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Odd-frequency Cooper pairs in two-band superconductors and their magnetic response
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We discuss the appearance of odd-frequency Cooper pairs in two-band superconductors by solving the Gor’kov
equation analytically. We introduce the equal-time s-wave pair potentials as realized in MgB, and iron pnictides.
Although the order parameter symmetry is conventional, the band degree of freedom enriches the symmetry
variety of pairing correlations. The hybridization and the asymmetry between the two conduction bands induce
odd-frequency pairs as a subdominant pairing correlation in the uniform ground state. To study the magnetic
response of odd-frequency Cooper pairs, we analyze the Meissner kernel represented by the Gor’kov Green
function. In contrast to the even-frequency pairs linked to the pair potential, the induced odd-frequency Cooper
pairs indicate a paramagnetic property. We also discuss the relation between the amplitude of the odd-frequency
pairing correlation and the stability of superconducting states in terms of the self-consistent equation for the pair

potential.
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I. INTRODUCTION

The electronic structure at the Fermi level governs such
characteristics of superconductivity as effective dimensional-
ity, anisotropy in electromagnetic properties, and the sym-
metry of the superconducting order parameter. Many of
the superconductors discovered so far have multibands at
the Fermi level. These indicate unique characteristics such
as a high-critical transition temperature in iron pnictides
[1], unconventional superconductivity in heavy fermionic
compounds [2—4], unusual vortex states [5] in MgB, [6,7], and
topologically nontrivial superconducting states in Cu-doped
BiySe; [8,9]. A microscopic understanding of the pairing
mechanism would make it possible to explain these features.

At the superconducting transition temperature 7, a su-
perconductor chooses three discrete symmetry options for
Cooper pairing: frequency symmetry, spin configuration, and
momentum parity. In each case, there are two possibilities:
pairing can be either symmetric or antisymmetric with respect
to the interchange of the corresponding arguments, namely
the times, spins, or coordinates of the two electrons forming
a Cooper pair. Black-Schaffer and Balatsky [10] have shown
that the multiband superconducting order parameter has an
extra alternative symmetry option that originates from the
band degree of freedom, namely even-band-parity and odd-
band-parity. The Fermi-Dirac statistics of electrons require
the constraint that the pairing functions must be antisymmetric
under the permutation of the two electrons. As a consequence,
Cooper pairs can be classified into eight symmetry classes
as shown in Table I. The classification of Cooper pairs
in single-band superconductors corresponds to the top four
classes in Table I. Conventional superconductors and d-wave
high-T, superconductors belong to the ESEE class. Spin-triplet
p-wave superconductors such as Sr,RuO,4 and UPt; belong to
the ETOE class. It is known that the spatial inhomogeneity
of the pair potential in the ETOE (ESEE) superconductors
generates Cooper pairs that belong to the OTEE (OSOE)
class [11-13]. Actually odd-frequency Cooper pairs [14]
appear at a surface of unconventional superconductors as a
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subdominant pairing correlation [11-13]. The possibilities of
odd-frequency superconductivity have also been discussed
theoretically [15-21]. Recent theoretical papers studied the
mechanisms of odd-frequency superconductivity in multiband
superconductors [22,23]. The bottom four symmetry classes
have been pointed out by the authors of Ref. [10]. Indeed,
they show that the hybridization between the two conduction
bands generates Cooper pairs belonging to the OSEO class.
The appearance of odd-frequency pairs in a uniform ground
state may be a surprising conclusion when we pay attention to
a unique property of them.

Although diamagnetism is the most fundamental prop-
erty of all superconductors, a number of theoretical studies
have suggested that odd-frequency Cooper pairs have a
paramagnetic property [13,24-27]. A uSR experiment [28]
has caught a clear sign of paramagnetic Cooper pairs very
recently. In addition, a recent experimental finding of a
zero-bias anomaly in a ferromagnet/superconductor proximity
structure [29], which is also closely related to the paramagnetic
property, has suggested the existence of odd-frequency pairs
[30-32]. The paramagnetic Cooper pairs attract magnetic
fields [33,34], which implies the thermodynamic instabil-
ity of odd-frequency pairing states. (See also Appendix A
for details.) Actually, in single-band superconductors, odd-
frequency pairs always appear as a spatially localizing
subdominant pairing correlation. Thus the instability of an
odd-frequency pair does not affect the transition temperature
if the superconductor is sufficiently large. However, we have
never encountered the type of magnetic response exhibited by
induced odd-frequency pairs in multiband superconductors. If
they are paramagnetic, the superconducting condensate might
be unstable due to the presence of odd-frequency pairs. We
address these issues in the present paper.

In this paper, we will show the existence of odd-frequency
pairs in a two-band superconductor with the spin-orbit
interactions or the band asymmetry. Within the theoretical
model that we consider in this paper, odd-frequency Cooper
pairs always exhibit a paramagnetic property irrespective of
their generation mechanism. Since odd-frequency pairs appear
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TABLEI Eight symmetry classes of Cooper pairs in the presence
of the band degree of freedom.

Frequency Spin Momentum parity  Band parity
ESEE Even Singlet Even Even
ETOE Even Triplet Odd Even
OSOE Odd Singlet Odd Even
OTEE Odd Triplet Even Even
ESOO Even Singlet Odd Odd
ETEO Even Triplet Even Odd
OSEO Odd Singlet Even Odd
OTOO Odd Triplet Odd Odd

as a subdominant pairing correlation in a uniform ground
state, their paramagnetic instability suppresses the transition
temperature. We also find that the band hybridization generates
even-frequency Cooper pairs whose symmetry is different
from that of the order parameter. We conclude that the rich
symmetry variety of the induced pairing correlations in the
bulk state is a key feature of multiband superconductors.

This paper is organized as follows. In Sec. II, we present
a theoretical model describing two-band superconductors.
The anomalous Green functions of the Gor’kov equation are
calculated, and the magnetic property of odd-frequency pairs is
discussed for the intra- and interband pairing order parameter
in Secs. Il and IV, respectively. The conclusion is provided in
Sec. V.

II. TWO-BAND MODEL

The Hamiltonian of two-band electronic states is

Hy=Y > / driy) (&) a(r)

a=t,| A=1,2

+ 3 [arwl o

Y (Ve (o ()

& 0 Vo+ Vs Vi—iV,
0 & Vi+iVa, Vo—V3
VO* +V: Vi—iV, & 0
1[Vi+iV, VO* - V3 0 &
Hpcsk) = 5 0 Al 0 A,
A7 0 —SspinAT, 0
0 SspinATz 0 —A;
AT, 0 A3 0

where & = % — 15, Vi(k) = —Loks + Lska, Va(k) =
—L3ky + L1k, and V53(k) = —Lk> + L,k;. We note that
Vj(k) for j = 1-3 are odd-momentum-parity functions sat-
isfying V;(k) = —V;(—k). In this paper, we assume that the
hybridization potentials are much smaller than the Fermi
energy in the two conduction bands. The basic property of the
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where &(r) = —5.— — ft;, 6; for j =1-3 are the Pauli

matrices in spin space, and wi,a(r) (Y.« (r)) is the creation
(annihilation) operator of an electron in band A (1 or 2) with
spin « (1 or |) and at a location r. The hybridization potential
expressed by V; is independent of electron spin. We also
consider the hybridization caused by the spin-orbit interaction
represented by L.

Throughout this paper, we assume the equal-time s-wave
pair potential (i.e., even-frequency even-momentum-parity
class) described by

Npvap = 810 D (Vra®Y p(—K) = =Avipa, ()

k

where g, , = g, represents the attractive interaction and
(---) represents the quantum and thermal average. The last
equation is derived from the Fermi-Dirac statistics of electrons.
In this paper, we confine ourselves to the pair potentials
consisting of two electrons with opposite spin. We define the
spin-singlet intraband pair potential by

3

which belongs to the ESEE class in Table I. Such intraband pair
potentials have been considered in previous literature [35-37].
There are two types of pair potentials for the interband order
parameters. The pair potential is defined by

Ay = Auspy = =Dt

“
&)
where sgi, is 1 for spin-triplet symmetry belonging to the
ETEO class and —1 for spin-singlet symmetry belonging to

the ESEE class.
The BCS Hamiltonian in momentum space is represented

Ap = Ay = —Aoiyy,

= _SspinA2l;T¢ = sspinA12;LTa

0 Ay 0 A
—A 0 SspinA12 0
0 —SspinA12 0 Ay
—Aqpp 0 —Ay 0
=& 0 -Vi+Vs Vi+iVh | ©
0 —& Vi—iVa —=Vi—W3
—Vo+Vs Vi+iV, —& 0
Vi—iVa —V—V; 0 &

(

superconducting states are determined by the band structures
and the effective attractive interaction in the absence of hy-
bridization. We will discuss the effects of weak hybridizations
on superconducting states. In what follows, we calculate the
Green functions by solving the Gor’kov equation for Eq. (6).
To obtain the analytical expression of the Green function, we
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reduce the 8 x 8 particle-hole space in Eq. (6) to two 4 x 4
particle-hole spaces, ] and N>, by selecting one hybridization
potential among V; for j = 0-3. For practical calculations, we
often consider a simple two-band model described by

my=my=m, [ = ur+(=)¥u, @)

withdpu < (r.

III. INTRABAND PAIRING ORDER

We first consider a two-band superconductor with equal-
time spin-singlet s-wave intraband pair potentials (ESEE). In
Eq. (6), we set Ajp = 0.

A. Spin-independent hybridization

When spin-flip hybridization is absent (i.e., V| = V, = 0),
Eq. (6) can be block diagonalized. The reduced Hamiltonian
is represented by

%‘1 w SAl 0
wH & 0 KAV

H,(k) = , 8

1(k) AT 0 —& W (8
0 sA, —W  —&

W =V + sV3(k). 9)

In V1, the spin of an electron is 1 and that of a hole is | . While
in the other particle-hole space N, the spin of an electron (a
hole) is | (1). We set the sign factor s as s = 1 in NV} and —1
in NV>.

The Green function is defined by

liw,1 — HE)G(k,iw,) = 1, (10)
Gk,iw,) = [g F] . (11)
v Q (k,iwy)

At V3 = 0, the anomalous Green function is calculated as

Fitkion) = 5 [{(= X1+ 3) A + (K +ivuna |y

H{uiE+ A+ —E-AL) —iva(§+A- —§_ A

+w,(ViA- —ivyAL )0

+{(— X1 +v]) A + (K —iviv)AL}p3),
12)

with
Zy=X? -V, (13)
Xi=1i[op +E +E + AP HIAP+ VO], (14

Yi = K+ [Vol’&2 + vf|A_* + v3|AL)* — i2viv2 D,
(15)
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where we have defined

1k + 5k §1.k — &2k
= = 16
&+ 5 3 5 (16)
AL+ Ay A — Ay
== = 17
+ 7 5 )
INUNEUNYN
K =6 +D;, Dy= — (18)
Vo =vi +ivs. (19)

Here p; for j =1-3 are Pauli matrices in the two-band
space. The normal Green function is shown in Eq. (B1) in
Appendix B. The relation

Fikjiw,) = Fik,iw,) (20)

holds due to the symmetry of the Gor’kov equation for reduced
Hamiltonian in Eq. (8). The components of the anomalous
Green function in Eq. (12) are represented by

F lz,w}

AN Fuary  Fioy . Fii g
Foiry  Faogy T2t

in A} and AN, respectively. The Fermi-Dirac statistics of
electrons requires

fkk’;aa’(ksiwn) = _fk’k;a’a(_ks - lwn) (21)

The intraband components are represented as

Fiipykio,)
= —Fi1(kiw,)

= ﬁ[ — (X1 = K)AL+A )+ vIAL +UIA
1

—ivua(Ay — A)], 22)

Foopy (ke iwy)
= —Fn 1(kiw,)

= —[- X1+ K)AL — A +v3AL —viA_
27,
+iviva(Ay + A_)]. (23)
These components are linked to the pair potential belonging
to the ESEE class. The hybridization generates two types

of interband pairing correlations. The interband components
result in

Frapykiowy) = —Fia 11 k,iw,) = P — Pro, 24)

Fopkiowy) = =Fo 11 (k,iwy) = P + Pro, (25)

Vi6 AL —E_A) —in(ELA- —§_Ay)

Py, =
le 2Z]

(26)

1
P, = 2—Zl[ia),,(v1A_ —ivpAL)l. 27

We find that the component
Fioq) — Fuo it + Farp) — Far 0 = 4P (28)
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TABLE II. The symmetry classification of Cooper pairs with the equal-time spin-singlet even-
momentum-parity intraband (even-band-parity) pair potential.

Frequency  Spin

Momentum parity Band parity Magnetic response

Pair potential Even Singlet
Induced by Vy Even Singlet

Odd Singlet
Induced by Vi, V,, Vs Even Triplet

Odd Triplet

Even Even (intra) Diamagnetic
Even Even (inter) Diamagnetic
Even Odd Paramagnetic
Odd Even (inter) Diamagnetic
Odd Odd Paramagnetic

belongs to the ESEE class, and
Fioqy — Fio 4 — Far gy + Fai 0 = —4P1, (29)

has the odd-frequency spin-singlet odd-band parity symmetry
(OSEO). The symmetry classification results are summarized
in Table II. In Ref. [10], the authors assume that Vj is a real
potential. In such a case, the odd-frequency pairing correlation
appears only for A_ # O because v, = 0. In the normal state, it
is possible to eliminate the phase of the hybridization potential.
Namely the phase factor ¢’? in

> [ drtl ool + el G0

is eliminated by choosing Vi, — Y14e'®/? and Yo, —
Yaee”'%/2. The phase ¢ does not affect the physics in the nor-
mal state. When we consider more than one superconducting
order parameter, however, such a gauge transformation affects
the relative phase difference between the order parameters.
This is why we keep the phase degree of freedom of the
hybridization potential. Actually, the phase also plays an
important role in the gap equations as discussed later.

The magnetic property of Cooper pairs can be discussed
using the relationship between the electric current and the
vector potential j = —%QA. Within the linear response
regime [38,39], the dimensionless pair density Q for a uniform
magnetic field is calculated to be

1 AA oA A A
0=37% / dETHGE + FF — GnGrleiny  BD)
for the simple two-band model in Eq. (7), where Gy is
the Green function in the normal state, and Tr means the
summation over band degree of freedom. When we decompose
the anomalous Green functions into

3 3
F=> fbn E=)f b (32)

the contribution of the vth component of the anomalous Green
function to the pair density becomes

0;m=TY / dE fuf . (33)

The component of f, is diamagnetic as usual for Q ((v) > 0.
On the other hand, f, is paramagnetic for QO (v) < 0. As
shown in Eq. (12) and the relation in Eq. (20), Q(2) is
negative. Therefore the odd-frequency pairing correlation is
paramagnetic. It is easy to confirm that all the even-frequency

pairing correlations are diamagnetic. The pair density for the
simple model in Eq. (7) is represented as

_ X, —? L, Y
Q_TZ/dé[z—Zl—wnZ—%] (34)

(2N

The total magnetic response of all the components must
be diamagnetic to realize stable superconducting states (i.e.,
0 > 0). Generally speaking, the pair density Q has a more
complicated expression than Eq. (34) in the presence of the
band asymmetry. Details are shown in Appendix C. It is
possible to discuss the type of magnetic response in general
cases by checking if f; contributes positively or negatively to
Ir in Eq. (C7). We note that the expression of the response
function in Eq. (C8) can be applied to highly asymmetric
two-band superconductors.

The self-consistent equations for the intraband pair poten-
tials are represented by

1 1
Ay =gT —[X1 = IVol?/2 - K)A
1=g wznvm;zzl[(l IVol?/2 = K)A
+{(v%—v§)/2+iv1v2}A2], 35)
_ s L Z
Ay =T wZ - ; 27 (X = 2+ KA
+{(v] = v3)/2 — iviva}A4], (36)

where g, is the pairing interaction at the Ath band. When we
assume g; > g in the simple model in Eq. (7), for instance, the
transition temperature 7;, for A is larger than the transition
temperature 7., for A, in the absence of hybridization.
Equation (36) indicates that hybridization induces A, even
for T,, < T < T,,. The relative phase between the two pair
potentials is determined by the phase of the hybridization
potential. For Vy = v; and v, = 0, the sign of A, should be
the same as that of Ay, which leads to the decrease of A_.
As a result, the amplitude of the odd-frequency component
in Eq. (12) decreases. On the other hand for V) = iv, and
v; = 0, the sign of A, should be opposite that of A ;. Therefore
A decreases, which results in the suppression of the odd-
frequency component. The self-consistent equation minimizes
the odd-frequency pairing correlations and maximizes the
condensation energy automatically. In more general cases for
v; # 0and vy # 0, there is a relative phase difference between
the two pair potentials.
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B. Hybridization due to spin-orbit interaction
without spin flipping

Next we consider a situation where Vy = 0 and V3(k) #
0. The spin-orbit interaction hybridizes the two conduction
bands. The Hamiltonian is represented by Eq. (8) with Vy =
0. Here we assume that V3(k) is a real value for simplicity.
The Green functions are represented by Eqs. (12) and (B1)
with vy — sV3(k) and v, = 0. The symmetry of the intraband
pairing correlations remain unchanged from the ESEE class.
The interband pairing correlations are calculated as

Frorkiwy) = Fiop(k,iwy) = Pre — Pay, 37
Foipyk,io,) = For 4 (kiow,) = P + P, (38)
1
P = ——[V3(E+ As — E_A_)], 39
o) 221[ 36+ AL — & )] (39)
1
Py =—TIiw,V3A_]. 40
% =37 [iw,V3A_] (40)
We find that

Frony +Fior +Forpy +Forp = 4P (41)
belongs to the ETOE class, and
Fiogy +Fior — Faipy — Farp = —4P, (42)

belongs to the OTOO class because V3 is an odd-momentum-
parity function. The hybridization caused by the spin-orbit
interaction generates two types of spin-triplet Cooper pairs
as summarized in the bottom two columns of Table II. We
also conclude that the odd-frequency pairs generated by the
hybridization are paramagnetic in the sense that Q /(2) < 0 in
Eq. (33).

C. Hybridization due to spin-orbit interaction with spin flipping

In the end of this section, we consider a situation where
Vo = V3 =0, Vi(k) # 0 and V,(k) # 0. The spin-orbit inter-
action hybridizes the two conduction bands with opposite spin.
The reduced Hamiltonian is represented by

51 U* SA1 0

_ U 5;'2 0 —SAz
H2(k) - SAT 0 _él U* ’ (43)
0 —SA; U —%‘2
U =Vi(k) + isVy(k). (44)

In the first particle-hole space (N7), the spin of an electron (a
hole) in band “1” is 1 ({), and the spin of an electron (a hole)
in band “2” is | (1). In the second particle-hole space (N>),
the spin of a quasiparticle is opposite to those in ;. The sign
factor s is 1 and —1 in NV} and N, respectively. The phase of
hybridization potential does not affect the physics, because it
can be eliminated by a gauge transformation for each spin de-
gree of freedom. In Eq. (43), therefore, we assume that V| and
V, are real potential. The anomalous Green function results in

A S
Falkion) = - [=X2A + KAy + IVI*A_} o
2

+Hiw, ViA_+(EL AL —E_A)isVa}p
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Hlios VoA — (AL —§-A)iVilpa
+{—X2A; + KA_}p3], 45)
with Z, = X% — Y, and

Xo= a2 +E2 4+ + 1A P +IAPHIVP], 46

Ya= K2+ |VEE + A, 47)

where K and Dy are defined in Eq. (18) and |V |> = V2 + V7.
The normal Green function is presented in Eq. (B3)
in Appendix B. The first term of the f; component
and that of the f, component in Eq. (45) represent the
odd-frequency pairing correlations. By using the relation
fz(k,ia)n) = ]%*(—k,iwn)wz_)_vz, we can confirm that the
odd-frequency pairing correlations are paramagnetic. In the
simple model in Eq. (7), the expression of the pair density in
Eq. (34) is valid by applying Eqgs. (46) and (47). The elements
of Green function in Eq. (45) correspond to

Fia.y

Fap)

v [T Foan | ang [P

M = . B =
Faryy Fanr Fairt

in NV} and N>, respectively. To analyze the pairing symmetry,

we rewrite the results of equal-spin pairing correlations into

—(Vy =iV
Fioar +Fapg = %(E+A+ —£E A, (48)
Vi+iV
Fioas + Faryy = %@m —EA), (49)
1
‘7:12»TT — .7:21’¢¢ = Z—ia)nA,(Vl —iV), (50)
2

Fioyy —Fayy = Z—jiw,,A,(Vl +iV,). 51)
The correlations in Egs. (48) and (49) belong to
the even-frequency spin-triplet odd-momentum-parity
even-band-parity (ETOE) class because V; and V, are
odd-momentum-parity functions. The correlations in Egs.
(50) and (51) belong to the odd-frequency spin-triplet
odd-momentum-parity odd-band-parity (OTOO) class. The
hybridization between the two bands generates these pairing
correlations. The symmetry classification is shown in Table II.
The spin-singlet pairing correlations that belong to the ESEE
class are linked to the pair potentials. The self-consistent
equation for the pair potentials are represented by

1
Al - ngZ Vvol Xk:

1
x 1 = V22 = K)AL + [VI*Ay/2], (52)
2

1
Ay = gT Z Vi Xk:

><%[(X2 — V)2 + K)As + |VI*A1/2]. (53)
2

These coupled equations allow us to understand the role of the
odd-frequency pairing correlation. When the two conduction
bands are identical to each other (i.e., £~ = 0 and g; = g»),
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A} = A, is expected in the self-consistent equations. As a
result, the odd-frequency pairing correlation vanishes because
A_ =0 as shown in Eq. (45). In such a case, we obtain
the equation that determines the transition temperature 7,
at g = &,

N

1
1= 27TN()g|T Z aT’ (54)

n
w, >0

where N is the density of states at the Fermi level in each band
per spin, N, = w./(2nT,,), and w, is the cutoff energy. The
equation is identical to the equation for determining the tran-
sition temperature in a single-band superconductor. Therefore
the hybridization does not affect transition temperature when
A} = A; is expected in superconducting states. On the other
hand for g; > g», A} > A, is expected in superconducting
states. By neglecting A, in Eq. (52), we find that

N¢
<1 [V|?/2
1 =27 Nog T Z |:0Tn — m (55)

w, >0

determines the transition temperature 7, with N, =
w./(2n T,). Because of the second term in Eq. (55), N. > N,
is necessary for Eq. (55) to have a solution. The condition
is identical to 7. < T,,. In this way, we conclude that the
hybridization reduces the transition temperature when A #
A, is expected in superconducting states. In such states, the
induced odd-frequency pairs are unstable because of their
paramagnetic instability. The expression of the pair density in
Eq. (34) with Eq. (7) is also valid for this case when we replace
X and Y| by corresponding values Eqs. (46) and (47). A stable
superconducting state is possible as long as Q is positive. If we
could control the fraction of odd-frequency pairs in real materi-
als, it would be possible to detect them from the variation of 7.

IV. INTERBAND PAIRING ORDER

In this section, we consider the superconducting order
parameter that derived from the attractive interaction between
two electrons in different conduction bands. The total Hamil-
tonian is given by Eq. (6) with A} =0 and A, = 0. Even if
we focus on equal-time s-wave pair potential, the band degree
of freedom makes both the spin-triplet and the spin-singlet
pair potentials possible. Here we assume that the attractive
interaction acts on two electrons with different spins in
different conduction bands. Actually the interband spin-triplet
order parameters [9] have been discussed in Cu-doped Bi,Ses.

A. Spin-singlet pairing order

We first consider the situation where the hybridization
preserves spin by setting V; = V, = 0. The Hamiltonian is
described by

%‘1 w 0 sA
W* & sA 0

Hs(k) = O (56)
& -
SA* 0 —W &

W =V, +sV3(k) (57)
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for the spin-singlet pair potential [i.e., sspin = —1 in Eq. (6)].
Hereafter we remove “12” from the subscript of the interband
pair potential for simplicity. In the particle-hole space N, the
spin of an electron is 1 in the two conduction bands, whereas
that of a hole is . The spin direction is opposite in Aj. At
V5 = 0, the anomalous Green function is calculated as

A . SA . N A
Fik,iw,) = 2—23[(U1€+ — 0§ )po + (—X3 +§)h

—wp§_ P2 + (—vié- + v )p3], (58)
with Z3 = X3 — Y3 and

Xs= o2+ 82+ &2+ VP +1Aa2,  (59)

Yy = E282 + E2|Vol* + E2 (AN (60)

The normal part is given in Eq. (B5) in Appendix B. The
phase of the hybridization potential does not play any role in
this case. Actually, Z3 depends only on | V| as shown in Egs.
(59) and (60). The elements of the anomalous Green function
in Eq. (58) correspond to

FN S P g S P
3 Fany Fan]| 73 Foar Faun]
(61)
in V] and N>, respectively.
The intraband pairing correlations become
A
Fuigy —Fupy = Z—3(S+ — &)V, (62)
A *
Fory —Fnr = Z_3($+ +E&)Vy. (63)

They are generated by the hybridization and belong to the
ESEE class. The band asymmetry generates the interband
pairing correlation

2A
Frory — Fior — Foipy o1 = Z—la)ngﬂ (64)
3
which belongs to the OSEO class. The odd-frequency pairing

correlation is paramagnetic because F(k,iw,) = F*(k,iw,).
The pair potential is linked to the pairing correlation

2A
Fiory — Fior +Foipy — For g = Z_%(_XS + 53)- (65)

The self-consistent equation becomes

X2 — 2

Wn k

When we consider spin-orbit hybridization V3 at Vy = 0,
the Green functions are given by Eqgs. (B5) and (58) with
vy — sV3 and v, — 0. The intraband pairing correlations are

A
Fuqry +Fiyr = Z—3(§+ —£&_)Vs, (67)

A
Fory +Fnp = Z—3(§+ +&)Vs. (68)

The hybridization V3 generates pairing correlations that belong
to the ETOE class. The results of the symmetry classification
are summarized in Table III.
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TABLE III. The symmetry classification of Cooper pairs with an equal-time spin-singlet s-wave
even-band-parity (interband) pair potential.

Frequency  Spin

Momentum parity Band parity Magnetic response

Pair potential Even Singlet
Induced by Vy Even Singlet
Induced by Vi, V,, V3 Even Triplet
Induced by &_ Odd Singlet

Even Even (inter) Diamagnetic
Even Even (intra) Diamagnetic
Odd Even (intra) Diamagnetic
Even Odd Paramagnetic

Next we consider effects of spin-flip hybridization on the
pairing correlations. At Vy = V3 = 0, the Hamiltonian can be
reduced to

51 U 0 SA
U &  —sA 0

Hi(k) = 0 —sA* —& U | (69)
sSA* 0 U —&
U= Vi(k)+isVy(k). (70)

In the first particle-hole space (N)), the spin of a quasiparticle
in band “1” is 1 and that in band “2” is | for both an electron
and a hole. In the second particle-hole space (N>), the spins of
a quasiparticle are opposite of those in V7. The Green function
is calculated as follows:

P sA . N .
Falkiw,) = 2—24[(‘/157 +isVa€ ) po +iw,E_p1

—i(X4 — ED)pr — (ViEy +isVaEL)p3], (T1)
with Zy = X3 — Y4, |V|> = V2 + V} and

Xy =i[of +EF+E +|VIP+ AP, (72)

Yy =E182 + &2 VP +E2|A% (73)

The normal part is shown in Eq. (B7) in Appendix B. The
elements of the anomalous Green function in Eq. (71) are
represented by

o [F
fi\/’l — |: 1,11

Fio4y FNa Fiiy
VEIRES T

Fra 4t
F2,14 Foiry

Fa11

in V] and AN, respectively. It is easy to confirm that the
hybridizations V| and V, generate the equal-spin intraband
pairing correlations

Fiupy = 2%(& CEN-Vi+iV), (4
Firy, = 2%(& (Vi +iVa), (75)
Foyy = 2AZ4($+ +EI(=Vi+iVa), (76)
Fy W = %(§+ +E )V +iVy). (77)

They belong to the ETOE class. The band asymmetry generates
the pairing correlation

oA
Fiogyy — Fiopr — Faigy + Py = oA iw,&_, (78)
4

which belongs to the OSEO class. Since F,(k,iw,) =
—F;(—k,iw,), the odd-frequency pairing correlation is para-
magnetic. The results of the symmetry classification are shown
in Table III. The self-consistent equation is described by Eq.
(66) with X3 — X4 and Z3; — Z4.

B. Spin-triplet pairing order

Finally we consider the spin-triplet odd-band-parity pair
potential. When the hybridization preserves spin (i.e., V| =
V, = 0), the reduced Hamiltonian is given by

6 W 0 A

. w* & —A
A= e e
A g -
AY 0 —W —&

with W = Vi + sV3(k). At V3 =0, the Green function for
Vo # 0 becomes

A A
Fs(k,iw,) = Z—ZS[a)nvg,@o + iw,E_py
—i(Xs5 — Vo> — E2)pr — iwuv1 03], (80)

with Z5 = X? — Y5 and
Xs= o} +82 +&2 + Vo> +1AP. 8D

Ys = (&2 + [AP)E + |Vol). (82)

The elements of the anomalous Green function in Eq. (80)
correspond to Eq. (61). In this case, both the hybridization
and the band asymmetry generate the odd-frequency pairing
correlations. The hybridization induces the correlations

A
Fuigy +Figy =— Z—lano, (83)
5
A . .
»7:22,N + -FZZ,M = Z—la),, Vo (84)
5
The band asymmetry induces
2A .
Frory +Fior +Fapy +Fo1 0 = Z—lwnff- (85)
5

All of them belong to the OTEE class. Since Fs(k,iw,) =
—Fi(k,iw,), all of the odd-frequency pairing correlations are
paramagnetic.
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TABLE IV. The symmetry classification of Cooper pairs with an equal-time spin-triplet s-wave
odd-band-parity pair potential.

Frequency  Spin

Momentum parity Band parity Magnetic response

Pair potential Even Triplet
Induced by V Odd Triplet
Induced by &_ Odd Triplet
Induced by V;,V,, V3 Even Triplet

Even Odd Diamagnetic
Even Even (intra) Paramagnetic
Even Even (inter) Paramagnetic
Odd Even (intra) Diamagnetic

The Green function for Vy = 0 and V3 # 0 are presented in
Egs. (B9) and (80) with v; — sV3 and v, — 0. The spin-orbit
hybridization generates the correlations

A
Fiay = Fup = ——-io Vs, (86)
5

A
Fory —Fnpr = 7 on V. 87)
5

They belong to the OSOE class.

Finally we discuss the effects of spin-flip hybridization V;
and V, on the pairing correlations. The Hamiltonian is given
by Eq. (69) with sA — A. The Green function is presented in
Egs. (B7) and (71) with sA — A. The spin-flip hybridization
generates the pairing correlations that belong to the ETOE
class. The correlations Fij 44 and F»; | are equal to Egs. (74)
and (77), respectively. The remaining components Fj; ;| and
F> 14 change their signs from Egs. (75) and (76), respectively.
The band asymmetry induces

2A
Fiopy + Fiopp + Foipy + Fo i = oA iw,§_, (88)
4

which belongs to the OTEE class and has a paramagnetic
property because of F(k,iw,) = —F;(—k,iw,). The sym-
metry classification results for the spin-triplet order parameter
are summarized in Table IV. The spin-orbit hybridization
generates the equal-spin pairing correlation.

V. CONCLUSION

We have studied the magnetic response of the odd-
frequency pairing correlations appearing in two-band super-
conductors by using analytical expressions of the anomalous
Green function for the Gor’kov equation. We confine ourselves
to the equal-time s-wave pair potential and introduce two
types of hybridization potentials between the two conduction
bands. One is a spin-independent hybridization potential.
The other is a spin-dependent hybridization potential derived
from the spin-orbit interaction. The hybridization potentials
and the asymmetry in the two conduction bands generate
the odd-frequency pairing correlations. We conclude that
odd-frequency pairs always exhibit a paramagnetic response
to external magnetic fields irrespective of their generation
process. By analyzing the self-consistent equation for the
order parameter, we found that the odd-frequency pairing
correlations reduce the superconducting transition temperature
because of their paramagnetic instability. The hybridization
potential also generates even-frequency Cooper pairs, which
belong to a different symmetry class from that of the pair po-
tential. The appearance of the subdominant pairing correlation
can be understood as a deformation of the ground state by

the hybridization and/or the band asymmetry [13]. Thus rich
symmetry variety of Cooper pairs in a uniform ground state is
an essential feature of two-band superconductors.
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APPENDIX A: PARAMAGNETIC PROPERTY OF
ODD-FREQUENCY COOPER PAIRS

The superconducting state is described well by a phe-
nomenological many-body wave function

U(r) = /n,e' ",

where n; is the uniform pair density and ¢ is the macroscopic
phase. The phase coherence is an essential property of
superconductivity, which is described by V¢ =0 in the
uniform ground state. The current density is defined by

€2|‘D|2

(AD)

o

j (W*VW — V) —

A, A2
2mi (A2)
under an external magnetic field H = V x A. By applying
the rigid phase coherence Vg ~ 0, we obtain the so-called
London equation,

nge?

Jj=- A. (A3)
mc
By substituting Eq. (A3) into the Maxwell equation V x H =
(4m/c)j, we obtain
) 1
V'A—-5A=0, (A4)
AL

where A; = (4wnge?/mc*)~2 is the London penetration
length. Equation (A4) indicates the exponential decay of a
magnetic field into a superconductor. Thus all superconductors
are diamagnetic. The negative sign on the right-hand side
of Eq. (A3) is essential in this argument. Indeed, the charge
square e, the electron mass m, the speed of light c, and the
pair density n, are all positive values. The superconducting
condensate decreases its free energy by keeping the rigid
phase coherence, which results in the diamagnetism of a
superconductor. Equation (A1) means nothing other than
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the wave function of Cooper pairs which belong to the
equal-time (even-frequency) spin-singlet s-wave class. Thus
even-frequency Cooper pairs in a uniform superconductor are
diamagnetic.

In a microscopic theory, the electric current is connected
with the vector potential by a response function K as shown
in Appendix C. The Cooper pairs are described by the
anomalous Green function instead of the many-body wave
function in Eq. (A1l). In an inhomogeneous superconductor,
odd-frequency Cooper pairs are generated by the spatial
gradient of pair potential. For instance, odd-frequency pairs
appear at a surface of spin-singlet d-wave or spin-triplet
p-wave superconductor as a subdominant pairing correlation.
Reference [33] demonstrated a paramagnetic response of
odd-frequency pairs to an external magnetic field at surfaces of
such unconventional superconductors. At the London equation
in Eq. (A3), the paramagnetic property is represented by
negative pair density ny < 0, which immediately results in
the penetration of magnetic field into a superconductor in
Eq. (A4). The paramagnetic Cooper pairs attract a magnetic
field and break the phase coherence. As a consequence, the
existence of odd-frequency pairs increases the free energy as
demonstrated in Ref. [34]. Therefore odd-frequency pairs are
thermodynamically unstable. In single-band superconductors,
the odd-frequency pairs always appear locally due to their
instability.

To our knowledge, the odd-frequency pairing correlations
derived from the Bogoliubov-de Gennes Hamiltonian are
always paramagnetic and thermodynamically unstable. Thus
the presence of uniform odd-frequency pairs in two-band
superconductors is a surprising conclusion. To realize stable
and diamagnetic two-band superconducting states, the total
pair density (corresponding to Q in the text) must be positive.

Finally, a relation to Majorana physics [40,41] may be
worth mentioning. We have shown that Majorana fermions in
a topologically nontrivial superconducting nanowire always
accompany odd-frequency pairs [42]. To our knowledge,
subgap quasiparticles in single-band superconductors look like
odd-frequency Cooper pairs.

APPENDIX B: NORMAL GREEN FUNCTION

The normal Green functions are summarized in this
appendix. The results for H, are given by

A 1
Gilkion) = —[{A1 + IVol*6+ + £_K}po
1

—{(B1 — |A_[P)v1 +iD_va}py
+{(B = |A4 P2 +iD_vi}py

H{=X1§- + (lw, +E)K}p3], (B

Al =—(lw, +6)X, Bl =X — (o, +&0)64,  (B2)

at V3 = 0. The two normal Green functions satisfy the relations
Ql (kvlwn) = _gik(k’la)n)

PHYSICAL REVIEW B 92, 224508 (2015)

The normal Green function for H, is given by
s 1 ) R
Golk,iwy) = 2—[{A2 + V"6 +§-K}po
Z
—{(By = [A_P)V1 +iD_sVa}py
—{(B2 = |A_P)sV2 —iD_Vi}p,

+{—X26_ + (lw, +§)K}p3], (B3)
Ay =—(w, +§)X2, By =Xo — (lw, + )5 (B
and satisfies the relation gz(k,iw,,) = —Q;(—k,ia),,)wz_)_vz.

For Hj, the normal Green function at V3 = 0 is given by

A 1
Ga(k,iwy) = 57 s+ EL(E2 + Vol o
3

+ B3vi p1 — Byvapa + (By — |AIDE_p3],
(BS)

Az =—(lw, +61)X3, B3 = X3 — (iw, +§)64.  (BO)

The two normal Green functions are related by g3(k,i wy) =
—Gi(k,i,).
One normal Green function for H, is calculated as

N 1
Galki,) = ——[{As + ELEX+ VDo
4

— B4V1p1 — BysVapy — (By — |AIDE_ps],
B7

Ay =—(iog +81)Xs, By = X4 — (iw, + E4)84.

The other normal Green function can be obtained by using
Q4k’lwn) = _g;{(_k»lwn)

For Hs, the normal Green function at V3 = 0 is represented
by

(B3)

A 1
Gs(k,iwn) = ——[{As + &2 + [Vol o
Zs
—(Bs — |AP)(1p1 — vafy +6-p3)]. (BY)
As = —(iw, +§1)Xs, Bs = X5 — (o, +§)5¢.  (B10)
The two normal Green functions satisfy Q 5k,i wp) =

—Gr(k,iwy).

APPENDIX C: PAIR DENSITY

In this paper, we consider a two-band superconductor in
type II. The relation
jul) = — / 42 K (6. 1) AL (), 1
with x = (r,t) connects the electric current and the vector
potential. Within the linear response to vector potential
[38,39], the electric current is described by

Ju(g, o) = —K (g, 0) A (g, @), (€2
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=5 Y b

r=12a= TL

(k + /2) (k+ /2)1)
YLy y el b

ka0’ AN

X {g)«x,)\’a’(k + q,wy + wl)gk/a’,la(kawn)

K,ul)(qvwl) -

+ f)\a,)ﬂa’(k + q,w, + wl)zx’a’,xa(kvwn)}

(C3)

for a two-band superconductor, where n; , is the electron
density with spin « in the band A, and @y is abosonic Matsubara
frequency. In the static limit w; — 0 and the uniform magnetic
field ¢ — 0, the diagonal element describes the Meissner
effect. In such a case, the Meissner kernel becomes

K = K,,(0,0)
— N« L iil
- AXI:ZaX'r:i m ! %: Vol Xk: ; ; my my d

X {g)\a,)\/a’(kawn)gk’a’,)»a(kvwn)
+ fxa,k’a’(k»wn)z)h/a/,)»a(kva)n)} ) (C4)

where d is the dimensionality of a superconductor. When we
decompose the Green function into

3 3
G = Zgjﬁj, VOWOES Z fib; (C5)
j=0 j=0
in two-band space, we obtain
1 1
Ir=)" oo T o Ey o .0), (C6)

AN

PHYSICAL REVIEW B 92, 224508 (2015)
1
= |:— (f1f + f2f,)
ml
1)\* 1\’
+ [(m_1> - (m_z) i|(foi3 + f3f )

where we omit spin indices « and «’. The kernel becomes

| T T e e E T |

}(fof + f3f, )+

€N

r=L2a=py

(C8)
Equation (C8) can be applied to highly asymmetric two-band
superconductors.

For a simple model in Eq. (7), we obtain

K =" [ i TZfdgTr{gg+ff}] (C9)

mc

at my = mp = m, where £ = k2/2m wr, n, = 4ng with ng
being the electron density for each band per spin, and Tr
represents summation over spin and band degree of freedom.
We have used NovZ/d = no/m, with Ny being the density
of states at the Fermi level in each band per spin. Since the
relation

11 v% N
i ; [T > FTr{gNgN}} =—— (€10

Wy

holds for the Green function in the normal state Gy [38], the
Meissner kernel becomes

nee?

K =

0, (C11)

mc

1
0 :ZTwZ / dETH{GG + FF — GyGn ), (C12)

where Q corresponds to the dimensionless pair density. In the
simple model (7), we obtain Q = 1 at the zero temperature.

[1] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 (2008).

[2] G. R. Stewart, Rev. Mod. Phys. 83, 1589 (2011).

[3] P. M. C. Rourke, M. A. Tanatar, C. S. Turel, J. Berdeklis, C.
Petrovic, and J. Y. T. Wei, Phys. Rev. Lett. 94, 107005 (2005).

[4] G. Seyfarth, J. P. Brison, M.-A. Measson, J. Flouquet, K. [zawa,
Y. Matsuda, H. Sugawara, and H. Sato, Phys. Rev. Lett. 95,
107004 (2005).

[5] V. Moshchalkov, M. Menghini, T. Nishio, Q. H. Chen, A. V.
Silhanek, V. H. Dao, L. F. Chibotaru, N. D. Zhigadlo, and J.
Karpinski, Phys. Rev. Lett. 102, 117001 (2009).

[6] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J.
Akimitsu, Nature (London) 410, 63 (2001).

[7] H. J. Choi, D. Roundy, H. Sun, M. L. Cohen, and S. G. Louie,
Nature (London) 418, 758 (2002).

[8] Y. S. Hor, A.J. Williams, J. G. Checkelsky, P. Roushan, J. Seo,
Q. Xu, H. W. Zandbergen, A. Yazdani, N. P. Ong, and R. J. Cava,
Phys. Rev. Lett. 104, 057001 (2010).

[9] L. Fu and E. Berg, Phys. Rev. Lett. 105, 097001 (2010).

[10] A. M. Black-Schaffer and A. V. Balatsky, Phys. Rev. B 88,
104514 (2013); 87, 220506(R) (2013).

[11] Y. Tanaka and A. A. Golubov, Phys. Rev. Lett. 98, 037003
(2007).

[12] Y. Tanaka, M. Sato, and N. Nagaosa, J. Phys. Soc. Jpn. 81,
011013 (2012).

[13] Y. Asano, Ya. V. Fominov, and Y. Tanaka, Phys. Rev. B 90,
094512 (2014).

[14] V. L. Berezinskii, JETP Lett. 20, 287 (1974).

[15] A. Balatsky and E. Abrahams, Phys. Rev. B 45, 13125 (1992).

[16] M. Vojta and E. Dagotto, Phys. Rev. B 59, R713 (1999).

[17] T. R. Kirkpatrick and D. Belitz, Phys. Rev. Lett. 66, 1533
(1991); D. Belitz and T. R. Kirkpatrick, Phys. Rev. B 46, 8393
(1992).

[18] P. Coleman, A. Georges, and A. M. Tsvelik, J. Phys.: Condens.
Matter 9, 345 (1997); P. Coleman, E. Miranda, and A. Tsvelik,
Phys. Rev. B 49, 8955 (1994).

224508-10


http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1103/RevModPhys.83.1589
http://dx.doi.org/10.1103/RevModPhys.83.1589
http://dx.doi.org/10.1103/RevModPhys.83.1589
http://dx.doi.org/10.1103/RevModPhys.83.1589
http://dx.doi.org/10.1103/PhysRevLett.94.107005
http://dx.doi.org/10.1103/PhysRevLett.94.107005
http://dx.doi.org/10.1103/PhysRevLett.94.107005
http://dx.doi.org/10.1103/PhysRevLett.94.107005
http://dx.doi.org/10.1103/PhysRevLett.95.107004
http://dx.doi.org/10.1103/PhysRevLett.95.107004
http://dx.doi.org/10.1103/PhysRevLett.95.107004
http://dx.doi.org/10.1103/PhysRevLett.95.107004
http://dx.doi.org/10.1103/PhysRevLett.102.117001
http://dx.doi.org/10.1103/PhysRevLett.102.117001
http://dx.doi.org/10.1103/PhysRevLett.102.117001
http://dx.doi.org/10.1103/PhysRevLett.102.117001
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1038/nature00898
http://dx.doi.org/10.1038/nature00898
http://dx.doi.org/10.1038/nature00898
http://dx.doi.org/10.1038/nature00898
http://dx.doi.org/10.1103/PhysRevLett.104.057001
http://dx.doi.org/10.1103/PhysRevLett.104.057001
http://dx.doi.org/10.1103/PhysRevLett.104.057001
http://dx.doi.org/10.1103/PhysRevLett.104.057001
http://dx.doi.org/10.1103/PhysRevLett.105.097001
http://dx.doi.org/10.1103/PhysRevLett.105.097001
http://dx.doi.org/10.1103/PhysRevLett.105.097001
http://dx.doi.org/10.1103/PhysRevLett.105.097001
http://dx.doi.org/10.1103/PhysRevB.88.104514
http://dx.doi.org/10.1103/PhysRevB.88.104514
http://dx.doi.org/10.1103/PhysRevB.88.104514
http://dx.doi.org/10.1103/PhysRevB.88.104514
http://dx.doi.org/10.1103/PhysRevB.87.220506
http://dx.doi.org/10.1103/PhysRevB.87.220506
http://dx.doi.org/10.1103/PhysRevB.87.220506
http://dx.doi.org/10.1103/PhysRevLett.98.037003
http://dx.doi.org/10.1103/PhysRevLett.98.037003
http://dx.doi.org/10.1103/PhysRevLett.98.037003
http://dx.doi.org/10.1103/PhysRevLett.98.037003
http://dx.doi.org/10.1143/JPSJ.81.011013
http://dx.doi.org/10.1143/JPSJ.81.011013
http://dx.doi.org/10.1143/JPSJ.81.011013
http://dx.doi.org/10.1143/JPSJ.81.011013
http://dx.doi.org/10.1103/PhysRevB.90.094512
http://dx.doi.org/10.1103/PhysRevB.90.094512
http://dx.doi.org/10.1103/PhysRevB.90.094512
http://dx.doi.org/10.1103/PhysRevB.90.094512
http://dx.doi.org/10.1103/PhysRevB.45.13125
http://dx.doi.org/10.1103/PhysRevB.45.13125
http://dx.doi.org/10.1103/PhysRevB.45.13125
http://dx.doi.org/10.1103/PhysRevB.45.13125
http://dx.doi.org/10.1103/PhysRevB.59.R713
http://dx.doi.org/10.1103/PhysRevB.59.R713
http://dx.doi.org/10.1103/PhysRevB.59.R713
http://dx.doi.org/10.1103/PhysRevB.59.R713
http://dx.doi.org/10.1103/PhysRevLett.66.1533
http://dx.doi.org/10.1103/PhysRevLett.66.1533
http://dx.doi.org/10.1103/PhysRevLett.66.1533
http://dx.doi.org/10.1103/PhysRevLett.66.1533
http://dx.doi.org/10.1103/PhysRevB.46.8393
http://dx.doi.org/10.1103/PhysRevB.46.8393
http://dx.doi.org/10.1103/PhysRevB.46.8393
http://dx.doi.org/10.1103/PhysRevB.46.8393
http://dx.doi.org/10.1088/0953-8984/9/2/002
http://dx.doi.org/10.1088/0953-8984/9/2/002
http://dx.doi.org/10.1088/0953-8984/9/2/002
http://dx.doi.org/10.1088/0953-8984/9/2/002
http://dx.doi.org/10.1103/PhysRevB.49.8955
http://dx.doi.org/10.1103/PhysRevB.49.8955
http://dx.doi.org/10.1103/PhysRevB.49.8955
http://dx.doi.org/10.1103/PhysRevB.49.8955

ODD-FREQUENCY COOPER PAIRS IN TWO-BAND ...

[19] D. Solenov, I. Martin, and D. Mozyrsky, Phys. Rev. B 79, 132502
(2009).

[20] H. Kusunose, Y. Fuseya, and K. Miyake, J. Phys. Soc. Jpn. 80,
054702 (2011).

[21] S. Hoshino and Y. Kuramoto, Phys. Rev. Lett. 112, 167204
(2014).

[22] L. Komendova, A. V. Balatsky, and A. M. Black-Schaffer, Phys.
Rev. B 92, 094517 (2015).

[23] A. Aperis, P. Maldonado, and P. M. Oppeneer, Phys. Rev. B 92,
054516 (2015).

[24] Y. Tanaka, Y. Asano, A. A. Golubov, and S. Kashiwaya, Phys.
Rev. B 72, 140503(R) (2005).

[25] Y. Asano, A. A. Golubov, Ya. V. Fominov, and Y. Tanaka, Phys.
Rev. Lett. 107, 087001 (2011).

[26] S.Higashitani, H. Takeuchi, S. Matsuo, Y. Nagato, and K. Nagai,
Phys. Rev. Lett. 110, 175301 (2013).

[27] S. Mironov, A. Mel’nikov, and A. Buzdin, Phys. Rev. Lett. 109,
237002 (2012).

[28] A.DiBernardo,Z. Salman, X. L. Wang, M. Amado, M. Egilmez,
M. G. Flokstra, A. Sulter, S. L. Lee, J. H. Zhao, T. Prokscha, E.
Morenzoni, M. G. Blamire, J. Linder, and J. W. A. Robinson,
Phys. Rev. X 5, 041021 (2015).

[29] A. Di Bernardo, S. Diesch, Y. Gu, J. Linder, G. Divitini, C.
Ducati, E. Scheer, M. G. Blamire, and J. W. A. Robinson, Nat.
Commun. 6, 8053 (2015).

PHYSICAL REVIEW B 92, 224508 (2015)

[30] F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. Lett.
86, 4096 (2001); Rev. Mod. Phys. 77, 1321 (2005).

[31] Y. Tanaka and S. Kashiwaya, Phys. Rev. B 70, 012507
(2004).

[32] Y. Asano, Y. Tanaka, A. A. Golubov, and S. Kashiwaya, Phys.
Rev. Lett. 99, 067005 (2007).

[33] S.-I. Suzuki and Y. Asano, Phys. Rev. B 89, 184508 (2014).

[34] S.-1. Suzuki and Y. Asano, Phys. Rev. B 91, 214510 (2015).

[35] H. Suhl, B. T. Matthias, and L. R. Walker, Phys. Rev. Lett. 3,
552 (1959).

[36] C. C. Sung and V. K. Wong, J. Phys. Chem. Solids 28, 1933
(1967).

[37] A. A. Golubov and I. I. Mazin, Phys. Rev. B 55, 15146 (1997).

[38] A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski,
Methods of Quantum Field Theory in Statistical Physics (Dover,
New York, 1975).

[39] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
Farticle Systems (Dover, New York, 2003).

[40] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev. Lett.
105, 077001 (2010); J. D. Sau, S. Tewari, R. M. Lutchyn,
T. D. Stanescu, and S. Das Sarma, Phys. Rev. B 82, 214509
(2010).

[41] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett. 105,
177002 (2010).

[42] Y. Asano and Y. Tanaka, Phys. Rev. B 87, 104513 (2013).

224508-11


http://dx.doi.org/10.1103/PhysRevB.79.132502
http://dx.doi.org/10.1103/PhysRevB.79.132502
http://dx.doi.org/10.1103/PhysRevB.79.132502
http://dx.doi.org/10.1103/PhysRevB.79.132502
http://dx.doi.org/10.1143/JPSJ.80.054702
http://dx.doi.org/10.1143/JPSJ.80.054702
http://dx.doi.org/10.1143/JPSJ.80.054702
http://dx.doi.org/10.1143/JPSJ.80.054702
http://dx.doi.org/10.1103/PhysRevLett.112.167204
http://dx.doi.org/10.1103/PhysRevLett.112.167204
http://dx.doi.org/10.1103/PhysRevLett.112.167204
http://dx.doi.org/10.1103/PhysRevLett.112.167204
http://dx.doi.org/10.1103/PhysRevB.92.094517
http://dx.doi.org/10.1103/PhysRevB.92.094517
http://dx.doi.org/10.1103/PhysRevB.92.094517
http://dx.doi.org/10.1103/PhysRevB.92.094517
http://dx.doi.org/10.1103/PhysRevB.92.054516
http://dx.doi.org/10.1103/PhysRevB.92.054516
http://dx.doi.org/10.1103/PhysRevB.92.054516
http://dx.doi.org/10.1103/PhysRevB.92.054516
http://dx.doi.org/10.1103/PhysRevB.72.140503
http://dx.doi.org/10.1103/PhysRevB.72.140503
http://dx.doi.org/10.1103/PhysRevB.72.140503
http://dx.doi.org/10.1103/PhysRevB.72.140503
http://dx.doi.org/10.1103/PhysRevLett.107.087001
http://dx.doi.org/10.1103/PhysRevLett.107.087001
http://dx.doi.org/10.1103/PhysRevLett.107.087001
http://dx.doi.org/10.1103/PhysRevLett.107.087001
http://dx.doi.org/10.1103/PhysRevLett.110.175301
http://dx.doi.org/10.1103/PhysRevLett.110.175301
http://dx.doi.org/10.1103/PhysRevLett.110.175301
http://dx.doi.org/10.1103/PhysRevLett.110.175301
http://dx.doi.org/10.1103/PhysRevLett.109.237002
http://dx.doi.org/10.1103/PhysRevLett.109.237002
http://dx.doi.org/10.1103/PhysRevLett.109.237002
http://dx.doi.org/10.1103/PhysRevLett.109.237002
http://dx.doi.org/10.1103/PhysRevX.5.041021
http://dx.doi.org/10.1103/PhysRevX.5.041021
http://dx.doi.org/10.1103/PhysRevX.5.041021
http://dx.doi.org/10.1103/PhysRevX.5.041021
http://dx.doi.org/10.1038/ncomms9053
http://dx.doi.org/10.1038/ncomms9053
http://dx.doi.org/10.1038/ncomms9053
http://dx.doi.org/10.1038/ncomms9053
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/PhysRevB.70.012507
http://dx.doi.org/10.1103/PhysRevB.70.012507
http://dx.doi.org/10.1103/PhysRevB.70.012507
http://dx.doi.org/10.1103/PhysRevB.70.012507
http://dx.doi.org/10.1103/PhysRevLett.99.067005
http://dx.doi.org/10.1103/PhysRevLett.99.067005
http://dx.doi.org/10.1103/PhysRevLett.99.067005
http://dx.doi.org/10.1103/PhysRevLett.99.067005
http://dx.doi.org/10.1103/PhysRevB.89.184508
http://dx.doi.org/10.1103/PhysRevB.89.184508
http://dx.doi.org/10.1103/PhysRevB.89.184508
http://dx.doi.org/10.1103/PhysRevB.89.184508
http://dx.doi.org/10.1103/PhysRevB.91.214510
http://dx.doi.org/10.1103/PhysRevB.91.214510
http://dx.doi.org/10.1103/PhysRevB.91.214510
http://dx.doi.org/10.1103/PhysRevB.91.214510
http://dx.doi.org/10.1103/PhysRevLett.3.552
http://dx.doi.org/10.1103/PhysRevLett.3.552
http://dx.doi.org/10.1103/PhysRevLett.3.552
http://dx.doi.org/10.1103/PhysRevLett.3.552
http://dx.doi.org/10.1016/0022-3697(67)90171-0
http://dx.doi.org/10.1016/0022-3697(67)90171-0
http://dx.doi.org/10.1016/0022-3697(67)90171-0
http://dx.doi.org/10.1016/0022-3697(67)90171-0
http://dx.doi.org/10.1103/PhysRevB.55.15146
http://dx.doi.org/10.1103/PhysRevB.55.15146
http://dx.doi.org/10.1103/PhysRevB.55.15146
http://dx.doi.org/10.1103/PhysRevB.55.15146
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1103/PhysRevB.82.214509
http://dx.doi.org/10.1103/PhysRevB.82.214509
http://dx.doi.org/10.1103/PhysRevB.82.214509
http://dx.doi.org/10.1103/PhysRevB.82.214509
http://dx.doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/10.1103/PhysRevLett.105.177002
http://dx.doi.org/10.1103/PhysRevB.87.104513
http://dx.doi.org/10.1103/PhysRevB.87.104513
http://dx.doi.org/10.1103/PhysRevB.87.104513
http://dx.doi.org/10.1103/PhysRevB.87.104513



