition in that node. Namely,
combining Egs. (1) and (6), we find that

’TG .
1 =TT m Y Trr (A g 1]
J

E(S,' w>0
22T GoA; .
_”eTQ ImzeﬂwiTr[T_(gi + g;)] =0

w>0
(7N

is automatically satisfied.

III. TRIPLET ODD-FREQUENCY RESERVOIRS

As mentioned in the Introduction, a trilayer structure con-
sisting of a conventional superconductor and two noncollinear
ferromagnets realizes an effective triplet reservoir (S7 =
S’/ F’] F); see Fig. 1(a). As it was demonstrated in Ref. [13],
the circuit theory of Sec. II can be extended to describe
the long-range triplet proximity effect in a ferromagnetic
node whose thickness is much larger than the ferromagnetic
coherence length associated with short-range superconducting
correlations, but shorter than the coherence length associated
with long-range ones. In this section, we use a similar approach
to derive the Green function of S7. We take the z axis
perpendicular to the layers and choose the magnetizations of
both ferromagnetic layers to lie in the xy plane, namely

h' = h'(cos x'% +sinx'9)in F’,
(¢))
h = h(cos xX + sin x ) in F.

Hence &, = /D/I and & = /D/h are the ferromagnetic
coherence lengths in F’ and F, respectively.

The first layer F’ generates only short-range correlations.
Thus its length / should not exceed the ferromagnetic coher-
ence length &. By contrast, the noncollinear second layer F
generates triplet correlations with all different spin projections.
To filter out only the long-range components, its length L needs
to be much longer than &f.

Within the quasiclassical theory, we call g5, g/, and g the
Green function in the §’, F’, and F layers, respectively. Here,
S’ is areservoir. Thus, in the subgap regime, w < T/, the Green
function gy takes the form gg = cosg@t, —singt, = 1,
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where ¢ is the superconducting phase. The Green func-
tions in the ferromagnetic layers will be determined in the
following, using the formalism introduced in Sec. II. In
particular, the Green function gy of our effective triplet
reservoir is related to correlations developing at the edge of F/,
namely g7 = gr(L).

Assuming / < & } we can use circuit theory, where the F’
layer is a ferromagnetic node. Its Green function gz obeys

|:27'L’GQ

F'

) 1
(@+ih'oy)t. + 5(Gsgs + GFgF)ng’i| =0,

where 8 is the mean level spacing in F’ and G (G ) is the
conductance of the S’/ F’ (F'/F) interface. Furthermore, we
introduced the short-hand notation o, = cos x'o, + sin x'oy.
In the following, we assume that F’ is more strongly coupled
to 8, i.e., Gs > G, and neglect the leakage current at the
F’/F interface to obtain

(w+ih'oy)t, + vst,
\/(a) +ih'oy)? + v

8F = (10)

Here ys = 8rpGs/(2nGy) is the induced minigap in F'.
Note that the same Green function with ys = A > h' = E;
describes a superconductor subject to an external Zeeman field
E. The advantage of using an S’/ F’ bilayer is the possibility
of realizing both regimes A’ < ys and h’ > yg by tuning, e.g.,
the transparency of the S’/ F’ interface (G) or the thickness
of the F’ layer (8p o 1/1).

Having determined gp, we now turn to the long ferro-
magnetic layer F of length L > &p. Close to the F'/F
interface, both short- and long-range correlations coexist.
The fast oscillatory behavior of the short-range correlations
prevents us from directly applying the circuit theory. However,
within a few &r from the F’/F interface, the short-range
correlations are suppressed, and only the nonoscillating long-
range triplet correlations survive. Then, for 5 < z < &y with
Ev =+/D/2nT, we find gr(z) & gr = const. In particular,
if £ — 0, the Green function may be considered constant
throughout the layer. Thus, within a circuit theory approach,
the long F layer maps to a ferromagnetic node with & — 0
or, correspondingly, h — co. Consequently gr obeys the
equation,

[wt, +ihoyt, + yrgr.gr] =0 withh — oo, (11)

where yr = §pGr/(2m G ), and §F is the mean level spacing
in F.

To determine g7, we orthogonally decompose the Green
function gp with respect to the length scale over which
it decays in F’. Namely, we write g = g + g1, Where
[gj.047:1=0 and {g,,0,7.} =0. Here g, contains the
long-range correlations, whereas g, contains the short-range
correlations in F. Then, gy may be further decomposed by
noting that terms o, 7, can be absorbed into % in Eq. (11).
Thus we write g as g = g + Jo, T, with J = %Tr[ax .8l

In the limit & — oo, the short-range correlations are
completely suppressed, while the long-range correlations are
not affected by /. As shown in the AppendixA, Eq. (11) may
be rewritten in the form

[wT, + yrg).87]1 =0, (12)
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where g|(w) = a(w)t; +iB(w)o, 7, can be obtained from
Eq. (10) with

1 (w+ih')
a(w) = > , (13)
T J@E ik +yd
B)=—Lsne 25 (4
2 + J(@xih)? +yd

where 6 = x — x’ is the relative angle between the magneti-
zation directions of F and F'.

Finally, the Green function for the effective triplet reservoir
solving Eq. (12) reads

gr = coshdt, +1i sinhdo, 1., (15)
with
cosh #(w) = o+ yrow) . a6
[@ + yra(®)]? — yEBH(w)
sinh () = rrf©) Can

Jio + yra@) - 72 (@)

The Green function of the effective triplet reservoir is thus
described by a single angle ¥ which depends, however, on all
the parameters (h',ys,yr,0). Note that cosh ¢ corresponds to
the normal Green function and encodes the density of states,
whereas sinh @ corresponds to the anomalous Green function,
describing the induced triplet correlations. As 8 o sinf, we
see that the triplet correlations vanish for collinear F'/F
layers (6 = 0[x]) as expected, while they are maximal for
perpendicular magnetizations (¢ = 7 /2). For simplicity, we
will consider only the case 6 = /2 in the following. The
generalization to arbitrary angles is straightforward.

Knowing the Green function of the effective triplet reser-
voir, we can now obtain its density of states (DOS),

v(€) = vyRe[cosh ¥ (—ie + 0T)], (18)

where vy is the density of states of the normal metal. As the
DOS is even in €, we will consider positive energies, € > 0,
only.

The functions «(—i€) and B(—i€) possess singularities at
€= E(jE = |k’ & ys|, which are inherited by the DOS. We will
concentrate on the limiting cases 4’ <« ys and k' > ys, when
these singularities are far away from € = 0. In particular, for
€,vr,h <K ys, we find

1 % n 2 62
v(e) ~ v0|:l + 5(;—S2> (1 + 3)/_32>:| (19)

Thus the zero-energy DOS is enhanced as compared to the
normal state. Furthermore, it displays a broad dip at ¢ = 0. In
the opposite regime, for €,yr,ys < h', we find

() gl A (20)
V(€e) = v, —| — _— .
T2\ (1+5)°

Here as well, the zero-energy DOS is enhanced. However, it
possesses a narrow peak at € = (. The enhancement of the
DOS with respect to its value in the normal state, as well as
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a peak at € = 0, were discussed in similar models of S/F'/F
structures with large exchange fields [12—16].

Similarly, we may analyze the triplet correlations encoded
in sinh ¥ (w). The symmetry relation (3) together with Eq. (15)
readily yield that the triplet correlations are odd in frequency,
sinh ¥ (—w) = — sinh ¥ (w). Furthermore, for yr,h’ < s,

sinh ¥ (w) ~ —

yrh' 1
L Tl Q21

i o(1+4)

Thus the correlations decay on the energy scale ys. By contrast,
for yr K ys <N,

1 1
sinh 19(6()) ~ _%H——i prk
YF 1 +

W

(22)

In that case, the correlations are reduced as soon as @ > yr
and then decay more rapidly on the energy scale A'.

IV. S¢/S/Sr JUNCTION
A. Current-phase relation

We are now in a position to study the effective Sr/S/Sr
junction presented in the Introduction; see Fig. 1(b). Within
circuit theory, S is a superconducting node of bare critical
temperature 7, and mean level spacing §. It is connected to a
left and a right effective triplet reservoir (Sr) via connectors
of conductances G and Gg, respectively. Then g, g, , and gg
are the Green function in the node, the left reservoir, and the
right reservoir, respectively. Assuming G;,Gr < G, we can
neglect the inverse proximity effect and use rigid boundary
conditions in the reservoirs. Thus g; and g are the Green
functions derived in the previous section, whereas g will be
determined in the following.

For simplicity, here we consider the effective odd-frequency
triplet reservoirs to be identical by choosing ¥, (w) = Jz(w) =
¥ (w) and G = G = Gg. However, the reservoirs may have
different superconducting phases ¢;,r and magnetization
axes xr,g. Assuming that all magnetizations lie in the same
plane [17], we choose ¢; /g = £¢/2 and x; /g = £x/2, such
that ¢ is the phase bias of the junction, whereas yx is the
relative angle between the magnetization axes. Then g; ,z may
be written as

8L/R = cosh 197,'1 + i sinh ﬁo‘ix/zfiw/g. (23)
According to Eq. (1), g obeys

|:a)rz + ATy + y#,g} =0, 24)
where y =48G/(2nGg). Furthermore, A and ¢ are the
amplitude and the phase of the order parameter in S, satisfying
Eq. (6).

We concentrate on the weak coupling regime, y < 7T,
where it is possible to perform a perturbative expansion of g
around its bulk value gg. To this end, we write g = go + g1 +
-+, where g; < go. Accordingly, the charge current may be

written in the form I,z =1 ISI/)R + Iiz/)R + ---, where
19 =Yo7 Im) " AP (25)
L/R e ~ 2 zl8i—1-8L/R1]1-
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The bare Green function of the superconducting node S reads

0T, + AgTy

g = —F/—, (26)
Jor + A2
where Ay(T) solves the standard BCS equation,
T. 1
(27)

1
IR Y (- —_—
r w>0 @ ,/w2+A5

while the phase ¢ is undetermined for the bare node. However,
the U (1) symmetry is broken once the node is coupled to the
reservoirs.

Incorporating go in Eq. (25), we obtain IV = 0. Namely,
no Josephson coupling exists at first order. Indeed, due to the
symmetry mismatch between the effective triplet reservoirs
and the singlet superconducting dot, a single Cooper pair may
not carry a current. We thus turn to the next order and compute
g1. It obeys the first order expansion of Eq. (24) supplemented
by the normalization condition, namely,

gL+ 8r
2
{g0,81} = 0. (29)

Here A is the first order correction to Ag. The system is solved
by

[wrz + A0T¢vg1] = _|:J/ + Aquﬁsgo}a (28)

1

g1 = ————
2,/w2+A3

Additionally, the self-consistency equation (6) yields

A w cosh ¥ (w) A}
AT (Z (@ + A3>3/2)/ (Z (@ + A%)”Z)'

(30)

Y
|:E(8L + gr) + A1T¢,go]go-

Note that A /Ay < 0, i.e., superconductivity is weakened by
the coupling. This reduction does not depend on the phase
bias ¢, and may be attributed to the gapless property of the
odd-frequency triplet reservoirs that was discussed in the end
of Sec. III; cf. Egs. (19) and (20). It features an inverse
proximity effect, where the quasiparticles, existing at zero
energy in the leads, weaken superconductivity in the node S.
By consequence, the effective critical temperature 7. of S at
finite y is decreased,

I —T. y cosh ¥ (w)
— ~ =2 > ——— <0 31

c

>0

Note that a dependence of T on the relative orientation of the
magnetizations in adjacent layers would arise in higher order
in y.

Then, incorporating g; in Eq. (25), we find

¥ = —J/Z—G{a(T)cos x sing — b(T)[sin ¢ cos(2¢)
e
— (cos x + cos @) sin (2¢)]}, (32)
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where

a(T) =

sinh? 19(a))< Aj )
nT —2——], (@33
,; Jo? + A2 @ + AF

Z sinh? ¥ (w) A2

b(T) =
+ AZ 2/2

(34)

w>0

The first line of (32) may be identified as a quasiparticle current
between the two triplet reservoirs that does not depend on the
phase of the central island. By contrast, the second line of (32)
may be identified as a condensate contribution, corresponding
to a superharmonic Josephson effect between the triplet
reservoirs and the singlet central island, that depends on the
phase ¢. A comprehensive discussion of the quasiparticle and
different contributions to the condensate currents is given in
Sec. V on metallic junctions.

Current conservation or, equivalently, the self-consistency
equation (6) fixes the phase ¢ = kx/2 with k € Z. Further-
more, energy minimization selects which of those phases
corresponds to stable solutions and imposes

0 if cosg +cosy > 0,
¢ = {71/2 otherwise. (33)
As a consequence of the odd/even-frequency Josephson
coupling between two triplet/singlet pairs, ¢ is defined modulo
7 instead of 2.

Inserting Eq. (35) into (32), we obtain [20]

G
1® = —y—[a(T)cos x — b(T)sgn(cos x + cos ¢)] sin g.
e

(36)

While the quasiparticle contribution is a continuous function of
the phase bias ¢, the condensate contribution displays a jump
at cos x + cos¢ = 0 [21]. Both a(T),b(T) > 0. Thus, when
x <m/2 (x > m/2), the two contributions are opposed for
phases ¢ < m — x (p < m — x), whereas they have the same
direction for phases ¢ > m — x (¢ < m — x). Examples of
typical current-phase relations are shown in Fig. 2.

IC/IC
05 r — X = 0
L — @ - X= /6
T, 3M7T — x= 71'/3
-0.5 — x=nx/2

FIG. 2. (Color online) Typical current-phase relations. The cur-
rent is plotted in units of I. = yGa(T)/(2e) for different magneti-
zation angles x = 0,7/6,7/3, and /2 (bottom to top at ¢ < 7/2)
and b(T)/a(T) = 0.15; cf. Eq. (36). The critical current is achieved
at phase ¢ = /2 for x = 0 and 7 /6, and at phase ¢ =7 — x for
X =mn/3and /2.
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B. Critical current

To get more insight into the competition between
the condensate and quasiparticle contributions, we study
the critical current I, of the junction, where I.(T,x) =
max,[/ (2)(T,(p,x)]. Based on the considerations above, the
critical current is achieved for phase bias ¢ =m/2 or
¢ =1 — x.Namely, I.(T,x) = max[[,I,], where

G
L(T.x) = [I2(T.7/2.5)| = y2—e|a<T>|cosx| — B(T),

L(T,x) = I®(T,7—x, %)l

yG .
= 2—e[a(T)| cos x|+ b(T)]sin x.

For a fixed x, as a function of temperature, the critical current
1. lies either on the I; or on the I, branch. While the I, branch
increases monotonously with decreasing temperature, the
temperature dependence of the /; branch is more complicated.
Above T}, the I; branch increases as In(ys/T), for ', T «
ys, and as (yr/T)?, for yp < ys,T < h', with decreasing
temperature. At 77, it has a cusp. When further decreasing
temperature below T, it increases much more slowly or even
decreases. For ys > h'and T < T, we find

h/
LT ~Y2 > (V; )
S

ys (ITF—T)
|cos x|In 22—~~~
T T*

c

(2| cos x| + 1)},
(37

which decreases with decreasing temperature for all values of
x. By contrast, for ys < h' and T < T, we find

2
Vs Yr

wol(7) (%)
x{|cosx|—N%+D

c

I(T,x) =

(2|cosx|+1)}, (38)

where N = 31¢(5)/[7¢(3)]*> ~ 0.5, which slowly increases
with decreasing temperature for angles x < 7/3.

Which branch the critical current follows is determined by
the ratio b(T')/a(T). We find that the ratio b(T)/a(T) is zero
above T and increases monotonously below T}, satisfying
b(T)/a(T) < 1, see Fig. 3.

As a consequence, at high temperatures, the critical current
follows the I; branch. At lower temperatures, one may
distinguish two different behaviors depending on whether
1,(0,x) is larger or smaller than I5(0, x). The critical angle
Xc at which one switches between the two cases is given by

b(0)  |cos x|(1 —sin x.)
a(0) 1 + sin x. '

(39)

The solution . of this equation increases from 0 to 7 /2 as
b(0)/a(0) decreases from 1 to O; cf. the dependence of the
right-hand side (RHS) of Eq. (39) as a function of y, in Fig. 4.
For angles x < y., the critical current lies on the I; branch at
all temperatures. By contrast, for angles x > x., the current
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b(T)/a(T)
1t

0.8

0.6} N

0.4t ~N

0.2+ X

0 ‘ ‘ ‘ ‘ ‘
1

3k
0 0.2 0.4 0.6 0.8 T/Tc

FIG. 3. (Color online) Plot of b(T)/a(T) as a function of T/T},
for ', T < ys (solid line) and ys, 7" < h’ (dashed line).

switches to the I, branch at the temperature 7, determined by

b(Tyz)  |cos x|(1 —sinx)
a(Ty) 1 + sin x ’

(40)

Using these considerations, we now consider the temperature
dependence of the critical current for the cases ' < ys and
h' > yg, assuming yp < T.F < max[ys,h'].

For h' < ys, b(0)/a(0) decreases as 1/In(ys/T}) with
decreasing T.*/ys. Thus the critical angle x. increases. Since
I, decreases with decreasing temperature below 7%, the critical
current displays a unique maximum at temperatures close to 7.*
for a wide range of angles. This nonmonotonous temperature
dependence provides a clear signature of the competition
between odd/odd- and odd/even-frequency couplings.

By contrast, for ys < h’, we obtain 5(0)/a(0) ~ 1. Thus a
finite temperature 77, below which the critical current starts
rising again rapidly exists for all angles. In the intermediate
temperature regime 71, < T < T, the current increases very
slowly. Though less pronounced than in the opposite parameter
regime, this peculiar temperature dependence is a signature of
the competition between the different symmetry couplings.

The temperature dependence of the critical current de-
scribed above is illustrated in Figs. 5 and 6, for the
cases h’' < ys and h' > ys, respectively, and for different
angles x.

F(xe)
1

0.8+
0.6+
0.4+

0.2+

0

0 /4 a2 Xe

FIG. 4. (Color online) Plot of the RHS of Eq. (39), f(x.) =
| cos x.|(1 — sin x.)/(1 + sin yx.), as a function of x..
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]c/[cO
2L
1.5+

17\

0.5+

0

S ) o
0 02 04 06 08 1 1.2 / ¢

FIG. 5. (Color online) Plot of the critical current /. [in units of
Lo = yG(yrh'/y3)*/(2e)] as a function of T/ T}, for h',T* < vs,
and different angles y = 0,7/6,7/4,7/3,2n/5,7/2 (from top to
bottom at T > T).

C

V. METALLIC JUNCTION

While our calculations are limited to tunnel contacts, we
may generalize our considerations to metallic junctions based
on the identification of the different contributions to the
current. To do so, we examine the corresponding terms in
the Josephson energy. The current is then obtained by taking a
derivative with respect to phase. As before, we assume that the
angle between the magnetizations of adjacent ferromagnets is
0 = m/2; cf. [20].

For a metallic S'/F'/F/S/F/F’/S’ junction, the quasipar-
ticle contribution near the critical temperature of the S layer
takes the form

2
w20

c

EP = 8(A/ —c >e_LS/5S cos x cos(¢r — @r).

(41)

where g ~ G/Gg, G is the normal-state conductance of
the junction, and ¢%® is a numerical factor of the order
of unity. Here we write the phases ¢; and @i of the left
and right superconductors S’ explicitly. Furthermore, Lg and
&g~ /D/T} are the length and coherence length of the

Ic/ja
1.2+
1t
0.8+
0.6+
0.4}
0.2+

0

T/T:

0 02 04 06 08 1 12

FIG. 6. (Color online) Plot of the critical current /. [in units
of Io = yGlyrys/(W A5 /(2e)], with A}~ 1.76T7, as a func-
tion of T/TF, for yr < ys,T} < h', and different angles x =
0,m/6,7/4,7/3,2n/5,7/2 (from top to bottom at T > T). Note
that the critical current saturates at 7 < yr (not visible on the scale
of the figure).
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central superconductor, respectively, where D is the diffusion
coefficient. The first term oA’ describes the usual Josephson
energy when the central superconductor is in the normal
state. It increases monotonously as the temperature decreases
below the critical temperature 7 of the leads and saturates
at temperatures 7 < 7. Thus, close to T « T/, we may
neglect its temperature dependence [22]. The second term
& AX(T)/T} accounts for the reduction of the quasiparticle
contribution (responsible for the triplet supercurrent flow)
due to the developing of singlet superconducting correlations
below T, when A(T) o< \/Tx — T 0(T} — T) is finite.

The condensate contribution consists of three different
terms. Namely, there is a Josephson coupling between the
left superconductor and the central superconductor, depending
on the phase difference ¢, — ¢, as well as a Josephson
coupling between the central superconductor and the right
superconductor, depending on the phase difference ¢ — ¢g.
As the first harmonic in a bilayer junction is short-ranged, only
the second harmonic survives for both of these contributions.
Furthermore, there is a crossed term, where two pairs from
each of the outer superconductors recombine in the central
superconductor. Thus this contribution depends on the phase
oL + ¢r — 2¢. It is suppressed with the length of the central
superconductor on the scale of the coherence length, and
it depends on the angle between the magnetizations of the
left and right ferromagnet. As a consequence, the condensate
contribution takes the form

2
E™ = —C°°"dg¥{608[2(m — )]+ cos[2(¢ — ¢p)]
c

+2e7L/5 cos y cos(or + or — 2¢)}, (42)
where ¢ oc £¢ /L [10]. With ¢; = —@g = ¢/2, the expres-
sion simplifies to
AXT)

T*

c

L
Ej‘md = —2ctondg { cos ¢ + ¢ % cos X } cos(2¢).

(43)
Then, minimization of the energy with respect to ¢ yields

if cosg+eLs/5cosy >0,

0
¢ = {n/Z otherwise. (a4)

Finally, the supercurrent accounting for both the quasipar-
ticle and condensate contributions reads

AXT
I = —G{ |:A/ - cqp%}e_“/& cos x

2
_ Qccond¥sgn(cos @ + e Ls/5 cos X)} sing. (45)
Equation (45) has a similar form as the current-phase relation
Eq. (36) in the tunneling regime. For a short S layer with
Ls < &g, we find that the critical current is given by (¢ =
7 /2), corresponding to the I; branch discussed in Sec. IV B.
Thus the critical current decreases below T, as

AX(T)
T*

c

I = G{M cos x| — [¢%| cos x| + 20°°“d]} (46)

(except for angles x ~ m/2). As in the tunneling regime, this
peculiar temperature dependence provides a clear signature

PHYSICAL REVIEW B 92, 094509 (2015)

of the competition between odd/odd- and odd/even-frequency
couplings. By contrast, in the opposite regime, Lg > &g,
the temperature regime below T, where the I; branch
dominates, shrinks to zero. Thus the critical current is given by
I(¢ = /2 + 0T), corresponding to the I, branch discussed in
Sec. IV B. We obtain

AT
I = G{A’| cos x |e Ls/8s 4 2cC°ﬂd%}. 47)

Here, the quasiparticle and condensate contributions add up,
which leads to an enhancement of /. below T*.

VI. CONCLUSION

Using circuit theory, we have proposed a simple model for
the Green function gr of an effective triplet odd-frequency
superconducting reservoir S7. Then, we have studied the co-
existence of singlet even-frequency and triplet odd-frequency
superconducting correlations in an St /S/S7 Josephson junc-
tion.

We predict that the competition between odd/odd-
frequency and odd/even-frequency Josephson couplings may
be observed in a peculiar temperature dependence of the
critical current of the S7/S/Sr junction below the transition
temperature 7 of the central superconductor. For a large
range of parameters, the critical current either increases very
slowly or even decreases when lowering the temperature
below T*. This is in sharp contrast with a conventional
S’/8 /8’ junction, where the superconducting transition of the
central superconductor leads to an enhancement of the critical
current [23].

We propose to realize such an Sy /S/Sr junction by fabri-
cating a hybrid S'/F’/F/S/F/F'/S junction, i.e., by insert-
ing a superconducting layer in the middle of an S/F'/F/F’/S
junction such as the ones presented in Refs. [5,6].
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APPENDIX: DERIVATION OF THE GREEN FUNCTION IN
THE STRONG FERROMAGNET F

At large &, the solution of the equation

[ho,T, + A,g] =0, (Al)

with g2 =1, can be expanded perturbatively in 1/h: g =

g© 4+ (1/h)g™ + ..., Let us now introduce the decompo-

sition A = A, + Ay, with [4,0;7;] =0and {A,0.7;} =0.

Similarly, g™ = g + g".

In the leading order in &, Eq. (A1) yields gﬁ)) = 0, while

0)y2
)

the normalization condition reads ( gﬁ = 1. In the next order,
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Eq. (Al) yields

PHYSICAL REVIEW B 92, 094509 (2015)

20.7.81" +[A.g)"1=0, (A2)

1)

while the normalization condition reads {g|’ + gl(ll) , gl(lo)} = 0. It is solved with gﬁo) =A,/ /Aﬁ (note that Aﬁ is scalar),

g = —(1/2)0.7[A1,g), and g = 0.
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