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We study a superconductor Josephson junction with a Bogoliubov Fermi surface, employing McMillan’s
Green’s function technique. The low-energy degrees of freedom are described by spinless fermions (bogolons),
where the characteristic feature appears as an odd-frequency pair potential. The differential equation of the
Green’s function is reduced to the eigenvalue problem of the non-Hermitian effective Hamiltonian. The physical
quantities such as the density of states and pair amplitude are then extracted from the obtained Green’s function.
We find that the zero energy local density of states at the interface decreases as the relative phase of the Josephson
junction increases. This decrease is accompanied by the generation of an even-frequency pair amplitude near the
interface. We also clarify that the m-junction-like current phase relation is realized in terms of bogolons. In
contrast to conventional s-wave superconductor junctions, where even-frequency pairs dominate in the bulk
and odd-frequency pairs are generated near the interface, our findings illuminate the distinct behaviors of
junctions with Bogoliubov Fermi surfaces. We further explore spatial dependencies of these physical quantities

systematically using quasiclassical Green’s functions.
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I. INTRODUCTION

The superconductors (SCs) with gapless fermionic exci-
tations, known as Bogoliubov Fermi surfaces (BFSs) [1-4],
have been the subject of both theoretical [5-37] and ex-
perimental [38-42] studies. BFSs have intriguing physics
due to their potential to exhibit characteristics distinct from
the Fermi surface consisting of electrons in normal metals
[16,17,21,22]. Such an exotic state of quantum matter is po-
tentially realized in Fe(Se,S), where the remaining density of
states (DOS) and gapless quasiparticle behaviors below the
transition temperature are observed [38,39,41,42]. Residual
DOS is observed in other superconductors [43], which are also
candidate systems with BFSs.

Our previous works have demonstrated that BFSs host
purely odd-frequency Cooper pairs composed of Bogoliubov
quasiparticles (bogolons), which is a distinct feature absent
in conventional SCs [21,37]. Specifically, we focused on the
bulk state of bogolons near the BFS, which are described
by spinless fermions [17,21,22,44]. We have evaluated the
self-energy of bogolons by considering the impurity and in-
teraction effects, where a standard perturbative technique is
employed as used in conventional Fermi liquid theory. Since
the number of bogolons is not a conserved quantity in contrast
to that of electrons in the normal metal, the anomalous part
of the self-energy, i.e., the pair potential, is finite, which makes
the bogolon system different from normal Fermi liquid. The
time dependence of this pair potential has a purely odd func-
tional form [45], which is interpreted as the generation of the
odd-frequency Cooper pair composed of bogolons in the bulk.

Up to now, pursuing the odd-frequency pairing has been
an important issue in strongly correlated systems, and there
have been theoretical proposals in (multichannel) Kondo lat-
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tice models [26,46-60], itinerant correlated electron models
[61-71], disordered systems [72-75], electron-phonon cou-
pled systems [76,77], SCs with the BFS [21,27,28], and
other systems [78,79]. If the standard relation Fg(ia)n) =
F}(—iw,) for the anomalous Green’s function is taken, the
generation of pure odd-frequency pairs in the bulk has a
difficulty from the viewpoints of stability [44,80]. Also, the
pure odd-frequency pairing with another relation F,} (iw,) =
—F)(—iw,) [81,82] has a difficulty when it coexists with the
odd-frequency pairing [83,84] generated by the translational
symmetry breaking of conventional even-frequency supercon-
ductor [85-97]. On the other hand, the odd-frequency pairing
of bogolons discussed in this paper is more naturally induced
by the self-energy effect for the systems with the BFS [21,37],
where the standard relation F, ler (iw,) = F;{(—iw,) holds in the
bulk.

Thus, the low-energy bogolon model is a suitable platform
to study the physical properties of the odd-frequency Cooper
pair [21,44]. In contrast to the previous discussions focused
on the bulk properties [21,37,44], it is noteworthy that the
translational and inversion symmetries are broken at surfaces
and interfaces. Namely, odd-frequency pairs can be induced
at the surface or the interface of conventional even-frequency
SCs as a result of lack of translational symmetry [87-89].
Hence, it is interesting to study induced even-frequency pairs
at the interface of the odd-frequency SC.

In this paper, we study the junction of the SC with the
BFS based on the bogolon model. The schematic figure is
illustrated in Fig. 1(a). As shown in the next section, we begin
with the Gor’kov equation with different self-energies used
for left- (x < 0) and right-side (x > 0) systems. Here, we use
the techniques of non-Hermitian quantum mechanics [98,99]
and McMillan’s formalism for the Green’s function [100],
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(a) Bogolon junction
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(b) s-wave SC junction

FIG. 1. Schematic figure of one-dimensional SC junction. We
consider two systems: (a) Bogolon junction and (b) s-wave SC
junction.

which has been used in the conventional SC junctions with
even-frequency pair potential [30,97,101-105]. We study a
spatial dependence of the physical quantities such as the local
density of states based on the Green’s function, and also quasi-
classical Green’s function [106—108], which extracts a slowly
varying component. Since the relation between physical quan-
tities in terms of bogolons and experimental observables is not
trivial and depends on specific details of each superconductor,
we focus on properties of bogolons in this paper as a first step
to understanding the junction with the BFS. We emphasize
that the bogolon junction is regarded as a Josephson junction
of the bulk odd-frequency pairing state, which has never been
explored and is a foundation to understanding superconductor
junctions with the BFS.

The rest part of this paper is organized as follows. In
Sec. II, we introduce the Green’s function following a McMil-
lan’s method. Before showing the results for the system with
the BFS, we first summarize the result of the s-wave SC junc-
tion for reference in Sec. III. Section IV provides the result of
the Green’s function and physical quantities at the interface of
the bogolon junction. In Sec. V, we evaluate the quasiclassical
Green’s function to study the slowly-varying spatial compo-
nent of both even and odd-frequency pair amplitudes. We
summarize the paper in Sec. VI. The connection between bo-
golon and original electronic degrees of freedom is explained
in Appendix A. The detailed calculation of the McMillan
Green’s function is given in Appendix B. The detailed results
for the conventional spin-singlet s-wave SC case are listed in
Appendix C as a reference. The specific forms of physical
quantities in quasiclassical representations are given in
Appendix D.

II. MCMILLAN GREEN’S FUNCTION

A. Setup of bogolon junction

We consider a one-dimensional SC junction by combin-
ing the systems with BFSs, where low-energy behaviors are
described by spinless bogolons [17,21,22,44] (bogolon junc-
tion). We also consider the conventional s-wave SC junction in
order to discuss the unique properties of the bogolon junction
by comparing the two systems. Figure 1 shows schemat-
ics of these two systems. The interface is located at x = 0.
Although we focus on one-dimensional systems, our formula-

tion can be extended to a three-dimensional junction system
straightforwardly by considering quantum numbers (k,, k;)
with translational symmetry along y and z directions. The self-
energies take different values between the left side (x < 0)
and the right side (x > 0). In the following of this paper, we
concentrate mainly on the bogolon model. The results for
the conventional s-wave SC are summarized in Sec. III and
Appendix C.

We consider the BFS in a time-reversal symmetry bro-
ken superconductor [3,4,13,14], where elementary excita-
tions near the BFS are described by spinless fermions
[17,21,22,44]. Since the pair of bogolons is realized by taking
into account the anomalous self-energy [21,37], the Green’s
function formalism is suitable for the description of bogolon
junctions. The Green’s function is defined in terms of bo-
golons’ creation/annihilation operators as

G(t,x,x) = —(Ta(r, x)a' (")), 1))

where 7 is a time ordering, and A(7) is a imaginary-time
Heisenberg representation of an operator A. The vector op-
erator is given by @(x) = (a(x), ' (x))T where a(x) is an
annihilation operator for the low-energy bogolon. The hat
symbol (") indicates 2x2 matrices in Nambu space. We re-
quire the Green’s function to satisfy the two (left- and right-)
Gor’kov equations in the fermionic Matsubara frequency (w;,,)
domain, which are explicitly given by

liw,1 — Hy(x) — £ (iwy, X)1G(wn, x, X)) = 8(x —x'), (2)
G(iwy, x, X)iwnl — Ho(x') — E(iw,, x)] = 8(x —x'), (3)

where f)(iw,,,x) is a self-energy matrix, and 1 is a two di-
mensional identity matrix. Hyp(x) in Egs. (2) and (3) is a
Hamiltonian of ideal bogolon gas with the barrier potential:

2 12

Hy(x) = [——— -

ma2 Mt VB(S(X)}fZ, “

where m and p are effective mass and chemical potential of
bogolons, respectively. In the above equation, we introduce
the barrier potential Vg at the interface x = 0. Since we con-
sider the same Hy(x) between the right side (x > 0) and the
left side (x < 0), we assume that both sides are the same
material.

In conventional superconductivity, a spin-dependent bar-
rier can have a significant effect [109]. However, in the
bogolon model, the effects of both magnetic and nonmagnetic
impurities in terms of original electrons are reflected only
in the magnitude of Vg because of the spinless nature of
bogolons.

The model of bogolon for the bulk was introduced in
our previous works [21,37]. The low-energy bogolons form
pure odd-frequency pairs in the bulk. Here, we phenomeno-
logically introduce the spatial dependence of the self-energy
$(iwp, x) given by

S (iwy,, x) = —i<lF2 1(%)*

The presence of the sign function represents the odd-
frequency pair potential in the off-diagonal part. The spatial

2 (x)
Fl(x)> sgn w,. 5)
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dependence of I';(x) and ', (x) are given by

My (x) = {E; oo (©)
Tyl = ToLle™ (x < 0),

Ih(x) = i @)

Ior = [Torle® (x> 0),

where I}, (r = R, L) is a positive constant and corresponds to
the quasiparticle dumping of bogolons. On the other hand, Iy,
is a complex number. We note that I';, and I';, must satisfy
the relation I'j, > |T'p,| (0 < |I'2+|/T1 < 1) to guarantee the
positive DOS in the bulk [21,22,44]. The schematic figure of
our setup is illustrated in Fig. 1(a).

B. Origin of phase of pair potential

Let us comment on the correspondence of our bogolon
model with the original electron degrees of freedom, on which
bogolons are based. While the origins of the pair potential
of bogolon have already been discussed in Refs. [21,22,37],
we briefly revisit the discussion with a particular focus on
the origin of the phase of the pair potential for bogolons,
which is crucial in the Josephson junction. Let us consider the
impurity scattering as an origin of the self-energy. The phase
of the pair potential for bogolons can be understood by the
following two steps. The first step is to recognize that impurity
effects on anomalous self-energy for bogolons enter through
o a-type diagonal scattering (U;) and a o f-type off-diagonal
one (U,) [37]. The second step is to recognize that the latter
scattering potential is composed of the product of two types
of wave functions u (electron wave function) and v (hole wave
function). Therefore the superconducting phase of the original
electron’s pair potential (arg uv) is reflected in U,, and is then
also inherited to bogolon’s pair potential I';. On the other
hand, U, is composed of products of u*u and v*v, both of
which do not carry the phase of superconducting pair poten-
tial. The more detailed expressions are given in Appendix A
and Ref. [21].

C. McMillan Green’s function

In order to solve the Gor’kov equations given in
Egs. (2) and (3), we employ the McMillan’s formalism
[30,97,100-105]. We consider the following two eigenequa-
tions for a given w,:

[Ho(x) + (@, V)W () = iw, ¥(x), ®)
U () [Ho(x) + E(iw,, ©)] = iw, U (x)". ©)

Once these eigenequations are solved, the Green’s function
is then expressed as the bilinear form of the eigenfunctions
W and ¥ as will be shown later [see Eq. (15)]. In Egs. (8)
and (9), Hy(x) + £(iw,, x) can be regarded as an effective
Hamiltonian which is not necessarily Hermitian. Then, as
we will discuss in Sec. II D, we evaluate the Green’s func-
tion using a biorthogonal basis employed for non-Hermitian
Hamiltonian systems [98,99]. Note that the junctions with
the non-Hermitian system have been discussed in previous
studies [110,111]. On the other hand, the non-Hermiticity
discussed in this paper is derived from self-energy. Therefore
the relation $(—iw,, x) = £ (iw,, x) derived from standard

wih)

A
all) 4—
oSt ——

+ (+) (=) + — _
_>Cout Aout, +— e Cgut)
- (+) 1.(—) — + (—
—>d, ) — | — dout)
(+) ()
\Ijin \Ilin
+ _
G- G-
— +) (=) — + -
q ai(n ) Cin h qai(n )
+ + - + — -
— " d\) — — )
FIG. 2. Four types of eigenfunctions. The blue (4) arrows and
red (—) arrows indicate the particle- and the hole-like plane waves,
respectively. The dashed lines represent the incident waves. The
directions of arrows indicate the group velocity. The sign in the

superscript of W, a, b, ¢, and d indicates particle- (4) or hole-like
particle (—) incident.

) 4;

di)) —

Lehmann representation is always satisfied in our formulation.
In this paper, the non-Hermitian formalism is just a method-
ology to solve Egs. (8) and (9).

In this section, we consider the case of w, > 0. Since
the self-energy does not depend on the spatial coordinate x
once x > 0 or x < O is specified [see Egs. (6) and (7)], the
eigenfunction for Eq. (8) can be expressed by the plane wave,
as in an ordinary scattering problem. Although the following
argument in this section is essentially the same as the case
for the conventional SC junction, whose ¥ given by Eq. (C1)
is Hermitian [30,97,100-105], it can also be applied to our
bogolon model with Eq. (5).

We need to consider the four types of independent eigen-
functions [outgoing/incoming (out/in), particle/hole (4/—)]
shown in Fig. 2 [30,97,101-105], which depend on the inci-
dent plane wave indicated by dashed lines. For example, the

outgoing particle wave function \I/f,jt) is given by

+ —_
ikt [ U +) ik [ U
elka(v]jr> + agm)elka<vL>
L L

+ +) ikt u
LR S (x < 0),
+ —
cWPelkx ("R ) 4 giDe—ikex ("R ) (x > 0),
VR VR
(10)

which is a linear combination of the bulk solutions. In
the above expression, the wave number k=, kinetic energy
Q,(iw,), and the bulk wave functions u*, v¥ (r = L, R) sat-
isfy the following relations:

K = e/ £ o)l (an
A Lli ui

[+, (i0,)E" + zr(iwm( ;) = u»( ;). (12)
v; v;

The solution of Eq. (12) is discussed in the next section in
detail. Note that €2,(iw,) can also be represented in another
form as shown later [see Eq. (22)]. In Eq. (12), (u;f), v )T
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corresponds to the particle (hole) eigenfunction. The
eigenfunctions corresponding to ¥ in Eq. (9) are denoted as
(@, 9;)"

As seen in Fig. 2, the coefficients a'.) and a( corre-
spond to the reflection from particle to hole. Then we call
this type of reflection as Andreev reflection of bogolons,
which is analogous to the conventional SC junctions. Sim-
ilarly, we call “b), b and “c;), ¢ in Eq. (10)
and Fig. 2 as normal reflection and normal transmis-
sion, respectively. The transmission from particle to hole

+)

is reflected in “d, d(i) ” The specific expressions of
& ) pE & (:E) B A (#)
Aout > Gip > by » bln » Cout» Cip > dyy( > and din are deter-

mined by the boundary conditions at x = 0 [30,97,100-105],
which are given by

U =40") = WP (x =

—07), (13)

J

WP 0D ()T + o WP 00D ()T +

Gliwy, x,x') =

B )P o) + B ()P ()T +

where coefficients oy, ..., o4 and By, ..., B4 are determined
by the boundary conditions at x = 0, which are given by

Gliwp, x = X' +07,x) = Gliw,, x —> X +07,x)  (16)

and

N
— —G(iw,, x, x") =—
x=x'—0% h

7)

0 A .
—G(iwy, x, x)
ax x=x'4+01

We note that Eq. (17) is derived from the Gor’kov equations in
Egs. (2) and (3). The Green’s function for w, < O can be
evaluated by the conjugate relation

G(—iw,, x, x') = G’ (iw,, X', x), (18)

which is derived from the Lehmann representation of the
Green’s function.

We emphasize again that Eq. (15) can be used for both
bogolon (non-Hermite case) and s-wave SC (Hermite case). In
the next section, we evaluate the specific form of u, , ;‘E ﬂf,
and 9F by using a biorthogonal basis, which can be applied to
both the Hermite (s-wave SC junction) and the non-Hermite
cases (boglon junction).

D. Solution of auxiliary non-Hermitian problem

Now we consider the concrete eigenvalue problem, in
which the characteristic feature of bogolons, i.e., Non-
Hermitian nature of effective Hamiltonian, is reflected. The
following discussion can be used for both w, > 0 and w, < 0.
First we write down Eq. (12) for the r-side (r =R for x > 0

AU (x)

out

AW (x)

oul

oy
dx = LBy

out .
h x=0

(14)

x=0t x=—0F

We also impose the same conditions on \IJ( ). These con-
ditions are similar to those in the scattering problem with
the barrier Eotennal of quantum mechanics. The specific
forms of ag/. afy”, bl by cqils ey, doy!, and diF
are listed in Egs. (B11)—(B18). We also evaluate the eigen-
function Wou(x), ¥in(x) in Eqg. (9) in a manner similar to
Wour (), Win(x).

Using the four types of eigenfunctions described in Fig. 2,
the Green’s function is expressed in the following form
[30,97,101-105]:

@z W ()W T 4+ W (0B,

out (x < x),

yeon
(15)

B )TN T + BTN (x> X)),

(

and r = L forx < 0) as

(ﬂ:szr(iwu

— il sgnw,

S:F (in)

ot
= 1wy, + -
v,

For the bogolon junction, we set ['j, >0, S, (iw,) =
—ilsgnw,, S} (iw,) = —iI'5, sgn w, [if we set I';, = 0 and
S,(iwy) = S (iw,)* = A,, Eq. (19) applies to the s-wave SC].
Since the matrix in Eq. (19) is non-Hermitian, it is necessary
to consider the following Hermite conjugate version:

+Q, (iwp)* + iT1ysgn w, SH(iwp)*
S, (w,)* FQ(iw,)* +

i e
x = (iwn)"
~tx PES N
v U2
The wave functions u, #, vE, and 7 satisfy the following

biorthogonal condition [112], which is used in the context of
non-Hermitian quantum mechanics [98,99]:

S, (iwy) (uf)
TQ, (iw,) — iC1sgnw, )\

(19)

il'1,sgn w,

(20)

+ +

u u +vv, = 1. (21)

From Egs. (19) and (20), 2, (iw,) is determined as

Q(iwy) = \/(iwn +il1,sgnwy)* — S, (iw,)S} (iw,).  (22)

We note that €2, (iw,) is an even function of w, in the bogolon
model (this is also true for the s-wave SC).

As discussed in Sec. IIC, the coefficients «q, ..., a4
and By, ..., B4 in Eq. (15) are determined by the boundary
conditions for the Green’s function in Egs. (16) and (17).
The specific form of «y,...,a4 and B, ..., B4 are listed
in Egs. (B3)-(B10). Using these coefficients, the Green’s
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function Eq. (15) for x, x’ < 0 is reduced to

A m(iw, +1ilsgn w DN ,
G(lw,,,x,x’): (iwy, 1LSZN wy) |:(elkfx x| +b5)Jurt)e 1kf(x+x))<

it ot T

LU ULV 4 ek kY uguy, U vy
. N - t ~ ~—
ikp 2 Q1 (iwy) Far o vtot ou + +

UTTY

—~— —~t —~
I/t U, v Uy, u Uy v
L L"L - + 4/ L*”L L"L
~) + (()m)elk X— lk ( C ~+>} (23)

+
URZTRURYY vy v U

v

+( —iky |x x\+b( ) ik (x+x))<

where kg is a Fermi wave vector of bogolons and a., and bﬁ,ft) are coefficients in lI/éft)(x). This expression, which includes

six terms, provides a clearer physical meaning than Eq. (15) [101]. Namely, the first line describes particle behavior, while the

second line describes hole behavior. The contrlbutlons from the bulk are represented by the first and fourth terms. The second

and the fifth terms, which are proportional to bout , correspond to the normal reflection. The third and sixth terms proportional to
a®) represent the contributions from the Andreev reflection.

out

E. Concrete form of Green’s function

In the following of this paper, we focus on the bogolon junction with I'j;, = I'jg and |y | = |T'2r|. The concrete form of the
Green’s function in this section is one of the central results of this paper. Using the functional forms of u", v, #™, and ¥

given in Appendix B, the Green’s function for x, x' < 0 is obtained as follows:

m (eI 4 Bl ik () iy +iTisgn o, + 2 (ion)
2ikeh* Q. (iw,) ot —il% sgn w,

+ a((;]rl) efikfforikfx’ (

o —ily sgn w,
G(iwy, x,x') = 2158 )

ia)n + iFlLsgn wy — QL(la)n)

i|F2L|Sg1’1 Wy

i|l"o |sgn w,

191 [10)” + lrlLsgr1 Wy + QL(la)n)]
_e_ieL [1wn + il—‘lLSgn Wy — QL(lwn)]

ia),, + iFlLSgI’l Wy — QL(la)n)

I (e—ikL’ g Eg;t)eikg(x-&-x’)) ( —ilMpLsgn w, >

—iI'}; sgn w, iw, + il sgn w, + Q. (iw,)
ek ' i|To [sgn w, —el%iw, +ilLsgn w, — Qp(iw,)] 24)
out _e_leL [16!),, + iFILSgn Wy + QL(la)n)] i|l—12L|Sgn Wy
with
D i,y = 2SN Onl((0n + T isgn ) in?(9/2) £ Qi) $in(6/2) c05(0/2) 03)
1a)l - . . . ’
ou Z2Q(iw,)? + (iw, + iTiLsgn w,)? + [ToL | cos*(6/2)
. . 2
bf,ft)( ©,) = — Z(Z £ isgn w,)2 (1wy,) 26)

Z2Q (iwp)? + (o, + i iLsgn @,)* + [Tar|? cos?(0/2)

(

We have introduced the relative phase of the pair potential
0 = 0gr — O, with —r < 6 < 7 and defined

_ mVB
T ke

which represents a magnitude of the delta-function barrier
potential at x = 0.

@7

F. Physical quantities
1. s-wave component

Let us consider the physical quantities derived from the
McMillan Green’s function. From the local Green’s function
(x = x’), we define the s-wave component (i.e., symmetric in
terms of the exchange of x and x”) of the pair amplitude as

Fy(iwy, x) = [G(iwy, x, X)]12. (28)

We employ the Matsubara frequency representation for the
pair amplitude, which is useful to recognize the even- and
odd-frequency components.

We can also evaluate the local density of states (LDOS)
of bogolons from the local Green’s function. The LDOS of
bogolons is defined by using the diagonal components of the
retarded Green’s function, which is obtained through analyti-
cal continuation with respect to frequency:

1 A
D(w, x) = ——ImTr G(w + 10T, x, x), (29)
b4
with which the probability density of bogolons is identified.

2. p-wave component

Next, we define p-wave component of Green’s function
(i.e., antisymmetric in terms of the exchange of x and x”) as

N 1 .
Gp(iwy, x) = Alill}o E[G(iwn, x4+ Ax, x)
— Gliwy, x, x + Ax)]

—(2 9 G 30
—(a_a) (1a),1,xx) ( )

x'—x
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Inserting Eq. (24) into Eq. (30) and assuming k™ >~ k= = kg,
one finds that the bulk parts in Eq. (24) vanishes. This fact
implies that (A}p(ia)n,x) is induced by the presence of the
interface.

The p-wave component of the pair amplitude F),(iw,, x) is
defined by [88,89]

Fy(iwy, x) = [G)(ion, X)]12. (31)

We note that, from the Fermi-Dirac statistics, Fy(iw,, x) is
an odd (even) function of w, for bogolons (s-wave SC),
and F),(iw,, x) is an even (odd) function of w, for bogolons
(s-wave SC).

It is also worthwhile to explore the diagonal components
in Nambu space of Gp(iwn, x). The trace of Gp(iwn, x) can be
regarded as quasiparticle contribution of current [101], which
is given by

J(x) = i<oﬁ(x)8iot(x) — (ioﬁ(x))ot(x)>
X 0x
1
=3 > Jioy, x) (32)
with
(i 1) = —Tt G, (ion, ), (33)
nd

and ny is a factor correcting double counting: ny = 2 for the
bogolon model and nq = 1 for the s-wave SC.

III. SUMMARY OF s-WAVE
SUPERCONDUCTOR JUNCTION

Before showing the results for the bogolon junction, here
we summarize the results of the s-wave SC junction for
reference. The detailed setup and expressions are listed in
Appendix C. In the following of this section, we assume
|Ap| = |ARr| corresponding to the discussion in Sec. ITE.
For all figures in this section, we choose |Ar|/u = 0.01
with pu = hzk%/Zm and set u =1 and kg = 1. The specific
form of the Green’s function is shown in Egs. (C3)—(C5).
We note that the results in this section are not completely
original.

A. Semi-infinite superconductor
First, we discuss the result for the semi-infinite SC (x < 0),
where the edge is located at x = 0. We take the limit Z —
oo in Egs. (C3)—(C5). The pair amplitude [G(iw,, x, x')]12 is
given by
[Giwn, x, X)]12
mAL

 2ikeh?/(iwn )2 — [ALP

S T T P
x (elkle x| _e 1kL(A+x)+e ik Jx—x'| _elkL()r‘rX))'

(34)

[G(iwn,x, x")]12 is the even function of frequency, which is
the same frequency dependence as the bulk. This frequency
dependence implies the absence of Andreev reflection in
Eq. (34). In this way, s-wave pair potential, which does not

have the spatial dependence, does not induce the p-wave
component at the edge [113]. Although odd-frequency pairs
are not induced by the constant pair potential, spatially vary-
ing pair potential, A(x) # Const., induces the odd-frequency
p-wave pair at the surface [88,89].

B. Superconductor junction without barrier potential

Next, we show the result of the SC junction without the
barrier potential, i.e., Z =0. We assume x,x < 0 in the
following of this section. The expressions of the physical
quantities are listed below. The s-wave component of the pair
amplitude defined by Eq. (28) is given by

F(iw,, x)

o Aum ik
ikeh2 Q2 (iwy)

5 (iwp)? $in2(0/2) + i (im,)? sin(8/2) cos(@ /2)}

(iw,)? — |AL|? cos*(6/2)
(35)

The numerical result at x = 0 is shown in Fig. 3(a). We note
that the phase of F;(iw,, x = 0) is independent of w,. For the
plot, we choose the phase such that Fy(iw,, x = 0) becomes
real [this choice also applies to Figs. 3(b), 4(a), and 4(b)]. The
functional form is substantially modified from the bulk as the
relative phase 6 = 6g — 6 is increased. The peak of the pair
amplitude becomes sharper with increasing 6 and shows delta-
function-like behavior at & = w — § with § < 1. The specific
form of the pair amplitude at x = 0 is given by

iALm,/ (,()% + |AL|2

ke| AL|R*

§|ALl/2

F(iw,,x =0) = wrzl + 52|AL|2/4

(36)

for 6 = —§ with § <« 1. The right-hand side shows the
presence of the Lorentzian with the width §| Ay |/2.

The p-wave component of the pair amplitude defined by
Eq. (31) becomes finite due to translational symmetry break-
ing [88,89]:

2ALm  iw,sin(8/2)e/?
R (iw,)? — | AL cos*(0/2)

. it -
Fp(l(,()n,x) = l(kL kL )X-

(37)

F,(iw,,x = 0) is shown in Fig. 3(b). For 6 = 7, the pair
amplitude diverges at w, — 0, because the denominator in
Eq. (37) becomes zero at 0 — 7, w, — 0.

Let us also discuss diagonal components of the Green’s
function. The LDOS is given by

m
i ke
th T
[w +i0% AL sin?(0/2)e ik k) }
Qret(®) (@ +107)2 — |AL? cos?(6/2)
(33)

D(w, x) = Dpyx () —

with Qe(@) = Qr (w + 101 )sgn w. We choose the branch cut
of square root function in €2 along the negative side of the real
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s-wave SC junction (Z = 0)
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FIG. 3. Physical quantities at x =0 for s-wave SC junction
without barrier potential. (a) The s-wave component of the pair
amplitude, (b) the p-wave component of the pair amplitude, (c) the
LDOS normalized by its value in normal state (Ap = 0), (d) the
LDOS in the complex plane for 6 = 2m /3, which is defined by
the extension of w to the complex energy plane z, i.e., D(w, x =
0) = D(z,x = 0), (e) j(iw,) = jiw,, x = 0), and (f) the Josephson
current J(x = 0). Figure legend of (c) is the same as that of (a) and
the legend of (e) is the same as that of (b).

axis. We have introduced the bulk DOS by

2m ¥ +i0*
kFFl27T Qret(w) ’

The LDOS of the s-wave SC shown in Fig. 3(c) has diver-
gent peaks, which correspond to the Andreev bound states
[113,114].

In Sec. IVB, we will discuss a generalized LDOS by
changing w € R — z € C: D(w, x) — D(z, x), which will
allow us to understand the relation between LDOSs of s-wave
SC and bogolon junctions. Figure 3(d) shows the LDOS
in the complex plane. The positions of the peaks origi-
nated from Andreev bound states are given by wags(0) =
+|AL|y/1 —sin?(6/2), which appear on the real axis. The
comparison with the bogolon junction will be discussed in
Sec. IVB.

We turn to the discussion of J(x) defined by Eq. (32). We
start the discussion with j(iw,, x), which shows a contribution
at the frequency w, [see Eq. (33)]:

Dy (w) =

(39)

4m| Ay |? sin(0/2) cos(0/2)e ik —kix
B (iw,)? — |AL? cos2(6/2)

(40)

J(leH x) =

s-wave SC junction (Z # 0)
Even-freq. pair 0Odd-freq. pair

(a)12{ — z=00 | (b)

10/ — z=10 1.0

-1 0 1 2
wn/lALl wWal|AL|
3.0 5
(c) (d)
2.5 | 4
" 2.0 : 3
Qus : 3
a3 i =2
1.0 ‘ = Ny
|
0.5 ! o
'
i
0‘0_2 1 ) 1 2 -2 -1 0 1 2
w/|A wpl|A|

FIG. 4. Frequency dependence of physical quantities of s-wave
SC at x = 0 for several values of Z. (a) The s-wave component of the
pair amplitude (even-frequency), (b) the p-wave component of the
pair amplitude (odd-frequency), and (c) the LDOS normalized by its
value in normal state (AL = 0), and (d) j(iw,) = j(iw,, x = 0). The
relative phase is chosen as 6 = 27 /3.

The numerical result is shown in Fig. 3(e) for the x = 0 case.
The peak of j(iw,,x = 0) becomes sharper as the relative
phase 6 increases and delta-function-like behavior at 6 =
m — § with § < 1, which is similar to the s-wave component
of the pair amplitude. Especially at x = 0, we can perform the
summation of w, in Eq. (32) and obtain [115]

2m|A 0 A 0
Jx=0)= mlAL sin — tanh AlAL cos — |. 1)
h 2 2 2

2

For zero-temperature limit § — oo with 6 # , we obtain the
simpler form:

2m|AL|l . 6

) sin 3 42)

Jx=0)=

The current-phase relation is plotted in Fig. 3(f) for —m <
0 <m.

Actually, Eq. (41) is related to the Josephson (conserving)
current [115]. According to Ref. [101], the conserving current
I is evaluated as I = J(x = 0) for s-wave SC junction case,
which is derived from Heisenberg equation.

C. Effect of barrier potential

We consider the effect of the barrier potential controlled
by the parameter Z defined in Eq. (27). Figures 4(a) and 4(b)
show the Z dependence of the s-wave and p-wave components
of the pair amplitude at x = 0, respectively. The relative phase
is chosen as 8 = 2 /3. The delta-function-like behavior in
F;(iw,, x = 0) near & = 7 can be seen only at Z = 0 as shown
in the inset of (a).

Below, we discuss the characteristic features of the LDOS
and J(x) at x = 0 in detail. The LDOS at x = 0 is expressed
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TABLE I. Comparison of functional forms between bogolon junction (the third column) and s-wave SC junction (the fourth column). We
show the frequency dependence of pair amplitudes in (a) the bulk and (b) the interface. The zero-energy LDOS is shown for (¢) 6 = 0 and (d)
0 = m atx = 0, and the quasiparticle current J(x = 0) for (¢) Z = 0 and (f) Z — oo at zero temperature.

Bogolon junction s-wave SC junction
(a) Bulk pair (s-wave) Odd-freq. pair Even-freq. pair
(b) Induced pair at the interface (p-wave) Even-freq. pair Odd-freq. pair
(c) Zero-energy LDOS
2m 1
at (6, Z) = (0, 0) (bulk) [Dyui (e = 0)] 0 (gapped)
kel /T — (T l/T1L)?
(d) Zero-energy LDOS
at 0,2) = (7, 0)[D(w = 0,x = 0)] " T (Tal/To) 2mlAl oy
5 = (T, w=0,x= . _ w
ke’ T ke’
(e) Current phase relation for —m < 6 < 7
m|ly| . 6 (F1L+|F2L|COS(9/2)) 2m|A| . 6
aal’ =0Z=0)[Jx=0 - —1 ———sin =
( ¢ 2 Th 2 I — [Ta| cos(6/2) K 2
) Current phase relation for —7 <6 <7
r r r A
atT = 0(Z — 00) [J(x = 0)] il ( wt | 2L|> in 0 A g
2nh°Z? Cip — [Tal hz?
as follows:
2m ® +10M) Qe (@
Dot 0) = (© + i0)Q(@) @)

Figure 4(c) shows the LDOS for 6 = 27 /3. The position of
the peak for @ > 0 in the LDOS moves to the higher energy as
Z increases. The positions of the peaks are given by wag(0) =
+|ALy/1 = sin®(6/2)/(Z% + 1) [101,116]. Taking the limit
Z — 00, we obtain

D( 0 2m R w +i0t lD @)
w,x=0)= e = — w),
2%l Qo) 22

(44)

where Dy (w) is the bulk DOS defined in Eq. (39). It is
notable that Eq. (44) is independent of 6 and proportional
to the bulk DOS in this limit. The magnitude of the LDOS
becomes smaller by the factor 1/Z7.

Next, we discuss the result of J(x = 0). Before taking
the summation of w, in Eq. (32), j(iw,) is suppressed as
Z increases, which is shown in Fig. 4(d). We perform the
summation of w, and the expression at zero temperature limit
B — 00 is obtained as [113]

mlALl 1

72 +1 .
5 5 5 sind. (45)
n* Z? 4+ 1\ Z2 + cos*(6/2)

We can confirm that the above expression reduces to Eq. (42)
in Z — 0 limit. On the other hand, for Z — oo limit, we
obtain

Jx=0)=

ml|AL| .
J(x =0) = ———siné,

72 (46)

whose 6 dependence is determined by the factor sinf [117].
We note that J(x = 0) is accompanied by the factor 1/Z2,

Re .
Tkeh?  Z2Qe(w)? + (0 +i0+)2 — |AL)? cos?(0/2)

(

which is the same feature as that of the LDOS in the strong
barrier limit.

IV. RESULT FOR BOGOLON JUNCTION

With the knowledge of the conventional SC junction ex-
plained in Sec. III, we are now ready to discuss the bogolon
junction. In the following sections, we apply the Green’s
function in Eq. (24) to the specific cases. Firstly, in the next
section (Sec. IV A) we will provide the result of the semi-
infinite system as the simplest case. This case corresponds to
the Z — oo limit of Eq. (24). Secondly, in Sec. IV B, we will
discuss the result of the bogolon junction without the barrier
potential, i.e., Z = 0, to explore the physics of Andreev reflec-
tion of bogolons. Finally, in Sec. IV C, we will consider the
bogolon junction for Z # 0 and clarify the effect of the barrier
potential. The comparison of the bogolon junction with the
s-wave SC junction is summarized in Table I. For all figures in
this section, we choose 'y, /i = 0.01 with u = hzké /2m and
setu = 1and kg = 1.

We mainly discuss the physical quantities at the interface
(x = 0) in this section. The x dependence can be seen more
clearly using the quasiclassical Green’s function, which will
be discussed in the next section (Sec. V).

A. Semi-infinite superconductor with Bogoliubov Fermi surface

In this section, we consider the semi-infinite SC (x < 0) as
the simplest nonuniform system, where the edge is located at
x = 0. We take the limit Z — oo in Egs. (24)—(26) [118]. The
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pair amplitude [G(iw,,, x, x")]12 is given in the following form:
—il"y sgn w,m

[G(iwn, x, X)]12 =
2ikph*\/(iw, + il Lsgn w,)? + [Tar |2

(eikmx—x’\ _ e—ikrf(x-i—x’) + ek e=x' _ eik[(x-&—x’)). (47)

Since there are no Andreev reflections, the pair amplitude, i.e., [G(iw,, X, x')]12, exhibits a pure odd-frequency pairing in Eq. (47),
which is the same frequency dependence as the bulk. Namely, the p-wave component is not induced at the edge in the case of
the bogolons junction without the spatial dependence in the self-energy.

In order to highlight distinctive properties arising from the translational symmetry breaking at interfaces, the following
sections focus on the SC junctions and studies the physics of Andreev reflection of bogolons.

B. Bogolon junction without barrier potential

In this section, we consider the bogolon junction with Z = 0. From Eq. (26), we have the relation bf)ft) = 0, which implies

that there are no normal reflections and transmissions. Then, we can focus on the contribution of the Andereev reflection to the
physical properties of the bogolon junction.

1. Off-diagonal quantities

In contrast to the semi-infinite case discussed in Sec. IV A, the pair amplitude is the mixed function of even and odd
frequencies. The s-wave component of the pair amplitude defined by Eq. (28) is given by

F o) = —ilysgn @m [1 itk (o T sgn w,)? $in2(8/2) + i (iwn)? sin(8/2) cos (8 /2)} 45)

ikph? QL (iwp) (iw, +ilL)? + Do |2 cos?(6/2)

The first term is the contribution from the bulk and the second one is from the Andreev reflection. The numerical result of
F(iw,, x = 0) is shown in Fig. 5(a). The phase of F;(iw,, x = 0) is independent of w,, which is the same feature as the s-wave
SC junction. We choose the phase such that F;(iw,, x = 0) becomes real for the plot [this choice also applies to Figs. 5(b), 6(a),
and 6(b)]. The odd-frequency dependence of F(iw,, x) can be directly verified from Eq. (48) by noting that | (iw,) is an even
function of w,. The height of the pair amplitude gradually decreases as the relative phase 6 increases and reaches zero at 6 = 7.

In the present bogolon junction, the even-frequency pairing is induced near the interface due to the translational symmetry
breaking. To see this, we evaluate the p-wave component of the pair amplitude defined by Eq. (31) as

2l sgnw,m  (iw, + il Lsgn w,) sin(@/Z)e’ie/2 ikt k)
i (i, 41T 1L5gn @,)% + [TaL|? cos*(6/2) '

F,(iw,, x) = 49)

In Eq. (49), the bulk terms vanish, and then only the term from Andreev reflection contributes. The results at x = 0 is shown in
Fig. 5(b). In contrast to the s-wave SC, the pair amplitude of bogolons does not diverge near 8 = 7 due to the presence of finite
'L in the denominator of Eq. (49).

2. Diagonal quantities

Now we turn to the diagonal quantities such as the LDOS and J(x). The specific form of the LDOS of bogolons is given by

2m w +ill |1 |2 sin2(0/2)e itk —k)x
D(w, x) = Dyui(@) + — [ s — : (50)
keh*m Qret(@) (0 +1ilL)* + [ToL|* cos™(8/2)
[
where Dy (w) is the bulk DOS of bogolons defined by zero energy. The gap formation in the LDOS is incomplete
for any 6, i.e., the value of the LDOS at w = 0 is always

2m pe @i (51) finite.

e
keh*m Qper(w) As discussed above, the LDOS behaviors of s-wave SC
with Quei(@) = Q(w +i07)sgnw. The second term of and bogolon junctions are quite fliffer'ent. Neverthelless,. the
Eq. (50) is the Andreev reflection part, which takes a finite corresp(?nde.nce between tl.le two junctions can be visualized
value in the nonuniform case (6 # 0). We list in Table I the by considering the LDOS in a complex frequency space. Let

expressions of the LDOS of bogolons in the low-w limit for us extend @ in the LDOS Of, bogolons opto the complex
6 = 0 [row (¢)] and 6 = 7 [row (d)]. plane as D(w, x) — D(z,x) with z € C. Figure 5(d) shows

Figure 5(c) shows the LDOS of bogolons at x = 0. In Fhe L,DOS in the. §0mplex plane at x 2,0 for the bogolon
the uniform case (0 = 0), the LDOS has the zero-energy junction. The positions of the peaks are given by waps(f) =
peak, which is consistent with the previous calculations in —ilL +i[Taly/1 — sin®(6/2) located on the imaginary axis.
the bulk [21,37]. As 6 increases, the pseudogap appears at ~ On the other hand, for the s-wave SC case, these peak

Dy (w) =
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FIG. 5. Physical quantities at x = 0 for bogolon junction without
barrier potential. (a) The s-wave component of the pair amplitude,
(b) the p-wave component of the pair amplitude, (c) the LDOS of
bogolons normalized by its value of clean limit (I';p = ', = 0),
(d) the LDOS of bogolons in the complex energy plane for 6 =
27 /3, which is defined by the extension of w to the complex plane z,
ie., D(w,x =0) = D(z,x =0), (e) j(iw,) = jiw,, x = 0), and (f)
J(x=0)=(1/B))_, j(w,). Figure legends of (b), (c), (e) are the
same as that of (a). We set |[I'>. |/ = 0.9 in (a)—(e).

positions appear on the real axis as discussed in Sec. III. The
LDOS of bogolons [Fig. 5(c)] corresponds to the s-wave SC
junction with 90° rotation in the complex plane [Fig. 3(d)].
This rotational relation can be applied also to the other re-
tarded Green’s functions.

Next, we show the results for quasiparticle current J(x).
We first consider the contribution at w, defined by Eq. (33):

J(iwn, x)
_ 2m|Ty sin(6/2) cos(6 /2)e 1k —kix
R (i, +iLsgn w,)? + [Ta|? cos?(6/2)
(52)

Here, Andreev reflection only contributes to j(iw,, x) similar
to Eq. (49). The frequency dependence of Eq. (52) at x = 0 is
shown in Fig. 5(e). j(iw,, x = 0) becomes zero at@ = 0 or 7.
The value at w = 0 for & = 27 /3 case is larger than the value
at w = 0 for & = 7 /3 case, which is in contrast to the s-wave
SC junction. The absolute value of j(iw,, x) for w, — 0 takes
the maximum value when 6 = cos™!(I'?, /(22 — |To?)).

Bogolon junction (|T's|/T'1-dependence)
06 =0 (uniform) 0 =0 (uniform)

3 1
(a) = |M2|/T.=0.0 (b)l-o
—— |M2/f=0.5
2 = |M2u|/M.=0.9 0.5
\ IFal/f=1.0 =2 1

8 3
a 2 00 —
; £ < K
-0.5
-1.0
0
-2 -1 0 1 2 -2 -1 0 1 2
(’J/rlL wn/l—lL
(c) ( 3
1.0

/
Fy (i)

-2 -1 0 1 2 -2 -1 0 1
W/l WnlT1L

N

FIG. 6. Frequency dependence of LDOS of bogolons normalized
by its value of clean limit (I'y, = I';p = 0) and pair amplitudes
at Z=20. (a) LDOS at § =0 and (b) s-wave component of pair
amplitude at & = 0. (c) LDOS at 6 = 7 and (d) p-wave component
of pair amplitude at & = . The line style in (b)—(d) are shared with
those in (a).

For zero-temperature limit 8 — oo, we can take the sum-
mation of w,,:

_m|Iy | - 0 In

J :O =
(x ) ) si >

(FIL + |F2L|COS(9/2))
T — |Talcos(6/2) )
(53)

Compared with the s-wave SC junction case, the 6 depen-

dence of Eq. (53) has the additional factor In (%)

(see row (e) in Table I). Due to this logarithmic factor,
J(x =0) is a continuous function even at 6 = w, which
is a clear difference from the s-wave SC junction. Addi-
tionally, in comparison to the s-wave SC junction case in
Eq. (42), the different sign for the bogolon junction is a con-
sequence of odd-frequency pair potential, which is referred
to as the m junction. Namely, the relation [f)(—ia),,, ) =
—[E(iwp, X)]12, is the origin of the minus sign. Figure 5(f)
shows J(x = 0) for several values of |I'51|/I"jr. The maxi-
mum value of |J(x = 0)| shifts towards 8 = 0 as |['o.|/T1L
increases because the contribution of the factor cos(6/2) in
Eq. (53) becomes larger.

3. Correlation between LDOS and pair amplitudes

Let us discuss the correlation between the LDOS of bo-
golon and the pair amplitudes F;(iw,, x) and F,(iw,, x). We
here focus on the |I";1 | /"L dependence for the uniform case
(6 = 0) and the nonuniform case (8 = 7). Since the relation
'L > |T'p1| must be satisfied to guarantee the positive DOS,
we consider the case for 0 < |y |/TL < 1.

First, in the uniform case (6 = 0), the LDOS and s-wave
pair amplitude are shown in Figs. 6(a) and 6(b), respectively.
Note that the p-wave component of the pair amplitude is zero
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in this uniform case. The LDOS at w = 0 in (a) increases as
|Fs(iw, — 0, x = 0)] in (b) increases. Especially in the limit
of [ |/TiL — 1, both LDOS at w = 0 and F;(iw, — 0,x =
0) diverge. We note that, in this limit, it is expected that the
BFS becomes unstable in the presence of interaction. We will
revisit the relation between the LDOS and F; in Sec. V.

Second, in the # = m case, the LDOS and p-wave pair
amplitude are shown in Figs. 6(c) and 6(d), respectively. The
s-wave component of the pair amplitude is zero in this case.
The depth of the pseudogap of the LDOS in (c) becomes
larger as F,(iw,, x = 0) in (d) increases. Hence, the depth of
pseudogap in the LDOS is correlated with the magnitude of
the p-wave pair amplitude.

Thus, the zero-energy LDOS is correlated with the pair
amplitude in both the bulk and the junction systems.

C. Effect of barrier potential

In this section, we study the effect of the barrier potential.
The barrier-potential dependence of the Green’s function, as
expressed in Egs. (24)—(26) [see also Eqgs. (C3)—(C5)], is con-
trolled by the parameter Z defined in Eq. (27). In the limit of
Z — 00, the Zdependence of sz)f[) given by Eq. (25) is roughly
expressed as af,fﬁ ~ 1/Z2, while ngt) is expressed as Efjﬁ ~ 1.
Thus, the contribution of Andreev reflection becomes smaller
than the normal reflection.

Figure 7 shows the physical quantities of bogolons at x =
0. The s-wave pair amplitude, p-wave pair amplitude, the
LDOS of bogolons, and j(iw,) are shown in (a), (b), (c), and

(d), respectively. The relative phase is chosen as 6 = 2 /3.

J

Bogolon junction (Z # 0)

Odd-freg. pair Even-freq. pair

(a) 0.2 — z-00 | (b) 125
— z=10 1.00
o1 é —z=30|
< <
_’/
32 oo 1 2 oso /\
“n Q
< % & 025 _J;
0.00
~0.2 oas
-2 1 0 1 2 -2 Q1 0 1 2
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FIG. 7. Frequency dependence of physical quantities of bogolon
junction at x = 0 for several values of Z with | |/I';L = 0.9.
(a) The s-wave component pair amplitude, (b) the p-wave component
pair amplitude, (c) the LDOS of bogolons normalized by its value
of clean limit (I'yy = I'p, = 0), and (d) j(iw,). The line style in
(b)—(d) are shared with those in (a). The relative phase is chosen as
0 =2m/3.

The absolute values of the pair amplitudes at x =0 in (a)
and (b) become smaller as Z increases due to high barrier
potential.

Let us take a closer look at the LDOS of bogolons, which is given by

2m

(w + iFlL)Qret(a))

D(w,x =0) =

Figure 7(c) shows the LDOS at x = 0. The pseudogap for a
small value of Z [Z = 0 and 1 in Fig. 7(c)] changes into the
zero energy peak for a larger value of Z [Z = 3 in Fig. 7(c)],
which is proportional to the bulk value as shown in Eq. (55).
Indeed, in the limit of Z — o0, we obtain

CU, X = = € = >0 u C(), X = ’
A2kl Qalw) 22N
(55)
|
r 1 Z2+1
J(x=0)=—m| 2;| +2
2nh? Z2+ 1\ Z2 + cos*(8/2)

Specifically in the limit of Z — oo, we obtain

r Ty + |7
Joa=0y =" 22L| sin61In (L“L') (57)
2w h*Z? Cip — [Toy

The 6 dependence is determined by the factor sin 6, and J (x =
0) is proportional to 1/Z? in the limit of 8 — oo.

Re .
mkel® Z2Qe(@)? 4 (0 41 1)? + |Tor|? cos?(6/2)

. TivVZ2 4+ 1+ |ToLly/Z2 + cos®(6/2)
sinf In .

(54)

(

where Dy (w) is the bulk DOS defined in Eq. (51). In this
limit, Eq. (55) is independent of 6 and proportional to the
bulk DOS and decays with the factor 1/Z2. The appearance
of the bulk DOS in Z — oo limit is a common feature with
the s-wave SC junction [see Eq. (44)].

Let us proceed to consider J(x = 0), which is given by the
frequency summation of Fig. 7(d). To see the Z dependence,
we evaluate J(x = 0) for zero-temperature limit in the analyt-
ical expression:

(56)
TivZ2 + 1 — Do |V/Z2 + cos?(6/2)

(

D. Comparison between bogolon junction
and s-wave SC junction

We have studied the bogolon junction with the bulk odd-
frequency pair and made a contrast against the conventional
s-wave SC with the bulk even-frequency pair. We summarize
the main results in Table 1. The third column shows the prop-
erties of the bogolon junction, and the fourth column shows
those of the s-wave SC junction.

054517-11



MIKI, TANAKA, TAMURA, AND HOSHINO

PHYSICAL REVIEW B 110, 054517 (2024)

At the interface, the even-frequency p-wave pair is induced
by the translational symmetry breaking for the bogolon junc-
tion, and the odd-frequency p-wave pair is induced for the
s-wave SC junction [rows (a) and (b)].

The bogolon junction has a zero-energy peak in the
LDOS in the bulk (@ =0), whose height is given by
~[1 = ([T |/TiL)*1""/%, while the s-wave SC has a su-
perconducting gap [row (c)]. For & = m, the LDOS of the
bogolon junction at the interface has a pseudogap with the
depth of ~[1 — (IT51]/T11)*1"/2, which is the inverse of the
bulk DOS, while the s-wave SC has a delta-function behavior
due to the Andreev bound states [row (d)].

The rows (e) and (f) show the current phase relations of
the two cases, which have opposite signs due to the differ-
ent frequency dependence of the pair potential. For Z =0
shown in row (e), the bogolon junction includes an additional
logarithmic factor compared to the s-wave SC junction. The
0 dependence becomes the same for both the junctions in
Z — oo limit as shown in row (f), except for the presence
of a minus sign in the bogolon junction.

In this way, the bogolon junction has the characteristic
features compared with the conventional s-wave SC junction.

V. QUASICLASSICAL GREEN’S FUNCTION

In the above, we have mainly focused on the Green’s
function at x = 0. On the other hand, since we consider the
nonuniform system, the unique properties of bogolons can
also be captured in the x dependence of the Green’s function.
While the McMillan Green’s function includes the rapidly
oscillating components with a characteristic scale of kg h
we focus on the quasiclassical Green’s function with slowly-
varying spatial components [106—108].

We construct the quasiclassical Green’s function by com-
bining the method in Refs. [119,120] and McMillan Green’s
function derived in Sec. II. We start by decomposing the
Green’s function as

Gliwy, x, x)= Y G (iw,, x, x )= (58)

aa'=%

The x dependence of each component G (iwy, x, x") does
not include rapidly oscillating contribution with a character-
istic scale of kg ! which is consistent with the picture of the
quasiclassical Green’s function. However, G’ (iwp, x, x') is
discontinuous at x = x’. Therefore, to satisfy the Eilenberger
equation [107,108], we define the continuous semiclassical
Green’s function as

FE(w,, x) = Hil — 20p1°GTE (1w, x — 07, %), (59)

where vp = hikg/m is a Fermi velocity [119,120].

Since the overall phase does not change the physical prop-
erties, we fix the phase on the left side as 6 = 0. Then, from
Eq (59), we obtain the quasiclassical Green’s function for
x < 0as

FE (iw,, x) = [Tausgn @, + (iw, + il sgn w,)t°

QL(iwn)
+ agt)e—iky(QL(iwn )/ m)x (£ (iw,)t*

— i(iw, + iTLsgn w,)T” 4+ 1|To [sgn w, T9)].
(60)

The first line is a the bulk part, and the second line, which
is proportional to @7, describes the contributions from the
Andreev reflection. Using Eq. (60), we can evaluate the
physical quantities defined in Sec. IIF in the quasiclas-
sical representations, whose specific forms are listed in
Appendix D. One can confirm that Eq. (60) satisfies the fol-
lowing Eilenberger equation [107,113,119,120]:

azptt

0 n A
—ivFa—gfﬁ(iwn,m = % (o, 1 — ) (o, x)
X

F 7 (w,, X)(iw,1 — )% (61)

We can also check that gii (iwy, x) satisfies the normalization
condition

g (i, x)* = —1. (62)

One can extract the factor of spatial dependence from
Eq. (60) as

e Hr (@ Gen/i0X — exp(2\/ (@, + TiLsgn @,)? — |Tor2x/hv).
(63)

Since /(w, + 1Lsgnw,)? — [Tar|? is real, Eq. (63) does not
have an oscillating part and is suppressed with increasing dis-
tance from the interface. [The s-wave SC junction has similar
feature because \/w? + |AL|? in Egs. (C7) is also real.] Then,
the Green’s function converges to the bulk value for the limit
of x > —o0.

On the other hand, the spatial dependence of the retarded
Green’s function is extracted as

exp(—2iy/(@ + il )? + Do sgnw x/hvg).  (64)

In contrast to Matsubara form, Eq. (63), the above
quantity includes both damping and oscillating parts,
because \/(a) +ilL)?2 + [Ta|?sgnw with Ty > 0 has
both real and imaginary part. Especially for small en-
ergy [ow <K (FfL — [T ?)/Ti], the oscillating part of
Eq. (64) reduces to exp(—2il'iL|w|x/hvev FfL — T l?).
Namely, the quasiclassical Green’s function has oscillat-
ing components with the frequency-dependent length scale
kg'vT? — [Ty |21/ |w], even though we have excluded
rapidly oscillating components with a period of ki L

In the s-wave SC case [Eq. (C8)], Vw? — |AL|?*sgn o is
real for |w| > |AL| and purely imaginary for |w| < |AL].
This indicates that the LDOS has oscillation without dumping
in |w| > |Ar|, while it has dumping without oscillation in
lw] < [AL].

We define the characteristic decay length by taking the
limit of w — 0 in Eq. (64), which is expressed as & =
hvp/~ F%L — |y |>. We have evaluated a similar quantity for
the bulk in Ref. [21], which is defined by the relative position
of two bogolons and hence corresponds to the pair radius. In
contrast, the length £ in this paper is defined by the center of
mass coordinate of the Green’s function, which corresponds
to the coherent length. Nevertheless, we obtain the same form
for the two length scales.

Finally, we comment on the correlation between the LDOS
and the pair amplitude of bogolons in the bulk limit. The
second line of Eq. (60) for 6 = 0 is zero. Then, Eq. (60)

054517-12



ODD-FREQUENCY PAIRING OF BOGOLIUBOV ...

PHYSICAL REVIEW B 110, 054517 (2024)

reduces to
FE(iwp, x) = fliwy, x)T° + gliw,, x)t° (65)
with
flin, x) = Lsgnon (66)
V(@p + T — Mo ]?
oy, x) = iw, + 1" sgn w, 67)

V(w, +T)? — IToL?

Note that g(iw,, x) is purely imaginary, and f(iw,, x) is real,
which is a consequence of odd-frequency pairing. In this case,
the normalization condition is given by

fiwn, x)* + gliw,, x)* = —1. (68)

Since f(iwy, x) is real and g(iw,, x) is purely imaginary, if
| f(wy,, x)| increases, |g(iw,, x)| must also increase to satisfy
Eq. (68). Such correlation is consistent with the behavior
of the LDOS in Fig. 6. On the other hand, in the case of
s-wave SC with even-frequency pairing, both g(iw,, x) and
f(wy, x) are purely imaginary. Hence, if | f (iw,, x)| increases,
|g(iw,, x)| decreases. This tradeoff relation corresponds to
the gap in the LDOS in the presence of the pair amplitude.
Although the correlation between the LDOS and the pair
amplitude is demonstrated for the bulk, we expect that it also
holds for nonuniform cases, as supported by the numerical
results in Sec. IV B 3.

VI. SUMMARY AND DISCUSSION

In this paper, we have studied superconductor Josephson
junctions with the Bogoliubov Fermi surface (BFS), utiliz-
ing the low-energy effective model of bogolons. Since the
bogolon Cooper pair arises from the self-energy effect, it is
necessary to determine the Green’s function satisfying the
Gor’kov equation. For the evaluation of the Green’s function,
we applied the McMillan’s method, with which the non-
Hermitian effective Hamiltonian Hy(x) + 3 (iw,, x) needs
to be analyzed. We have also calculated the quasiclassical
Green’s function by eliminating rapidly oscillating compo-
nents with a scale kg ! and revealed spatial dependencies.

We have compared the results with those of a conventional
spin-singlet s-wave superconductor and examined the unique
characteristics of bogolon Cooper pairs near the interface.
A central difference between the two cases is the frequency
dependences of the Cooper pairs. The bogolons form the
odd-frequency pair in the bulk and induce the even-frequency
pair at the interface. On the other hand, in the s-wave su-
perconductor, the even-frequency pair is realized in the bulk
and the odd-frequency pair is induced near the interface. This
difference leads to the different 6 dependences of Green’s
function. As recapitulated in Table I, the bogolon Cooper pair
shows distinctive features in physical quantities such as the
LDOS and the current-phase relation.

We have studied properties of bogolons (such as bogolons’
LDOS, Cooper pairs, and quasiparticle current) in this pa-
per as a first step to understanding the junctions with the
BFS. To gain more quantitative insights relevant to existing
superconductors, the relation between physical quantities in
terms of bogolons and experimental observables needs to be
clarified. For example, the Josephson current should contain

the contributions from both the conventional one and the
bogolons near the BFS. To separate these contributions, we
need to consider the original electronic degrees of freedom,
which remains as a future work. Furthermore, a combination
of first principles calculations [37] with junctions presents an
intriguing avenue for future research [121,122]. Application
of the Usadel’s quasiclassical method [108,113] to analyze
diffusive systems is also a nontrivial and intriguing problem
to be explored.
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APPENDIX A: CORRESPONDENCE BETWEEN
BOGOLONS AND ORIGINAL ELECTRON
DEGREES OF FREEDOM

To see the origin of the pair potential of bogolons, we start
with the Hamiltonian of original electrons. We here consider
the impurity effect, which is significant in the low energy
region in the presence of the BFS [21]. Our bogolon model
is applicable to inversion symmetric superconductors with the
BFS [21], in the presence of both magnetic and nonmagnetic
impurities [37]. For concreteness, we employ the j = 3/2
model, which has been discussed in previous studies on the
superconductors with the BFS [3,4,16,17,29]. The impurity
potential part of the Hamiltonian is defined in terms of original
electrons:

Sy =Y f dr) U, (r = RO 02w (Al)
i n

with @) = (c32(r), c32(r), c12(r), c—12(r), c_32(r)". In
the above expression, we consider the isotropic (n = 1) and
anisotropic (7 = xy, yz, zX, 2>, x> — y?) scattering centers lo-
cated at R;.

The operators of electrons and those of bogolons are con-
nected by the Bogoliubov transformation, which is given by

Chom = Uitk + Vg @, (A2)
where ¢y, is a Fourier component of ¢,,(r) in Eq. (A1). Using
this transformation, we rewrite Eq. (A1) as

1 .
Hmp = v Z pqUi (K, q)allﬂak
k.q

1
+ =Y pgUalk, @) o', + Hec. + Const. (A3)
Ve a

with
Uik, @) = > Un(@)[the1q.mO i
n mm

- U;c(,mOZmﬂ Uk+q,m’] ’ (A4)
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Uyk,q) =

Z Z ur] (q)uk+q,m O?nm’ V_fe,m’ -

n m,m'

(AS5)

The full list of 4x4 matrices is defined by using the J matrix
in Ref. [17]. The particle number of bogolons is not conserved
because of the presence of U,(k, q). We here provide the
expression of the pair potential with the Born approximation
from Ref [21]:

Tox = 47 Donimp (U (q. k — @)U2(q. k — q))q. (A6)

where (- )y = [dq---/ [ dql, nimp =V 'Y, 1, and Dy is
a DOS at Fermi energy. Therefore we need to take into ac-
count U, (k, q) for the presence of the pair potential I"y. Since
the phase of the superconductor is given by arg uv, the phase
of I', for bogolons is identical to the phase of the supercon-
ductor as discussed in the main text.

We note that a similar discussion is possible for the self-
consistent Born approximation [108] by considering that the
Green’s function is determined self consistently including the
anomalous Green’s function [21]. Although the frequency
dependence enters to the self-energies, the above conclusion
does not change.

APPENDIX B: MCMILLAN FORMALISM

In this Appendix, we briefly follow the formalism by
McMillan [30,97,100-105]. To begin with, we impose the
boundary condition for the Green’s function. For x < x’, the
boundary condition at x — 00 is given by

G(iwy, x, X' = 00) = Gliwy, x > —00,x) =0, (Bl)

while for x > x/, the condition is given by
Gliwy, x = 00,x") = Gliwy, x, X' — —00) =0. (B2)

We chose the wave functions in Eq. (10) to satisfy Eqs. (B1)
and (B2) [30,97,100-105].

Although the coefficients oy, ...,04, PBi,...,Bs are
uniquely determined by the boundary conditions Egs. (16)
and (17), these are rewritten in a simpler form by using
Egs. (B20) and (B21). Consequently, we obtain the following
forms [30,97,101-105]:

m(iw, + i) ci(r:)
v , B3
! ke Qp (iw,) C,-(:)Ci(;) - di(n+)di(n_) B
m(iw, + i) di(n_)
v . (B4
2 ikFFleL(iwn) Ci(:)ci(n_) - di(n+)di(n_) "y
- m(iw, +il'L) dy” (B5)
3 —_ — 9
lk]:h QL(ICL) ) c(+) ( ) d(+)d( )
m(iw, + i) e
oy — 1n , B6
4 ikFFLzQL(iCUn) Ci(:)ci(n - di(11+)di; v
and
m(iw, + i) & :
_ . B7
P = e o) ayey —ddy o7
m(iw, + 1) Ji(n_)
_ (B8
P = RS o) &yey —dPdy oY

By — m(iw, +ilL) dy” (B9)
3= ikpthL(iwn) 5;:)5'(7) - d~i(n+)d~i(117) ,
. ir ol
by = m(iw, +1I'j1) Cin _ (B10)

ke Q (i0,) &) — 3D

where we have assumed ki ~ ki >~ kg. Solving Egs. (13)

and (14), we obtain the coefficients agﬁ), ff),bgft),bff),

(£) (i) (£) (£) : .
Cout > Cin > Aout » and d; ., which are given by
::t:t ::l::F
(*) _ LR LR
Aout = er-:p;t =Ft _ —FEoiF (Bll)
L‘LL uRR uLR “LR
r-q:;t r—q:;t
out — Zz Hyj: =F+ mFEoEF
L‘RR uLR uLR
_ mtFoFE
) (:i:lZ 1)HLR \_JLL (B13)
Cout = ZZr—w:Fi =Ft _ mFEo:F’
S SRR SR IR
ot ot
45 — HiZE[R /L (B14)
out ZZ HIF:I: o == mFEatF
uRR uLR “LR
and
) Exe. Eri.
ain = 22 mFtmFE _ mFEoEF? (BlS)
uLL L‘RR uLR uLR
mFE Tt
b(i) Z(Z + l) SRR uLL (B16)
z2Eftert — gffety
"‘RR “LR uLR
_1)REFETE
in T er—q:i =FE _ mFEotF?
S SRR SR BIR
bt oy
&) _ FiZEgp Egg (B18)
in er-x$:t —=F+ mFEmtF
uRR uLR uLR
with
’_‘ss/ s ! !
&y = UV — U, (B19)

and s, =+, r,¥ =L,R. We note that the -coeffi-
cients for wave functions with tilde sz,ft), ~1(ni),bf,f3 ,bl(ni),

&), "ff ), d%), and d(i) can be obtained by substituting

0 0 ina®, q® pH pE E E 4@ g @)

out m »“out? “in ° out’ m » “out * and n , TE
spectively. For I';p, = I'ig and |y | = |I'2r|, the coefficients

%) and 52 reduce to Eq. (29).

oul out
We here comment on the eigenequation of Eq. (12). Using

Eq. (19)-(21), we obtain the following relations:

1 Q.3
+ (1 + $> (B20)
1w, +1I'1,sgn w,

Q,(iwy)
F—
1w, +1I'},sgn w,

We choose the phase of the eigenvector such that uF is

given by
1 Q, (i
S 1+ - r(le)n)
" 2 iw, + 1y,

for the practical calculation. Then, v, iit,
uniquely determined under this choice.

(B21)

(B22)

and 7% are
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APPENDIX C: SPECIFIC EXPRESSION FOR s-WAVE SUPERCONDUCTOR JUNCTION

In this Appendix, we summarize the results for electrons in the s-wave SC as a reference for comparison with the results for
the bogolon junction. The basis is given by ¢(x) = (¢4 (x), cI (x))T, where ¢, (x) is an annihilation operator for the spin o =1, |

electron. The self-energy is defined by
A 0 A
) = ( Aoy g”) (el

with
AL = |ALlei™ (x <0),

Alx) = {AR = |ARlef®  (x > 0). €

Following the McMillan’s method discussed in Sec. II and Appendix B, we obtain the Green’s function as follows [30,97,
100-105,113]:

. m e ) it e [(1on + Q1 (1op) AL
G s X, N — e]kL [x—x'| b(+)e ik (x+x") *L ) )
(16on, %, ') 2ikph29L(ia)n) |:( + out ) AL 1w, — QL (w,)

+ a(+)e_ikIX+ik[X' ) |AL el liw, + QL(lwn)]
out e " [iw, — QL (iwy)] [AL]

Cikl—x| 7o) ik ey (10n — QL (w,)
+ (e L + bgy e )( AF iw, + QL(lwn)

~(— ) 1k x—ikitx’ ) |AL| l91‘[1(1)11 - QL(lwn)]
o ( i, + D ()] AL €3

with

45 (i0,) = _|ALlliw, sin®(6/2) £ iQy (iw,) sin(/2) cos(9/2)] ()
ou Z2Qu(iw,)? + (i0,)? — |AL?cos*(0/2)
~(4) Z(Z + isgn ,)Q(iw,)?
bout (la)n) = - . . 2 .
Z2Q (iw,)? + (iw,)?* — |AL|? cos*(8/2)
We turn to the discussion of the quasiclassical representation, which corresponds to Sec. V for the bogolon junction. The
quasiclassical Green’s function is given by [120]

(C5)

FE (wy, x) = IALE + 1w, + a(f)e W lon/my (20 (iw,)t* + iw,it” + |ALIE)], (C6)

QLG n)[

where we set 6, = 0 as done for the bogolon junction in Sec. V. The spatial dependence is determined by the factor

exp(2,/ w2 + |AL|?x/fivg). (CT

In the retarded Green’s function, the factor is given by

exp(—2iy/ w? — | AL |*sgn wx/hvg). (C8)

Using Eq. (C6), we obtain the pair amplitudes f;(iw,, x) and f,(iw,, x) defined by Eqs. (D1) and (D2), which are given by

. ZiAL c [ —1 iw, X
folion, x) = g o+ [maétﬁ o) i +an)) (lwn)}e friten /i (C9)
i (@ G > i, i i)/ 1)
fyliwn, x) = [maé&) + ) — i@ — 3G g v )]e e o/, (C10)
We also calculate the LDOS and j(iw,, x) in quasiclassical representation. The LDOS is expressed as
ah ~(—)
D(w,x) = —lRC 2(0) + O+) Aot ret +a Qout, ret |ALle —ikp (Qrer () /p)x (C11)
' T Qrer(@) Qrer(@)
where af)fl)’rel is a retarded version of aout J(w,, x) defined by Eq. (D4) is given by
iy, x) = |AL| AL e 0 ite@utonur (C12)

QL( ) out out

054517-15



MIKI, TANAKA, TAMURA, AND HOSHINO

PHYSICAL REVIEW B 110, 054517 (2024)

APPENDIX D: QUASICLASSICAL GREEN’S FUNCTION
FOR BOGOLON JUNCTION

In this Appendix, we list the specific form of the physical
quantities in the quasiclassical representations. The physical
quantities discussed in Sec. IV are expressed as the com-
bination of g*™ and g~ [120]. The s-wave and p-wave
components of the pair amplitude are given by

fi(iwy, x) = [§7F (on, x) + & (iwn, V)]ia, (D1)

J

[g++ (ia)n’ X)

fp(iwna x) =

The LDOS of bogolons and j(iw,, x) in the quasiclassical
representations are expressed as

— & (iwy, Mo (D2)

1
D(w,x) = —=Im[g" (0 +i0", x) + & (0 +10", )],
b4
(D3)
. o -
J(la)ns x) = I’l_[g++(lwm -x) (lwnv -x)]lh (D4)
d
respectively.

Below, we list the expressions of physical quantities derived from the quasiclassical Green’s function in Eq. (60). The s-wave
and p-wave components of the pair amplitude in Eqgs. (D1) and (D2) are reduced to

—2il>sgn w,

Jliwn ) = =0 Gon

+ [—(aE,IB aly)) —
and

fpliwy, x) = [(aéts S+ @ —

~(+)

respectively. We note that ag,,

Furthermore, comparing Eq. (D5) with Eq. (D6), the positions of two factors a

+a',) is an even-function with respect to frequency, while &

5 iw, +ilLsgnw, | _; .
(agjt) ém)) n : " e lkF(QL(lwn)//-L)x’ (D5)
Q. (1w,)
at 5% e ke (S (iwn)/ p)x (D6)
0 ) ’

~(+) _ ~(=) ;
ot — Gou¢ 1S an odd-function.

~(+) ( )
out — Aoy are reversed. Therefore

~(+)

out + aOHl and a

we can check that Eq. (D5) corresponds to the odd-frequency pair amplitude, while Eq. (D6) corresponds to the even-frequency

pair amplitude even in the quasiclassical representation.
The LDOS of bogolons is given by

2(60 + IF]L)

(+)

Diw, x) = “R [ (@)

(#)
where agy

Jlon X) = = o)
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 is a retarded version of a). j(iw,, x) is expressed as
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