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Surface-induced odd-frequency spin-triplet superconductivity as a veritable
signature of Majorana bound states
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We predict surface induced odd-frequency (odd-v) spin-triplet superconducting pairing can be a veritable
signature of Majorana bound states (MBS) in a Josephson nodal p-wave superconductor (p,)-spin flipper (SF)-
nodal p-wave superconductor (p,) junction. Remarkably, in a p,-SF-p, Josephson junction three distinct phases
emerge: the topological phase featuring MBS, the topological phase without MBS, and the trivial phase devoid
of MBS. Surface odd-v spin-triplet pairing is induced only in the topological regime when MBS appears. In
contrast, surface induced even-frequency (even-v) spin-triplet pairing is finite regardless of the existence of MBS.
Importantly, we find the surface induced odd-v spin-triplet pairing is immune to disorder in the topological phase
featuring MBS, while in the trivial phase the surface induced even-v spin-triplet pairing is affected by disorder.
Our study offers a potential means for distinguishing the topological phase featuring MBS from both the trivial
phase as well as the topological phase devoid of MBS, primarily through the observation of induced surface

odd-v spin-triplet superconductivity.

DOI: 10.1103/PhysRevB.110.045432

I. INTRODUCTION

Odd-v pairing is a novel superconducting state wherein the
electrons in a Cooper pair have distinct time coordinates along
with distinct position coordinates. Generally, two electrons
in a Cooper pair are formed simultaneously, categorizing it
as an even-v pairing state [1]. Even-v pairing state can be
subdivided into two categories: even-v spin-singlet (SS) and
even-v spin-triplet (ST) pairing states. Even-v SS pairing is
exemplified by s- and d-wave pairings, while p-wave pairing
serves as an illustration of even-v ST pairing [2]. For odd-v
pairing state, Cooper pair wavefunction or pair amplitude is
odd in relative time coordinate or frequency of the two Cooper
pair electrons [3-5]. An odd-v pairing state can be further
categorized as odd-v SS state and odd-v ST state. ST states, in
turn, can be classified into two subcategories: equal ST (EST)
states, represented by |11), || {), and mixed ST (MST) states,
represented by |1]) + [{1).

In historical context, the concept of odd-v ST pairing dates
back to Berezinskii’s 1974 proposal in *He [6] and subse-
quent predictions in disordered systems [7,8]. Balatsky and
Abrahams later proposed the existence of odd-v SS pairing
in superconductors with broken time-reversal and parity sym-
metries [9]. Subsequent investigations extended to various
systems, including a two-channel Kondo system [10], the
1D t —J — h model [11], the 2D Hubbard model [12], and
heavy fermion compounds [13]. The existence of bulk odd-v
pairing has been suggested theoretically through the Majorana
scanning tunneling microscope [14]. Experimental indications
have also been observed through phenomena such as the Kerr
effect [15,16] and the paramagnetic Meissner effect [17-19].
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Moreover, the presence of bulk odd-v pairing induced by
magnetic impurities has been demonstrated in s-wave super-
conductors [20,21]. Earlier, it was assumed that odd-v state
was an intrinsic effect [9,22] but later it was discovered that
odd-v state can be generated in superconducting junctions
[23—44] as well as under time-dependent fields [45,46].

Odd-v pairing holds intrinsic significance owing to its
remarkable departure from conventional superconductivity.
Odd-v spin-polarized Cooper pairs exhibit resilience against
both the Pauli limiting field and impurity scattering, in con-
trast to conventional even-v Cooper pairs, which are only
robust against impurity scattering [3]. The exceptional robust-
ness of odd-v pairing positions it as an attractive candidate for
applications in superconducting spintronics [47].

In this paper, we consider a p,-SF-p, Josephson junction
(1]), with the nodal p, superconductor featuring even-v EST
pairing in its Cooper pair. Odd-v EST pairing arises from the
breaking of spatial parity [25] at the p,—p, interface. We see
that spin flip scattering induces odd-v MST pairing in our
setup. JJ’s with p, superconductors are theoretically predicted
to harbor Majorana fermions [48]. The Majorana fermion is
a particle that is its own antiparticle and has attracted a lot of
attention for its potential application in topological quantum
computation [49-51]. In the case of p,-SF-p, JJ, there is a
sign change in energy-bound states when Majorana fermions
occur [52].

Our main motivation in this study is to distinguish MBS via
the surface induced odd-v MST correlations in the presence of
spin flip scattering. Although surface odd-v EST and surface
odd-v MST correlations are finite and large in the topological
regimes when zero-energy MBS occur, they vanish in their
absence. Surface even-v EST & MST correlations remain
finite in both the presence and absence of MBS, rendering
them ineffective for MBS detection. surface induced odd-v
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ST correlations are a signature of MBS in p, JJ’s with a spin
flipper.

In a recent paper [53], it was seen that both odd-v EST and
even-v EST correlations are induced in short p,-N-p, JJ. In
Ref. [53], neither even-v MST nor odd-v MST correlations
are present since spin flip scattering does not exist. In con-
trast, in our paper both odd-/even-v EST and odd-/even-v
MST correlations are induced via the spin flipper. In a related
study [54], the authors discuss the relation between Majorana
fermion and odd-v Cooper pair in the case of a disordered
superconductor—metal-superconductor JJ of nanowires when
the nanowire is in the topologically nontrivial regime. In the
absence of spin-flip scattering, it was seen that odd-v EST
pairing exists whenever MBS appears, while, odd-v MST
pairing does not arise. Further, the connection between MBS
and odd-v pairing has also been explored in Kitaev chain
systems [55] and in spin-polarized nanowires coupled to Ma-
jorana zero modes [56,57]. In all these studies [53-57], odd-v
MST pairing vanishes, while in our paper, because of the inter-
play of both MBS and spin flip scattering, odd-v MST pairing
is finite, thereby enhancing their utility in MBS detection.

The remainder of the paper is structured as follows: In
the subsequent section, we present our setup and discuss the
theoretical background. In Sec. III, we outline the method for
computing energy-bound states and Josephson currents. In the
same section, we also discuss the results for energy-bound
states and Josephson current. Moving on to Sec. IV, we delve
into the relationship between odd-v ST superconductivity and
MBS in a p,-SF-p, JJ. Next in Sec. V, we discuss the impact
of disorder on surface induced odd-v ST pairing. We analyze
the results in Sec. VI, offering a comparative summary of odd-
and even-v correlations induced by the presence of MBS. In
Sec. VII, we present some tools to experimentally detect sur-
face odd-v ST pairing via the local density of states (LDOS),
local magnetization density of states (LMDOS) and enhanced
total DC Josephson current and in the same section we also
summarize our paper. For completeness, we provide the wave-
functions and boundary conditions of our setup, along with
detailed calculations of Green’s functions, analytical formulas
for even- and odd-v pairing amplitudes, and the details for
calculating the LDOS, LMDOS, and the total DC Josephson
current in Appendices A—E.

II. MODEL

We consider a JJ where a spin flipper (SF) is embedded
between two nodal p, superconductors, as depicted in Fig. 1.
The SF’s Hamiltonian is described as [58-62]

Hsr = —Jod(x)5 - S. )

We address this problem by solving a time-independent
Schrodinger equation, which has been adapted to incorpo-
rate a Bogoliubov-de Gennes (BdG) Hamiltonian. The BdG
Hamiltonian for p,-SF-p, JJ, as shown in Fig. 1, is expressed

as
Hpi Ajpc%
HEiG "0 = | pu s :) @)
7p6x  —Hpl
: 2 B
with Hp = —5 = ax2 — Job(x)s - S-— ,up o 3x2 represents

electron-like quasiparticle’s kinetic energy operator with an

g

sy M

qh: qe p:L‘
v

!
8
[} L}
> >
--- -
Q L=
3 )

=20

/77777

FIG. 1. Josephson junction composed of a SF atx = 0 embedded
between two nodal p, superconductors. Two p, superconductors are
grounded. The scattering process of an incident spin-up electron-like
quasiparticle (ge) is depicted and SF’s spin being oriented along any
arbitrary direction.

effective mass denoted as m*, Jy denotes the exchange inter-
action between the spins of the electron-like quasiparticle (5)
and SF (3), and the third term corresponds to the chemical
potential of a p, superconductor. / represents identity matrix,
p= —lh— is the momentum operator, and & being the Pauli
matrices. Further the gap parameter A; has the form A; =
A/ [e"”’ 0(—x) + €20 (x)] with A’ the pairing potential for
Dx superconductor and 6(x) represents the unit step function.
¢y, is the superconducting phase for left superconductor, while
@r is the superconducting phase for right superconductor.
@ = @r — . is the phase difference between two supercon-
ductors. In this paper, the SF’s spin magnetic moment m’ can
have possible values, m' = —S, —S + 1, ..., S. For example,
if S = 1/2, then m’ has two possible values, m’ = 1/2, —1/2.
Similarly, if § =3/2, then m' =3/2,1/2,—-1/2,-3/2. We
compute various measurable quantities like Josephson cur-
rent or the pairing magnitude or LDOS/LMDOS for each
of the 2§ + 1 possible values of m’' for SF’s spin S and
finally take an average overall m’ values. When a spin-up
electron-like quasiparticle (ELQ) interacts with the SF with
a spin of S = 1/2, it results in a product state 2 5 (11M)ELQ ®
[1)sk) if the SF’s spin is in the up state (m' = 1/2). How-
ever, if the SF is in the spin-down state (m’' = —1/2), an

entangled state may emerge after scattering, represented as
Mutual spin flip No flip

(Qmm ® Nse)+ 5 (Dao® Wse) ). In the subsequent scattering
event at the SF, if a spin-down electron-like quasiparticle is
incident, it encounters the SF in either the spin-up or spin-
down state. If the SF is in the spin-up state, a spin flip occurs,
once again leading to the formation of an entangled state.
As a result, measurable quantities like Josephson current or
the pairing magnitude or LDOS/LMDOS are determined by
averaging over these two processes spin flip and no flip. This
approach applies similarly to SF’s spin states of S = 3/2 and
beyond, with measurable quantities calculated by averaging
over all possible values of m’. In this paper, we have used

dimensionless parameters J = 2,:"—J° to quantify the exchange
Hpx

. 2
coupling strength [58], where k,, =,/ % is the Fermi
momentum.

By diagonalizing the Hamiltonian (2), we obtain the wave-
functions in distinct regions of the p,-SF-p, JJ corresponding
to different scattering processes. The detailed wavefunctions
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FIG. 2. Energy bound states as a function of phase difference ¢ for (a) topological regime, (b) trivial regime. (c) Josephson current as
a function of phase difference ¢. Parameters: S = 1/2, J = 3, u,,, = 1 (for topological regime), u,, = —1 (for trivial regime), A, = V2,
E.=1,Iy=¢E./h, T = 0. In (a) and (b) we choose the particular case of S = —m' = 1/2.

are provided in Appendix A. The wavevectors ¢, ; in p, superconductor can be found from

v = (qih — u;,x)z + (A;xqe,h)z, (assuming /i = 2m* = 1). 3)
The general solution of Eq. (3) for ¢, is given as
— A2 +2M/ + \/41)2 + A4 _4A/2M/
Px Px DPx DPx " Px
Qe = £ . “4)

2

In Eq. (4), g. and g;, have two values. The positive value of g, (g;) represents the electron-like (hole-like) quasiparticle moving
from left (right) to right (left), while the negative value of g, (g,) represents the electron-like (hole-like) quasiparticle moving
from right (left) to left (right). Expressions for ¢, for different values of chemical potential u), < Ai /4, Ai /4 <, <
A;,ZX /2, and '“;a- = A;i /2 and energy E (frequency v) are provided in Table I of Ref. [63]. At [L;,X = 0, the energy spectrum for
px superconductor is gapless (see Fig. 1 of Ref. [63]), which indicates the topological transition between the trivial (1), < 0)

and topological (,u;x > 0) phases. The gap in the energy spectrum

/ ’
I, |, w,, <0,

of nodal p, superconductor is given as

(trivial regime)

EC - M;’x’ 0 < M;’» < A;72\' /2’ (5)
r L An / ” : :
AL, — AR /A > AL 2. (topological regime)
[

In the subsequent sections, we will employ normalized pairing be obtained from bound state energies [66],
potential, denoted as A, = Z;ZkA”* , and normalized chemical 4

2w 2e E, \dE,
potential, denoted as 1), = m,fA’;‘ . I= T Ztanh 2ksT ) do O

Px n=1

III. MAJORANA BOUND STATES
AND JOSEPHSON CURRENT

To compute energy-bound states in p,-SF-p, JJ we ne-
glect the contribution from incoming quasiparticles in the
wavefunctions [64,65], see Eq. (A1) in Appendix A and sub-
stitute these wavefunctions into the boundary conditions, see
Eq. (A2) in Appendix A. We will get eight equations with

Py =0, (6)
: __r.eée e e W e Fee zeh zeh 1T
wherein y = [rM TR TR T NS L SO Fe 1" is a

8 x 1 column matrix and P is a 8 x 8 matrix. For the non-
trivial solution of Eq. (6), the det P should be zero and
we obtain bound state energies E;(l = 1,...,8) = +E,(n =
1,...,4). Since we consider a short JJ, the Josephson total
current is equal to the Josephson bound current, which can

In Figs. 2(a) and 2(b), bound state energies are plotted as a
function of phase difference ¢ in both topological [Fig. 2(a)]
and trivial [Fig. 2(b)] regimes. From Fig. 2(a), we see that
in the topological regime at ¢ = +m, energy-bound states
change their sign owing to their 47 periodicity, which indi-
cates the presence of Majorana zero modes inside the junction
[52]. These 4m-periodic energy-bound states occur because
of the coupling of two Majorana fermions at zero energy.
However, in the trivial regime energy-bound states do not
change their sign, see Fig. 2(b), and they are 2w periodic,
which indicates the absence of MBS. In Fig. 2(c), we plot
Josephson current versus phase difference (¢) for both topo-
logical and trivial regimes. We notice that in the topological
regime, Josephson current is also 47 periodic and becomes
maximum at ¢ = 7 when MBS occur. However, Josephson
current is 2 periodic and vanishes at ¢ = % in the trivial
regime when MBS do not occur.
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IV. ODD-FREQUENCY PAIRING AND MAJORANA
BOUND STATES

The primary objective of this study is to investigate the
potential correlation between the presence of MBS and the
emergence of odd-v pairing correlations. For this reason, we
form retarded Green’s function, denoted as G” (x, X, v), for the
setup depicted in Fig. 1, incorporating the interface scatter-
ing processes [67]. We adopt the methodology established
in Refs. [68] and [69], and the details of Green’s functions
calculation are mentioned in Appendix B. We focus on the
anomalous component of G", which gives the pairing am-
plitudes. Anomalous component of G"(x, X, v) is expressed
as

3
G2 ) =i)  floo. 8)

=0 |

Even-v EST: fﬁ =ify — f{

HOoxv)+ fix, % —v)
2

Even-v MST: £ (x, %, v) =

A. Equal spin-triplet (EST) superconducting correlations

We calculate even- and odd-v pairing amplitudes using
Egs. (8)—(11), see [70] for detailed calculations. Spin-singlet
(SS) pairing is zero in the setup considered in Fig. 1; however,
spin-triplet (ST) pairing is finite. ST pairing is of two kinds,
equal spin-triplet (EST) pairing and mixed spin-triplet (MST)
pairing. Since, in our paper, p, superconductor has equal
spin-triplet Cooper pair, thus EST pairing already exists in
this setup; however, MST pairing is induced as a result of
the spin flipper. Here we show that even-v EST and odd-v
EST pairings are induced in our setup because of the py
superconductor. Similar to Fig. 2, we look at two cases: (a) the
trivial regime and (b) the topological regime. In the topologi-
cal regime, MBS appear at v — 0 and ¢ = £ as depicted

J

Bulk even-v EST: fE'B(x,)"c, vV—>0)= ——
t 2(qn — qe )

Surface even-v EST: ffT’S (x,x,v—0)=

4(61h ge)
for x < 0,

where 1 = h

and fF, =iff + ff; Odd-vEST: fO =iff — f?

The even- and odd-v MST pairing amplitudes are calculated as

: Odd-v MST: f2(x, %, v) =

T (S — e ysen(x — £) = £, 5, v = 0),

((r¢ TT + if )(e—i(qef—w) _

In Eq. (8), op represents the identity matrix and o; (I =
1,2, 3) denote the Pauli matrices. Further, f; is spin-singlet
(M — {1 pairing amplitude, f{, represent equal spin-triplet
({4 £ 11) pairing amplitudes, and finally f3 being the mixed
spin-triplet (1| 4+ | 1) pairing amplitude. The EST pairing
amplitudes 11 and || are calculated as fy4 =if; — f| and
fiy =1ify + f{, respectively. Even- and odd-v pairing ampli-
tudes are obtained from

f,E(x, %) = e, x,v) —|—2f,”(x,)‘c, —v),
fi(x,x,v) 2f, (x, x, v), ©)

S are related to the advanced Green’s function and deter-
mined from G%(x, %, v) = [G"(%, x, v)]" [68]. The even- and
odd-v EST pairing amplitudes are calculated as

and

flo(x,)f, V) =

and ), =ify + f’. (10)

f{Gn Ev) = fin T —v).

> (11)

(

in Fig. 2(a). To understand the nature of even-v EST and
odd-v EST correlations when MBS appear in the topological
regime, we compute even-v EST and odd-v EST correlations
at the v — 0 limit in both trivial and topological regimes.
However, the explicit expressions for even-v EST and odd-v
EST correlations at finite v are provided in Appendix C. In the
trivial regime, for v — 0, the coherence factors Ve=vn=1,

_ W Wr
normal reflection amplitudes, rTT = rH rTT =r = 0,

and Andreev reflection amplitudes, rTT = rTT and r¢ ¢ =

ne'

i » see Appendix C. We should mentlon that the Andreev

reflection amplitudes <7, ?’ ¢ r¢ f ol ¢ " are purely real and its

because of the perfect Andreev reflection seen at v — 0 limit.
In v — O limit, both bulk and surface even-v EST pairing are
nonzero in the left superconductor and given as

for x <0, (12)
e 1@V y) — ffls

('x9 x’ U % 0)7

(13)

, while bulk and surface components of odd-v EST pairing vanishes. In the above equations, we have separated

the pairing amphtudes into bulk (B) and surface (S) components, where bulk components do not depend on interface scattering

amplitudes. In the topological regime, at v — 0, vy, = V., geVe = (qn¥n)", qn¥Ye = (qe¥n)*, ?Te =r{y" jf =r|

Wi W% and there

are two cases: MBS absent (¢ # ), and MBS present (¢ = 7). When MBS are absent (¢ # ), normal reflection amplitudes,

e __ e _ W _ WK
i =y =T =T

_ . . an =
= 0, and Andreev reflection amplitudes, r{y = r{|' = rif

1 RS mal 1 . .
1 ¢ =r|{ (all are imaginary). Again there is

a perfect Andreev reflection at v — 0 limit. We find that similar to the trivial regime, in the topological regime when MBS are
absent, both bulk and surface even-v EST pairings are nonzero in the left superconductor and given as

1 Ak A -
Bulk even-v EST: fTT (x, %, v—0)= [l [(e~ "= _ glde=Fygon(x — X)]
Im[g.y.]  Im[g;y.]
= fi’B(x,)'c, v — 0), forx <O, (14)
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FIG. 3. The absolute values of the bulk and surface contributions to even-v EST and odd-v EST correlations within the left superconductor
vs position x for (a) trivial regime, (b) topological regime when MBS are absent (¢ = 7/5), and (c) topological regime when MBS are present
(¢ = m). Parameters: S = 1/2,J =3, A, = V2, My, = —1 [for (a)], up, =1 [for (b) and (¢)], ¥ = 0, ¢ = 7 /5 [for (a) and (b)], ¢ = 7 [for
(©)], v = 0. In (a)—(c), x has been scaled by the superconducting coherence length & for dimensionless representation.

Iy 1
Surface even-v EST: ffT’S(x,)‘C, v— 0)= Qreh <|:

*\2 2
) e~ i@eX—anx) _ 1 _ Ve e~ ex—an¥)
Im[qhye] Im[qd/e] Im[th/e]

8 11\ | Imlgey.]
= f[ @ % v —0), forx <0, (15)
while at v — 0 limit odd-v EST pairing vanisl/1§s Wh(;r} MBS are /al/Jsent. In the topological regime, when MBS are present
(Z)w: n);l/gi)rmal reflection amplitudes satisfy r{s = ri"*, r{{ = r|["*, and Andreev reflection amplitudes satisfy r{{" = ri<*,

Ny =ry

with Im[rﬂ”] > 1, Im[rff/] >> 1. We find that similar to the trivial regime and topological regime when MBS are

absent, in the topological regime when MBS are present, both bulk and surface even-v EST pairing are nonzero in the left

superconductor and given as

_ n |Vel? il et )
Bulk even-v EST: fE8(x,x,v — 0)= = [(e~anh =3 _ ol =% )son(x — X)]
” 8| Im[g.y.]  Im[gsy.]
= /% (x, %, v = 0), forx <0, (16)
Surf: EST: E.S = 0) = Ui he ¢! 1 Vez —i(qex—qnX) e'n e'n
urface even-v : fTT (x,x,v—>0)= 16 (rTT +r; ) Imlgorel - Imlgnyel e — (rM +r )

(r5)?

1
X
Im[g.y.]

Im([gpye.

]}ei@h”ﬂ)) =f{ &% v —0), forx<0. (17

However, in contrast to the scenarios when MBS are absent, in the topological regime when MBS are present, surface odd-v
EST correlations are finite with vanishing bulk odd-v EST correlations.

i I 1 o|?
Surface odd-v EST: fTOT’S(x,)‘c, v—0)= % ((r%f + iy )|:Im[ + Iyl

:|e—iqe(x+x) _ (r?Th/ + riﬂf’)

qeye] Im[QhVe]

Vel

y 1
[Im[qeye]

X e—i(qex—t]hi) +(r

o o e 1 y2
+ e"]h(X'HC) —(r ¢ 4 rhe ) . e
Im[qhm} M Imlgeye]  Imigaye]

*\2
94 + re'h’) 1 _ (y€ ) ei(QhX_‘hx)
P  Imlgeye]l  Imignye]

= f( (x, X, v — 0), forx <0. (18)

This finite-surface odd-v EST correlation can act as a signa-
ture of MBS. Both bulk and surface contribution of odd-v EST
correlations vanish in the trivial regime and in the topological
regime when MBS are absent at v — 0 limit, while only

(

bulk contribution of odd-v EST correlations vanish in the
topological regime when MBS are present. Bulk and surface
contributions of even-v EST and odd-v EST correlations at
v — 0 within the left superconductor are presented in Fig. 3.
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We choose three cases: (a) trivial regime, (b) topological
regime when MBS are absent, and (c) topological regime
when MBS are present. From Fig. 3, it is evident that in the
trivial regime, both bulk and surface contributions of even-
v EST correlations are finite and exhibit a decay without
any oscillation with vanishing odd-v EST correlations. How-
ever, in the topological regime when MBS are absent, both
bulk and surface contributions of even-v EST correlations
are nonzero and exhibit an oscillatory decay with vanish-
ing odd-v EST correlations. In the topological regime, when
MBS are present, surface induced odd-v EST correlations
are enhanced with vanishing bulk odd-v EST correlations.
However, bulk and surface contributions of even-v EST cor-
relations are suppressed. In the trivial regime, at v — 0, both
q. and g, are purely imaginary in Eqs. (12) and (13); there-
fore, even-v EST and odd-v EST correlations show a decay
without any oscillation. In the topological regime, at v — 0,
both g, and g, have both real and imaginary components
(qn = q}) in Egs. (14)—(18); therefore, even-v EST and odd-v
EST correlations exhibit a decay with oscillation inside the
superconductor. Even-v EST correlations are finite both in
the presence as well as in the absence of MBS, and thus,

Surface even-v MST: ff‘s(x, x,v—>0)=

_n
4(gn — g

do not help in detecting MBS. However, surface odd-v EST
correlations are finite only in the presence of MBS, making
them a crucial indicator in detecting MBS.

B. Mixed spin-triplet (MST) superconducting correlations

We now compute the induced even-v MST and odd-v MST
correlations in our setup. In our paper as mentioned before,
MST correlations are induced in the presence of spin flipper.
Similar to Fig. 2, we examine two scenarios: (a) the trivial
regime, and (b) the topological regime. To understand the
behavior of even-v MST and odd-v MST correlations when
MBS occur, we consider the v — 0 limit for both trivial
and topological regimes. However, the analytical expressions
for even-v MST and odd-v MST correlations at finite v are
mentioned in Appendix C. In the trivial regime, at v — 0, the
coherence factors y, = yh = I, normal reflection amplitudes
r?j/ = ri’T r?’f‘ =rh M = O and Andreev reflection ampli-
tudes r‘; i’ = r?f and r{ ¢ =r'Y. The Andreev reflection
amplitudes are purely real. We find that bulk MST correla-
tions vanish for both even-v and odd-v, and surface MST
correlations are nonzero for even-v while for odd-v, they too
disappear,

ne

(5 + P (e a) — om0y forx < 0. (19)

In the topological regime, at v — 0, v, = V., qeYe = (qh)/h)* qhye = (ge¥n)", ef = r’;f*, rM = rfTh* and when MBS are
"

absent (¢ # ), normal and Andreev reflection amplitudes r ¢ =r

_ hh’ h e'n en ne' ne __
_N_rw_r rT_rN_rM = 0. We find

that all correlations, both bulk and surface, for either odd-v or even- v Vamsh Flnally, in the topological regime, at v — 0, when

W %

MBS are present (¢ = ), normal reflection amplitudes satisfy rT = rT J 5 rpp =rp)", and Andreev reflection amplitudes

satisfy r¢ i = r’;f* rj{' = r’jTe * with Im[reh] > 1, Im[rjh] > 1. We find that surface MST correlations are finite for both
even-v and odd-v while bulk MST correlatlons vanish for both even-v and odd-v,

Surface even-v MST: ff‘s(x,fc, v—0)= ((rN +r M )|:

y 1
|:Im[CIeVe]

ee l
((” L )[Im[qem i

Surface odd-v MST: f30’s(x, X, v—0)=

1 yez —i(gex—qnX) ( + eh)
e e
Im[g.v.] = Imlgsy.] SRt
*\2
e jaean || for x <0, (20)
Im[gny.]

vel?

e*iqe(er)'c) —(r ‘W + rh'h/
Im[qhye]} et

y 1
[Im[qeye]

X e—t(qex QhX)+(r;f + )|: _

Surface and bulk components of even-v MST and odd-v MST
correlations, at v — 0 in the left superconducting region, are
plotted as a function of position x in Fig. 4. Similar to Fig. 3,
we consider three cases: (a) trivial regime, (b) topological
regime when MBS are absent, and (c) topological regime
when MBS are present. From Fig. 4(a) we see that in the trivial
regime surface even-v MST correlations are finite and show
a decay without any oscillation, but odd-v MST correlations

2 2
+ |y€ | “1/1 (x+%) ( + ) 1 _ Ve
Im([g; ] SR mlg.y.] Imlgsy.]

1 )
Im[qh Ve

=40 ) forx < 0. (21)
Im([q,Y.] |

(

vanish. In Fig. 4(b), in the topological regimes when MBS are
absent (¢ = m/5), both even-v MST and odd-v MST correla-
tions are zero. Finally, in Fig. 4(c), we see that when MBS are
present, surface odd-v MST correlations are finite with very
large magnitudes while surface even-v MST correlations are
very small. Further, surface even-v MST correlations are finite
in the trivial regime when MBS are absent, as well as in the
topological regime when MBS are present, and thus, do not
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FIG. 4. The absolute values of the bulk and surface contributions to even-v MST and odd-v MST correlations within the left superconductor
vs position x for (a) trivial regime, (b) topological regime when MBS are absent (¢ = 7 /5), and (c) topological regime when MBS are present
(¢ = ). Parameters: S = 1/2,J =3, A, = V2, Uy, = —1 [for (a)], up, =1 [for (b) and (¢)], ¥ = 0, ¢ = /5 [for (a) and (b)], ¢ = 7 [for
(©)], v — 0. In (a)—(c), x has been scaled by the superconducting coherence length & for dimensionless representation.

distinguish MBS. Surface odd-v MST correlations are finite
in the topological regime when MBS are present but vanish in
the absence of MBS. Therefore, induced surface odd-v MST
correlations imply presence of MBS. This is the main result
of our paper.

V. EFFECT OF DISORDER ON MAJORANA INDUCED
ODD-FREQUENCY CORRELATIONS

In this section we discuss the effects of disorder on our
results. To study the impact of disorder on our results, we
consider a finite-length JJ where two normal metals with
a spin flipper (SF) are sandwiched between two nodal p,
superconductors, as shown in Fig. 5. Normal metal-p, su-
perconductor interfaces are modeled with §-like potential
barriers of strength V| and V,. The scattering of an inci-
dent electron-like quasiparticle with spin-up is presented in
Fig. 5. In this double-barrier 1D system, multiple scattering
of electrons and holes occurs as a result of the interface
barriers. In Ref. [71], the authors demonstrate that conduc-
tance is enhanced in a 1D normal metal-insulator—normal
metal—insulator—superconductor (N-I;-N-I,-S) double-barrier
junction as a result of multiple scattering [72]. This phe-
nomenon is similar to what happens in a disordered normal
metal—insulator—superconductor (N-I-S) junction, where con-
ductance can be enhanced because of repeated scattering of
electrons by disorder, as shown in Ref. [73]. This enhance-
ment in conductance suggests that multiple scattering in a
double-barrier junction introduces disorder effects.

The BdG Hamiltonian for nodal p-wave superconductor
(px)—insulator (I;)-normal metal (N;)-spin flipper (SF)-
normal metal (N,)—insulator (I;)-nodal p-wave superconduc-
tor (p,) junction, as shown in Fig. 5, is expressed as

pehNi-SENbope _ ( Hol  Appéy
Hgig (x) = <Az[)6x —Hol )’ (22)

with  Hp= 22 1 Vis(x +L/2) + Vad(x — L/2) —
Jod(x)s - S— ... Vi represents the strength of §-like potential
barrier at p,-N; interface, while V, denotes the strength of
3-like potential barrier at N,-p, interface. We have used

dimensionless parameters Z; = ;f]“( I and 7, = ;ﬁ’]’( V2 to
Mpx Mpx

quantify interface transparencies [74]. u) corresponds to
the chemical potential for normal metal (r = N) or py

hzu;

m*A2
chemical potential. Further, the gap paraIIneter Ay has the fol-
lowing form A = A/, [0 (—x — L/2) 4 €"¥"6(x — L/2)].

By diagonalizing the Hamiltonian (22), we obtain the
wavefunctions in distinct regions of the p,-I;-N;-SF-N,-I,-p,
JJ corresponding to different scattering processes. The de-
tailed wavefunctions are mentioned in Appendix A. In Sec. IV
we discuss in detail the method to calculate the retarded
Green’s function and induced even-/odd-v ST pairing ampli-
tudes in different regions of the p,-I;-N\-SF-N-L-p, JJ. In
Fig. 6, we present the surface contributions of even-v EST
and odd-v EST correlations in the left superconductor as a
function of position x for different values of Z; and Z; in the
v — 0 limit. The three phases: (a) the trivial phase, (b) the
topological phase without MBS, and (c) the topological phase
with MBS are then analyzed in Fig. 6. In the trivial phase,
the magnitude of surface even-v EST correlations changes
with disorder as seen for different values of Z; and Z,. In
contrast, in the topological phase when MBS are absent, their
magnitude remains independent of disorder. The magnitude of
surface odd-v EST correlations is zero regardless of disorder
in the absence of MBS. In the topological phase when MBS
are present, both surface even-v EST and surface odd-v EST
correlations are finite and their magnitudes are very large as
well as independent of disorder as seen for different Z; and Z,
values. Surface even-v EST correlations are finite for various
values of Z; and Z, in both the trivial and topological phases,
regardless of the presence of MBS, but in topological phase
their magnitudes are independent of disorder. Surface odd-v
EST correlations are nonzero only in the topological phase
when MBS are present and vanish in their absence. Therefore,
surface induced odd-v EST correlations serve as an effective
detector of MBS, even in the presence of disorder.

Next, in Fig. 7, we plot the surface even-v MST and sur-
face odd-v MST correlations in the left superconductor as a
function of position x for different values of Z; and Z, in
the v — 0 limit. Similar to Fig. 6, we consider three phases:
(a) the trivial phase, (b) the topological phase without MBS,
and (c) the topological phase with MBS. In the trivial phase,
the magnitude of surface even-v MST correlations changes
with disorder as seen for different values of Z; and Z,, while
the magnitude of surface odd-v MST correlations is zero
regardless of disorder. In the topological phase when MBS
are absent, both surface even-v MST and surface odd-v MST

superconductor (r = p,) and p, = is the normalized
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FIG. 5. Josephson junction composed of two normal metals and a SF at x = 0 embedded between two nodal p, superconductors. Normal
metal-p, superconductor interfaces at x = +L/2 are modeled with §-like potential barriers of strength V; and V,. Two p, superconductors are
grounded. The scattering process of an incident spin-up electron-like quasiparticle (qe) is depicted and SF’s spin being oriented along any

arbitrary direction.

correlations are zero regardless of disorder. Finally, in the
topological phase when MBS are present, both surface even-v
MST and surface odd-v MST correlations are finite and their
magnitudes are huge as well as independent of disorder as
seen for different Z; and Z, values. Surface even-v MST
correlations are finite for different values of Z; and Z, in both
the trivial and topological phases, irrespective of the presence
of MBS, but in topological phase they are independent of
disorder, and their magnitudes are enhanced multifold in topo-
logical phase with MBS. Surface odd-v MST correlations are
nonzero only in the topological phase when MBS are present
and they vanish when MBS are absent. Thus, surface induced
odd-v MST correlations can serve as a true detector of MBS
even in the presence of disorder. This indicates the robustness
of surface induced odd-v ST pairing to the deleterious effects
of disorder.

VI. ANALYSIS

We compare our results in Table I both when SF is present
and when it is absent. Even-v SS and odd-v SS correlations
always vanish in both the trivial and topological regimes ir-
respective of spin flip scattering and therefore we do not put
them in Table I. We notice that only even-v EST correlations
are finite in bulk in the presence as well as in the absence
of MBS irrespective of spin flip scattering. Thus, the bulk
component of EST correlations does not contribute to the
identification of MBS. Surface contributions of even-v EST

correlations are finite both in trivial and topological regimes
in the presence of spin flip scattering. Surface components of
even-v MST correlations are finite in the topological regimes
when MBS are present and also in the trivial regimes in
the presence of spin flip scattering. Thus, even-v EST and
even-v MST correlations cannot help in detecting MBS. Sur-
face contributions of odd-v EST correlations are nonzero in
the presence of MBS; however, they vanish when MBS are
absent regardless of spin flip scattering. Surface components
of odd-v MST correlations are present when MBS occur, but
they are absent when MBS are absent in the presence of spin
flip scattering. Thus, surface induced odd-v EST and odd-v
MST correlations can distinguish MBS in the presence of
spin flip scattering. In our study, when SF is absent, surface
odd-v MST correlations will also be absent. Thus, spin flip
scattering helps in detecting MBS via inducing surface odd-v
MST correlation in the presence of MBS.

Next, in Table II we explain the reasons behind our
results. In the trivial regime, for v — 0, and for MBS ab-
sent, normal reﬂection amplitudes without spin flip are zero,

ie., r?T =r| = lTlTh = ri’ f‘ =0 While Andreev reﬁect,ion
amphtudes without spin flip satisfy 7§ T = rTT # 0, jf =

rh i ¢ 75 0, which lead to finite-surface even-v EST correlations
with vanishing surface odd-v EST correlations, see Eq. (13).
Further, in the trivial regime, normal reflection amplitudes
with spin flip are zero, i.e., ref/ = rjf = r’%f W=
while Andreev reflection amplitudes with spin flip satisfy

0,58 0,5 0,8
[ |£27] [
; 0.0010 ) 0.0010
Trivial ‘fﬁﬂ Topological (MBS absent) | fTE;S‘ Topological (MBS present) I E.S 000+
. . 0.0008 0.0008
— 4=1,4=3 — Z=1,2=3
— Zi=1,%=4 0.0006 0.0006 — Zi=1,%=4
— %=1, 5=5 4 — Zi=1,2=5
0zl 0.0004 - 0.0004
8 66 —4f -2t 1)} 0.0002- 0.0002 %
& T T
_8¢ “6¢ ~ag —2& L -8¢ -6 —4¢ -26 -2 -8 -6¢ -4 -2 L2

FIG. 6. The absolute values of the surface contribution to even-v EST and odd-v EST correlations within the left superconductor vs position
x for different values of interface transparencies Z; and Z,. We consider three cases: (a) trivial regime, (b) topological regime when MBS are

absent (¢ = 7 /5), and (c) topological regime when MBS are present (¢ = ). Parameters: S = 1/2,J =3, A,

= V2, p,, = —1 [for (a)],

tp, = 1 [for (b) and (¢)], uy = 10, L = 1.3, x = 0, ¢ = 7 /5 [for (a) and (b)], ¢ = 7 [for (c)], v — 0.
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FIG. 7. The absolute values of the surface contribution to even-v MST and odd-v MST correlations within the left superconductor vs
position x for different values of interface transparencies Z; and Z,. We consider three cases: (a) trivial regime, (b) topological regime when

MBS are absent (¢ = 7/5), and (c) topological regime when MBS are present (¢ = 7). Parameters: S = 1/2,J =3, A,

:\/E,Mp;:_l

[for (a)], up, =1 [for (b) and (¢)], uy = 10, L = 1.36,% = 0, ¢ = 7 /5 [for (a) and (b)], ¢ = 7 [for (c)], v — 0.

r{ f = rh ¢ £0, rﬂ’ = rilf # 0, which lead to finite-surface
even-v MST correlations and vanishing surface odd-v MST
correlations, as evident from Eq. (19).

In the topological regime for v — 0 and when MBS are
absent (¢ # JT) normal reflection amplitudes without spin

flip satisfy r{{ = r¢ ;= r?Th = rﬁh = 0 while Andreev re-

flection amplitudes without spin flip are equal, i.e., rM =

e f = r?f = ’jf # 0, which lead to finite-surface even-v

EST correlations and vanishing surface odd-v EST correla-
tions, see Eq. (15). In the topological regime, when MBS

are absent normal reﬂection amplitudes with spin flip satisfy
e =

riy = rM =r = r T = 0 while spin flip Andreev reflec-
e en h’ !
tion amplitudes are again vanishing, i.e., r{) = r{y =r{ =

ri’f = 0, which lead to vanishing surface even-v MST and
surface odd-v MST correlations.

Finally, in the topological regime for v — 0 and when
MBS are present (¢ = n) normal reﬂection amplitudes with-

out spin flip satisfy rTT = r?Th L= ri’ f * while Andreev

reflection amplitudes without spin flip satisfy rTT = r?‘f*,

rjf = ri’f*, which lead to finite-surface even-v EST and

surface odd-v EST correlations, see Egs. (17) and (18). In
this regime, normal reﬂection amplitudes with spin flip satisfy
r?f = r? f , j; =rh lT whlle Andreev reflection amplitudes
with spin flip satisfy r ¢ = r?f*, ri# = ri’f*, which lead
to finite-surface even-v MST and finite-surface odd-v MST

correlations, as evident from Egs. (20) and (21). It is important
to note that both normal and Andreev reflection amplitudes
follow distinct conditions in the presence and absence of
MBS. These differing conditions lead to distinguishable re-
sults under these two scenarios.

In Table III, we analyze the impact of disorder on surface
induced odd-v ST pairing. The effects of disorder have been
dealt with in detail in Sec. V and Figs. 6 and 7. In the trivial
regime, surface odd-v EST and surface odd-v MST correla-
tions vanish regardless of disorder, whereas surface even-v
EST and surface even-v MST correlations are finite and vary
in magnitude with disorder. In the topological regime when
MBS are absent, surface odd-v EST and surface even-/odd-v
MST correlations vanish regardless of disorder, while surface
even-v EST correlations are finite and their magnitude is un-
affected by disorder. However, in the topological regime when
MBS are present, all four types of correlations (surface odd-v
EST, surface even-v EST, surface odd-v MST, and surface
even-v MST) are finite and their magnitudes are indepen-
dent of disorder. Therefore, even in the presence of disorder,
surface odd-v EST and surface odd-v MST correlations are
reliable indicators for MBS detection, as they are finite only in
the presence of MBS and vanish in their absence. This implies
that our results are robust against disorder.

In Ref. [55], it is found that within the topological phase,
the spatial variation of the odd-v EST pairing amplitude coin-
cides with that of the LDOS at zero energy in a semi-infinite

TABLE I. Comparing odd- and even-v correlations at v — 0 in presence and absence of SF.

Topological (MBS present) Topological (MBS absent) Trivial
SF present SF absent SF present SF absent SF present SF absent
Odd-v EST Bulk Absent Absent Absent Absent Absent Absent
Surface PRESENT PRESENT Absent Absent Absent Absent
Even-v EST Bulk Present Present Present Present Present Present
Surface Present Present Present Present Present Absent
Odd-v MST Bulk Absent Absent Absent Absent Absent Absent
Surface PRESENT Absent Absent Absent Absent Absent
Even-v MST Bulk Absent Absent Absent Absent Absent Absent
Surface Present Absent Absent Absent Present Absent
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TABLE II. Normal and Andreev reflection amplitudes at v — 0 in trivial and topological regimes (MBS absent and MBS present).

Normal reflection
amplitudes without

Normal reflection
amplitudes with

Andreev reflection
amplitudes without

Andreev reflection
amplitudes with

spin flip spin flip spin flip spin flip
ol ee Wh e’ Wh S _ he e He
Trivial rﬁ—rw—rm = H—’M—’N = Tt =T T =T
H =0, i.e., they are H =0, i.e., they are w _rH ', they are M _rH,theyare
vanishing vanlshmg finite (real) finite (real)
: ee de _ W _ ee _ _ W _ e Jn _ e _ Iy We _
Topological (MBS TT =Ny =T = N =rif =rl' = rTT Ny = = S i M
We
absent) rH =0, i.e., they are riT =0, i.e., they are ru , they are finite rif =0,i Le., they are
vanishing vanishing (imaginary) vanishing
: e’ ! Wk e’ ! W % eh’ he* eh __ hex
Topological (MBS T =T e =Ty Tt =T =T
present) r{'¢ = I’ they are riT = ri" *, they are I = rl'e*, they are ro" = ri“‘ they are

finite (complex)

finite (complex)

finite (complex)

finite (complex)

Kitaev chain. This suggests a direct link between the wave
function of Majorana fermions and the odd-v EST pairing
amplitude at low frequencies. Further, in Ref. [56], the authors
propose that the interaction between Majorana zero modes
and a spin-polarized nanowire leads to the emergence of odd-v
EST pairing in the nanowire. In addition, in Ref. [57], the
authors examine the stability of odd-v EST pairing induced in
a nanowire coupled with Majorana zero modes, particularly
when the coupling between them exhibits complexity. Never-
theless, in Refs. [55-57], odd-v MST pairing does not emerge,
and they do not offer any methodology for MBS detection
through odd-v pairing. This distinction sets our work apart
from theirs.

VII. EXPERIMENTAL DETECTIONS AND SUMMARY

Our system as depicted in Fig. 1 can be implemented in a
laboratory setting. p,-wave pairing is experimentally found in
the quasi-1D organic superconductors (TMTSF),PF¢ [75,76].
Replacing the spin flipper at the p,—p, superconductor in-
terface must be technically feasible. From an experimental
perspective, magnetic molecules such as the MnsO3 complex,
featuring a spin quantum number of S = 9/2 [77], offer a
partial analog for the spin flipper. It is worth noting that the
interior dynamics of such a high-spin molecule may exhibit

notable distinctions from those of our spin flipper. Nonethe-
less, the spin flipper can effectively emulate half-integer spin
states, along with capturing the related spin magnetic moment
of the molecule. This enables a substantial approximation of
electron interactions with such entities.

Experimentally, the signature of surface odd-v ST correla-
tions can be probed by observing the zero-frequency peak in
the LDOS and LMDOS. In the topological regime, energy-
bound states exhibit a crossing at v — 0 limit and phase
difference ¢ = %, indicative of the presence of Majorana
zero modes within the junction. These energy-bound states
naturally manifest as a zero-frequency peak in the LDOS
and LMDOS. This is depicted in Figs. 8 and 9, where we
plot LDOS and LMDOS as a function of frequency for the
px-11-N{-SF-N»-I,-p, JJ (see Fig. 5) at the p,-N; interface,
considering different values of Z; and Z,. The formula for
calculating LDOS and LMDOS is mentioned in Appendix D.
We choose three phases: (a) the trivial phase, (b) the topo-
logical phase without MBS, and (c) the topological phase
with MBS. We notice a zero-frequency (v = 0) peak in both
LDOS and LMDOS in the topological phase when MBS are
present. However, no such peak is present in the topologi-
cal phase without MBS or in the trivial phase. Remarkably,
surface odd-v ST pairing is finite and exhibits significantly
large magnitudes in the topological regime when MBS are
present, as illustrated in Figs. 3(c), 4(c), 6(c), and 7(c).

TABLE III. Effects of disorder on surface odd-/even-v superconducting pairing at v — 0 in trivial and topological regimes (MBS absent

and MBS present), see Sec. V and Figs. 6 and 7 for more details.

Trivial

Topological (MBS

Topological (MBS absent) present)

Surface odd-v EST Vanishing regardless of disorder

Suface even-v EST Finite and their magnitude
changes with disorder
Surface odd-v MST Vanishing regardless of disorder
Surface even-v MST Finite and their magnitude
changes with disorder

Vanishing regardless of disorder Finite and their magnitude
is independent of disorder
Finite and their magnitude
is independent of disorder
Finite and their magnitude
is independent of disorder
Finite and their magnitude

is independent of disorder

Finite and their magnitude is
independent of disorder
Vanishing regardless of disorder

Vanishing regardless of disorder
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FIG. 8. Frequency dependence of LDOS at p,-N, interface for different values of interface transparencies Z; and Z,. We consider three
cases: (a) trivial regime, (b) topological regime when MBS are absent (¢ = 7 /5), and (c) topological regime when MBS are present (¢ = ).

Parameters: S = 1/2,J =3, A, = /2, u,,
[for (a) and (b)], ¢ = 7 [for (¢)].

Therefore, by observing the zero-frequency peak in LDOS
and LMDOS, one can detect surface odd-v ST pairing in our
setup.

Further, the signature of surface odd-v ST pairing can be
observed through the measurement of total DC Josephson
current [78]. This is shown in Fig. 10, where total DC Joseph-
son current is plotted as a function of junction length L in
case of p,-I;-N-SF-N,-I,-p, JJ for different values of Z; and
Z,. The formula for calculating the DC Josephson current
using the Furusaki-Tsukuda formalism [79-81] is provided in
Appendix E. Similarly, as before, we consider three phases:
(a) the trivial phase, (b) the topological phase without MBS,
and (c) the topological phase with MBS in Fig. 10. We see that
the magnitude of the total DC Josephson current is enhanced
almost fivefold in the presence of MBS, wherein surface odd-
v ST pairing also exhibits multifold enhancement. Therefore,
the enhancement of the total DC Josephson current serves
as an indirect signature of surface odd-v ST pairing in our
setup.

In summary, our investigation reveals that surface odd-v
ST correlations provide a distinct signature of the presence of
MBS in p, superconductor-SF-p, superconductor Josephson
junction. Surface even-v ST correlations, on the other hand,
remain finite irrespective of the existence of MBS, rendering
them unsuitable for MBS detection. In contrast, surface

—1 [for (a)], up, =1 [for (b) and (c)], uy =10, E. =1, L =135, x=%=—-L/2, 9 =7/5

odd-v ST correlations exhibit finite values exclusively in the
presence of MBS, and they vanish in the absence of MBS.
spin flip scattering plays a crucial role in detecting MBS via
inducing surface odd-v MST correlations in their presence.
While the relationship between MBS and odd-v pairing is
explored in Refs. [53-57], odd-v MST correlations do not
emerge, and they do not offer a method to detect MBS through
odd-v pairing. This sets our paper apart from them. Finally,
the surface induced odd-v ST pairing in presence of MBS
(topological regime) are immune to disorder and can be effec-
tively detected via LDOS/LMDOS zero-frequency peak and
multifold enhancement of the Josephson supercurrent in this
regime. Thus, our findings underscore the utility of surface
odd-v ST correlations as an effective tool for discerning the
presence of MBS.
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FIG. 9. Frequency dependence of LMDOS at p,-N, interface for different values of interface transparencies Z; and Z,. We consider three
cases: (a) trivial regime, (b) topological regime when MBS are absent (¢ = 7 /5), and (c) topological regime when MBS are present (¢ = ).

Parameters: S = 1/2,J =3, A, = /2, u,,
[for (a) and (b)], ¢ = 7 [for (¢)].

—1 [for (a)], u,, = 1 [for (b)and ()], uy = 10, E, =1, L =13, x =% = —L/2, ¢ = 7/5
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FIG. 10. DC Josephson current as a function of junction length L for different values of interface transparencies Z; and Z,. We consider
three cases: (a) trivial regime, (b) topological regime when MBS are absent (¢ = 7 /5), and (c) topological regime when MBS are present
(¢ = m). Parameters: S =1/2,J =3, A, = V2, Uy, = —4 [for (a)], u,, = 8.5 [for (b) and (c)], uy = 1000, k,, L =m, ¢ =7 /5 [for
(a) and (b)], ¢ = [for (c)], E. =4, 1y = eE./h, T — 0.

APPENDIX A: WAVEFUNCTIONS AND BOUNDARY CONDITIONS

In this Appendix, we present the detailed wavefunctions and boundary conditions for the p,-SF-p, junction and the p,-I;-N;-
SF-N,-I-p, junction, as shown in Figs. 1 and 5, respectively.

1. p.-SF-p, junctions

We diagonalize Hamiltonian (2) and obtain the wavefunctions in distinct regions for p,-SF-p, junction. These wavefunctions
are

O (x) = STLeiq”X(p;,S,/ + r Iﬂ/SL 7tqu¢8 + V /iLeftq x¢m " 47 ?# ,l//.SLel(IhquS 47 ,lpSLelth(pm . X< 0
1 = f?f,wsgeiq"x(bsr + tTi waelq xd) - + te ' 1///SR —1q;lx¢5 +t I/f,iR —lq;,x(b " x>0
e m e m ?
L T e e PR N
2(X) = ol , , .
thg Skelqéx(,b;’sl'_l 4 tff SkequX¢S + te 'h whik —1q,,x¢$/ . + te 'h l/f;jke_lqhxﬂs;g/ , x>0
IS —igy We 1St —igex 4 S 1L ,—ig. WH S ;
d)g(x) _ thL l@ix(pm/ + TTe L iqge X¢ + ?f l[f L iq, X¢m 1 _I_ TT th tt]hx¢ L tﬂ/x¢m+l , x < 0
R I S, S /S — ISk —
t{lTe Relqu(ﬁ h e Relqex¢ " 4 t R qu(p;z Tl LR tqhx¢m 1 x>0
1S — 14 ISL —ige. 1S ,—iq. h S, , Y/ S
o ( ) th lqhxd)S +r Hew Lo ququ, . +r I/f Lo qud)S + 7 th Lezq/x¢5_] 47 1h1/f Lelqhx¢ln/’ x <0
4(X) = _ ’
tlf; fgezqu(bsl . + tlf wSRelqu¢ + [¢7~ w/ik 7zq;,x¢ 4 + t¢¢ w/ik 71qhx¢8 x>0
oagey = [V OS HU gS W¢>$ AR AT x<0
5 = o -~ » _
wé?eeftqu(b;j rTT wfgel%x(ﬁi wSR lqex¢ eh 1p/STR tqhx¢8 47 e h /SR u]hx¢m s X > 0
o ( ) eTe 1}0/51 7qu,x¢8, | + tf/f/ e/.illefiqex(bs + te 'n Sl‘eiq]’x¢8 + tff/w]fieiqhx(ps x <0
6(X) = . . .
w;iRe—tq,,x(b;g, + ’Nﬁj? w:}a etqﬂx(bg/_l ;if SR ezqﬂxd)s e h }ﬁR €_lqhx¢;g . 47 ~e h ]fiRe—tqhxd)nf, , x>0
h/e’ /SL 71qu S h’e’ /SL ﬂqex SL tq;,x S SL ignx
) 7y G T 11 ¢+1+t ¢ +t e ¢m+1, x <0
@7 X) =
SRelqhxd)S 47 ~h e wSRelqpxd)S 47 ~he I/ISRelq‘xd) " + r w’SR —lq;,xd)s 47 ~hh I/f’SR _lqhx¢1n s x> 0
til’Te ,(!//SLe—l(](»qu o+ tlf I///SL —zthd)s + lh 4 1/fSL ezqhx¢ o+ lh h/,(//SL 1q,,x¢ x <0
Ps(x) = SR Hiqnx S h e 1SR ,iqex ~he SR igex "h/h’ 'Sk e lanx S Y RAY e~ lanx S 0 (AD
W€ B F UL+ TP e g T 1/’ Pprs X >
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where
Ve 0 Yh 0
wSL _ 1 0 1ﬁsL . 1 Ve KUSL . 1 0 wSL . 1 Vh
L fo] L S A
T Vvl +1 ? RN T VIl 1 ‘1) RN (1)
—Ye 0 —Vh O
v = 1 0 s _ 1 —Ye 5 1 0 s = 1 —Yh
T P+l ‘1) RNV IR é L/ ‘1) RV /Ay é
P 0 vhe'? 0
WSR — 1 O wSR — 1 Veelw 1//SR — 1 O 1//SR — 1 J/hew
et T ’ el T ’ ht = h
P VP 1 <1) VP (1) RN/ ? RV (1)
_yeeiw 0 _Vheiw
WS = 1 0 WS = 1 —Yee sk = 1 0
Tl 1 (1) P+ (1) e VimP ‘1)
0
1 —Yne"
Ui = ——— :
NI
" 0

and y,, = (v +‘15,h - N;)x)/(A;;ﬂe,h) with i =2m* = 1. In Eq. (Al), ®;, ®,, ®3, D4 denote the wavefunctions when
electron-like quasiparticle with spin-up, electron-like quasiparticle with spin-down, hole-like quasiparticle with spin-up and
hole-like quasiparticle with spin-down are injected from left p, superconductor, respectively, while ®s, ¢, 7, Pg denote the
wavefunctions when the corresponding quasiparticles are injected from right p, superconductor, respectively. r/}* and 77" are the
reflection amplitudes in left p, superconductor and right p, superconductor respectively, while 7" and fl”]” are the transmission
amplitudes in left p, superconductor and right p, superconductor respectively with i, j € {1, |} and n € {¢/, ’}. Further, in
Eq. (A1), ¢n‘§, denotes the eigenfunction of the SF, with S representing its spin and m’ corresponding to its magnetic moment.

The action of % is given as S¢S, = him'¢S,. After diagonalizing the Hamiltonian (HZ5 " )*(—k) instead of H3S" 7 (k), we

will obtain the conjugate process ®; necessary to construct the retarded Green’s function in the next section. For our model we
notice that

—Ye 0 —Vn O
G = 1 0 J5 = 1 —Ye G = 1 0 g = 1 —Vh
et — g el — = ) hy = )
T VP +1 (1) (RN e (1) T VIl 1 (1’ (NN e (1)
Ye O Yh O
0 = 1 0 S, 1 Ve 1S, 1 0 1S, 1 Vi
et T ’ el — = ’ = )
P+ ‘1) NS (1) b VP ? (R AEE] (1)
_Veeﬂw O } —yhefiw
B o | | T e
T VP 1 ‘1) RNV (1) UV/IAETY B
0 Veeiiw 0 '
gL el g L [0 s L e
hl — ’ e - el —
L ImP (1) b P+ (1’ N (1)
yne ' 0
A qup—— O T S —
t P+ ‘1) (VAT B
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Further, & = i/ (m*A’ ) represents the superconducting coherence length [53]. We have verified that for each kind of incident
quasi-particle (electron -like/hole-like) the probability conservation |r;' 1> + |t”” 2=1and |75 24 It 2 = 1 both below and
above the gap.

At the p,-p, interface (x = 0), the boundary conditions are [53]

dq>l|x>0 dq)l|x<0 im* A/pr 0 (1 — ei“’)ax
(I)l|x<0 = (Dl|x>0 and dx - dx - hz (_1 4 efi(p)ax 0 d)l|x:0
2 *J
258010, (1= 1.2, ....8), (A2)

where 5.8 = 5°S% + (sTS™ 4+ s~S*)/2 is the exchange operator of the SF’s Hamiltonian [58] with s* = s, £ isy for electron-
like or hole-like quasiparticle and S* = S, + iS, for the SF. For wave functions involving electron-like quasiparticles with

spin-up and spin-down, actions of 5.S are

f f

5.1, and sSw S =

= (A3)

Similarly, for wave functions involving hole-like quasiparticles with spin-up and spin-down, actions of 5.5 are

/ 2 7 /, /, hz 7 1,
S.SY = im +—fx/fsb¢m+1, and 5.8 = ——— Vo +—fx/fsb¢>, . (A4)

In Egs. (A3) and (A4), f = /(S — m')(S + m’ + 1) represents the probability of spin flip for the incident process of a spin-up
electron-like or hole-like quasiparticle, where f' = /(S + m')(S — m’ + 1) represents the probability of spin flip for the incident
process of a spin-down electron-like or hole-like quasiparticle. By employing the equations above and solving the boundary
condition [Eq. (A2)], we obtain a set of eight equations for scattering processes, as shown in Eq. (Al). Various scattering

amplitudes i, 7, tl”]”, t;i" for each kind of incident quasiparticle (electron-like/hole-like) are determined from these eight

i cem _ e Cem)

equations. We have verified the detailed balance condition [79] for Andreev reflection, i.e., ” - 7

7 (g, S .
#, which implies the accuracy of our calculation.
2. py-I,-N1-SF-N,-I,-p, junctions

We diagonalize Hamiltonian (22) and obtain the wavefunctions in distinct regions for p,-I;-N;-SF-N,-L-p, junction. These
wavefunctions are

St iqe(x+L/2) 4 S ‘e S p—iqe(x+L/2) S ‘e S p—iqe(x+L/2) S
wm%etq (x+L/ )¢m’ + r/TeTe weTLe iq.(x+L/ )¢m’ + r%ef wefe iq.(x+L/ )¢m’+l

r/e/h’wSLeiqh(x+L/2)¢S + r/e’h’ }fieiqh(x-kL/Z)(ﬁS, L x < —L/2
nga/ee lk (x+L/2)¢S + wN /e’e’ lk (x+L/2)¢S+] + I/jel\%b/TeTe —lkex(b I/fN b/ee —lkpx(zr)m o
+¢N /e ' 7tk;,(x+L/2)¢S wN /e 'h 7tk;,(x+L/2)¢ " + thd/e ' lk;,x¢8 4 whld/e ' tk;,x(pm 1 —L/2 <x<0

D(x) =
— L/2 — L/2
Z /TeTe tkexqu e]\i /Tef elk X¢S+l + w f{eTe ike(x—L/ )¢];Sl‘ + wa%e\Le tko(x—L/ )¢S, "
+1//the 0 —tk/lxd);g, + wh\ngTeih/e_lkhxqs " + wh h/e’h ikp (x— L/2)¢S + 1'//N h/e 'n tk/l(x L/2)¢ 1 0<x< L/2
”’/e’e’wskelqe(x L/2)¢S ”‘/e/e’ ¢5feiqe(x L/2)¢;2,+1 %?h w}’j\k —ign(x— L/2)¢;r5;/
_Hdeh /SR e~ lanx— L/2)¢ Sl x> L/2
Sj eiqe(x+L/2)¢, /ee w/SL —zqe(x+L/2)¢S 47 /ee e/iLe—iqe(x+L/2)¢;§,
/eh wSLezqh(x+L/2)¢S + r/eh I//SLelq”(xJ'_L/z)(bS x<—L/2
w.N /ee lk (x+L/2)¢ . + w.]\i /ff lk (x+L/2)¢n$1'/ + wé\)frb/f%ere—ikgx(l) . + wN b/ee ﬂkex(ps
o (x) _’_wN /e’h —tk;,(x+L/2)¢S wN /e’h’ —ik;,(x+L/2)¢;z 4 w}%d/e’h’elkllxqs ; 4 W}Zl\ld/e ' lkhx¢m’ , —L/2 <x<0
2= N e ik, e ik, YN free gmik(x—L/2 1ee —iky(x—L/2) 4+ S
eTefTeel x¢ eieffel x¢ eTfieTee ike(x /)¢ l_,’_w fee ke (x— /)¢ :
+thgeh 7tkhx¢5, . 4 wh¢g¢ e'h 7lk;,x¢ + 1p}][\’ h/eh lkh(X*L/z)(p . + wN h/eih etkh(fo/Z)(pnf/ , 0<x< L/2
fieTe Sgelqt(x L/2)¢m L+ t/ee wSRezqe(x L/2)¢S /e 0/ ’ike—zq;,(x L/2)¢S
+t/eh I;SRe—lq;,(X L/2)¢S X > L/2
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w;n?rL —lq;,(x+L/2)¢S +r /he /iLe_lq”(erL/z)qu +r /he éiLe—iqg(x+L/2)¢};Sl‘/+l
/h 4 ,(pSLelqh(XJrL/z)(ﬁS + 74 h’w}fLetqh(erL/Z)(pS X < —L/2
wN h tk (x+L/2)¢S + wN h lk (x+L/2)¢S+1 + w%b/TILTe e—ikex¢8 + wN b/he —ikgxqb;rSlJrl
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eT /h lk x¢ 4 + w(ﬂéf e etk x¢$ + wN f/he ike(x L/2)¢) 4 + w f/he ike(x— L/2)¢£,
nh —k lh’ — hh Wh i —
_|_¢th! lhxd)m’—] + I/Ih,Lg” 1k;,x¢m + WN h/ lk;,(x L/2)¢ . + ¢h¢h/¢ ezk;,(x L/2)¢;r5'l, , 0<x< L/2
fih%e/wskelqg(x L/2)¢S + t/h e I#SRezqe(x L/2)¢S 4 t/h/h W/SR —igp(x— L/2)¢m 3
+7 h’l///SR —igy(x— L/2)¢3 x>L/2
W Th
tjl*eﬁe /iL —lq(,()H—L/Z)d)S + t/ee /SL —tqe(x+L/2)¢S+ + Z‘/Eh 1//SLetq;,(,H—L/Z)d)S
+t/eh }slgLezq/l(x+L/2)¢S X < —L/2
I//N /ee tk (x+L/2)¢S + I/fN ~/ee ike(x+L/2)¢S+1 + wN b/ee —ik(,xd)S Nb/ee —ikgx¢£+]
+1’D_h¢~/e 'h —lkh(x+L/2)¢S + wN ~’e’h 7tkh(x+L/2)¢ ol + wijszd%eTh/ 1k1,x¢8 + I)0h¢d/eh zk;,x¢ e —L/2 <x<0
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wel\%e/ee lk x¢8 + I/Ié\ie/Tee elkfx(ﬁ " + w f/ee ke (x— L/2)¢S + wa/ee ke (x— L/2)¢S
+wh¢ngT —lk;,x¢ + whlg <l —lkhx¢m+1 + thh/eh zkh(x L/2)¢m + wN h/eh ikp (x— L/2)¢ St 0<x < L/2
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1///¢R iqe(x L/2)¢;2/ + r/fTe we%eezqe(x L/2)¢;Z/_] + r/ff I/fefelq‘(x L/2)¢2{ + r/fTh I/f},mke iqn(x L/2)¢;2,_]
+~/e ' }/likefiqh(fo/Z)(ﬁS/ x>1L/2
m
/h/e’,(p/SL 7lqg(x+L/2)¢S + trh’e .(p/SL *ll]e(erL/Z)(p " + t/h h’lpSLelqzl(x+L/2)¢S
/hh I/ISLezq;,(x+L/2)¢$ X < —L/2
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tHe I/I/SL —iq. (x+L/2)¢;;>;_l + tihi’e’ we/iL e~ 19 (x+L/2) ¢’,‘,§/ + tihT’h/ W;% ei([h(X+L/2)¢;rSl/_l
_Hihlh wifi plan+L/2) ¢n§, ’ x < —=L/2
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o) = +:\//,hTh~/h W g=iki(x+L/2) ¢m/ 1/ + 1//}11\1 5%;1' e—ikh(ij///Z)(p;; + l//hsz d~/h’h’ eikhxd)S, 1/ + %11\1 d‘ihi’h’ eik,,x(pnf/ ’ —L/2<x<0

S ik, x¢ L+ ‘/’é\i ~'¢h ' pike x¢$ + WN f/he ﬂkg(fo/z)(P L+ 1# fihi eftkg(fo/2)¢”€,
+1/th hh’ —zk,,x¢$ L+ ’»”m hh/ —lkhxd)S + I/,N h/h W ik (x— L/2)¢;2_1 + w}ﬁhllih’eikh(x—L/Z)qs;z , 0<x<L/2
wsR elq,,(x L/2) ¢s ~/h’e wSR elqg(x L/2) ¢;7s_1 +7 ~lhf ‘ﬂeSf i4e(—L/2) ¢n€, + ;,lhT’h’ 1pi/lSTR e—ian(x—L/2) ¢;3_1
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(AS)

N S N N A 18, A IAY .
where the expressions for ¥, ¥,|", Vit U s Vit ', ¥, are mentioned below Eq. (Al) and

0
right p, superconductor respectively, while ti’}’” and fi’;‘” represent the transmission amplitudes in left p, superconductor and right

px superconductor respectively with i, j € {1, |} and n € {¢/, '}. ko =,/ %(Mf\/ =+ v) represent the wavevectors in normal

2m* juy

hZ
(Hé’éGI‘ N-SENo-hopey (g instead of Hé’éé‘ NSENcDope (1) we will obtain the conjugate process ®; necessary to construct the

retarded Green’s function in next section. We find that %VT = ET’ ’ l’ wh? I/IhT’ wh | = wh |, and the expressions for

ws”’” wSL"" 1/fh“’” 1/fh“’“ Iﬂ/SL(R) l//lSL(R) 1//,5“’” Iﬂ/s”’” are the same as those for the p,-SF-p, junction.
At the px-Nl 1nterface x= —L / 2) the boundary conditions are

1 0 0 0
é\% = (8) , N = (0), th = <0>, ‘ﬁh = < ) " and r/”” represent the reflection amplitudes in left p, superconductor and

metal. For |v| < wy, k., can be written as k., = k,, + where k,, = . After diagonalizing the Hamiltonian

v
’ b
é—k/‘N Al’x

d®/|_rpxco dPilie—rpy MDA, T 0
D|yar/2 = Pi|-1/2<x<0 and [2=x=b =2 b

0,
D=
dx dx Fz2 —0, 0:| l|x7 L/2
Zm*Vl

+ Dy, 1 =1,2,...,8). (A6)

Similarly, at the N;-N, interface (x = 0), the boundary conditions are

d®ilo<x<riy  dPil-rpxco _ 2m*Jo_
Dl _rjp<x<0 = Prlo<x<r/2, and LE L = 5.8P 0, (1 =1,2,...,8). (A7)
dx dx B2

Finally, at the N,-p, interface (x = L/2), the boundary conditions are

d®/lorp dPilocxery  IMA, T 0 —e%o,
<Dl|0<x<L/2 = P, |x>L/2 and dx - dx = hz L e—i(po.x 0 D, |x:L/2
2m*V,
+ 7z Dlx=r2, 1 =1,2,...,8). (A8)

For wave functions involving electron with spin-up and spin-down, actions of 5.S are

h hZ /
SSYN0S = Tyl +—fwg¢¢m+1, wd 5805 =~ yes + T yes (A9)

Similarly, for wave functions involving hole with spin-up and spin-down, actions of 5.8 are

= h2m/ Flzf = th/ hZf/
S.SYi b = Ui + Vi G and SSYRGN = —— =il dn + V- (A10)

By employing the equations above and solving the boundary conditions [Eqgs. (A6)—(A8)], we obtain a set of 24 equations for
scattering processes, as shown in Eq. (A5). Different scattering amplitudes r/*", 7", ", t"" for each kind of incident

ij > Tij o0 tij o z Jj
quasiparticle (electron-like/hole-like) are obtained from these 24 equations. S
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APPENDIX B: GREEN’S FUNCTIONS

In this Appendix, we present the detailed calculations of Green’s functions. Following Refs. [68] and [69], the retarded

Green’s functions G"(x, X, v) can be

G'(x,x,v) =

In Eq. (B1), a;j and By, (i, j € 1, ...

expressed as

@1 () PL(X) + 0PI (%) + a3 PT (%) + 014 DL (%))

+ @5 ()21 DL (%) + 0o DL (%) + 223 DL (X) + 0024 DL ()]
+@3(0)[031 PL (X) + 32 B (B) + 33 P] (F) + 3 B (7]
+ @4 ()[04 B (F) + a2 & (1) + a3 ] (F) + s O (D],
5 (0)[B11 DT (X) + B12DL (®) + P13 DT (%) + Bra @ (¥)]
+®6(X)[B21 D] (X) + B ®T (X) + B3 PL (X) + Bru D] (X)]
+®7(0)[B31 DT (X) + B22®L (X) + B33 DL (%) + B34 D] (¥)]
+®5()[Ba1 DT (X) + o ®L (%) + Bz DL (&) + Baa DI ()],

xX>X

(B

X < X.

4 and m, n € 1, ...4) are determined from the equation of motion of the Green’s function,

[v — HESEP: ()]G (x, %, v) = 8(x — %).

If we integrate Eq. (B2) with respect to x over the vicinity of x = X, we get

[G"(x > X)]i=s

where n = Zﬁiz G" is represented as

where G’

ee’

d
=[G"(x < X)]r=z, |:—gr(x > f)j|
dx

X=X

gr(x’ i, V) — |:g£e ;h:|’

g;le ghrh

LDOS/LMDOS and pairing amplitudes when spin flip scattering is considered, are given by

(9]
Gee= 1o
{[%LT

(2]
[92],4

ot = =

[hoes]

i| respectively.

(B2)

= 11,00, (B3)

(B4)

e g,;e, g,;h are matrices. The normal and anomalous components of the G”, necessary for calculating

(BS)

We calculate EST and MST correlations using G/, . Retarded Green’s functions G" are derived by substituting the wavefunctions
from Eq. (A1) [Eq. (AS)] into Eq. (B1) in case of p,-SF-p, (p.-1,-N-SF-N,-I,-p,) junction, with r{']-” (r/"") determined using
Eq. (A2) [Eqs. (A6)—(A8)]. In case of p.-SF-p, junction, in the trivial regime for G, and G/, , we get '

J

. 2
2 e ianl—x o migtR) _ L iaern) e [ LT Ve iguegn
g’ s elqelx x| 4 e ignlx—% _ ,ee e ige (%) _ . o 4y S
[k 20y — qevo \° Vi 11 Ve Vi MY T2
/0 1 — ]/2 . _
+r1y, h e—l(qex—qhx))
™ 1 — yez
[9eel11= s Ve T e Ty T 0D iy 0Dy, L=ve JUORETE))
eel|| 2(gnyn — geVe) ¢ L 7e 1l 1 1= yh2
L 1— y2 . B )
ke h_ ,—i(qex—qn¥)
+r v e ,
L 7e 1 — yez
[Gee)s,= L( P ol D I i) ey 1 Ve jilga—acn 4 e y -y
= . e
eelr Z(Qh)/h - Qeye) v " % 1 — yhz 11 11— yez
% ei(le‘Ih)_C))’
. - :
&l <ye x WH ., ign(x+%) | eh V=¥ a0 11—y
g =—<—r“’ye O — ) e + 75 va e Py,
(Gl 2gnvn —geva \ T i T, v T8

% el(qethf)) ,
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r

(Gl = L(
I 2(gnye — gevi)

_ rﬂ"yh /1_ ye PUCE he l J/h —i(gex— q;.X)
1-— yh

(x+x) _ r?’h’ ign(x+Xx)

veyne' ™" sgn(x — ) + yeyne U 4 S yo e { Vevne

r lT] iqe|x—%| —igp|x—%| —iqe(x+X) Wh iqp(x+X)
S\~ Verne ™ isgn(x — X) + yeyne + 15 veyne 4T — Ty e
(92111, = 2(gnye — qeyh) W b
/ L=y
( h e ) n h _( e )
2 PO +r 1 e i(gex—qnX
h
r ”7 ( —ige(x+%) nWn ign(x+x) e’ / 1 - ye z(qhx geX) 1 - 7/h —i(q x—q;,)'c))
= s [ (] Yerue T — 1 ey 1 Dy ‘ :
9ordss = Sge—qam 117 e "V1-y Hryi y2¢

r i ( e —ige(eHT) _ ign (%) _ W - Ve JUORETE)) 1- Vh —i(gex— qhx)
= sl Yeyne ' " Veyne -y D) 4 ey 2 ‘
Ean 2(qnye — gy \ N T =2 v

(B 6)

In the topological regime for G/, and G/, , we get

[gere]M: 2(qhyhi’1 qeye)(yeeiqplx—fcl + yhe—iqh\x—fcl _ r?Te yge—iqe(x+x) _ rﬂ'/yheiq"("ﬂ) + ri’?’yhei(qhx—qfi) _,_r?’Te’ yge—i(qu—q/,i)),
[gere]u: 2(qh)/hiri qeye)(yeeiqalx—fcl + yhe—iqh\x—fcl _ rj’f’ yee—iq((ﬁ—x) _ rit’f’yheiqh(ﬁ-fc) + ri’f’yhei(qhx—qfx)_,_rﬁ’f’ yee—i(qex—qhi)),
[Gee): 1= 2(qhyhhi‘ oy i e T O e r{y OD [ e,
[92)11= 5y gy e A 0D e,
[Genlss = —z(qhy:i ooy (— vere T g — ) - yeyue 0 4 yepe D — iy
_ rﬁ’/ th el —ae®) | r?f/ Ve2 e—i(qu—thc))’
[Genl,, = —z(qhyfﬁ L Verne P sgn(x — 3) 4 yeyne T 4 (e 40D — Ty 0D
— Pl R D) 2 ey
(9], = 2(qhy:i ‘Ie)/h)(ri/? Yeyne A _ Iy 0D e 2 i) Qe 2 i),
[ erh]H = m(ﬁf Veype 9e0HD _ r?f Veyne' o — rif yhzei(qhx—qefc) + r;z’f’yez e—i(w—qw‘c))' (B7)

In case of p.-I;-N;-SF-N>-L-p; junction, in the trivial regime for G, and G/, , we get

i 2
m iGo|x—% —igplx—x re'e —ige(x+X+L) _ /h iqn(x+x+L) /e 'n 1— Ve
g = Rl g, i =X pree’y, p—ige el 47
(e 2@uvn — v \° v t e " EN T2
.2
gttt —a. 1) e, |12V it p-gie)
MY 1,2 ’
e
[gr ] _ in (V pidex =l + yhe—iq;,\x—)’cl _ r/e/e’y g4 CARHL) _ /h’ Vi £l x+E+L) + r/e’h’yh - Ve
- e e
O 2gnyn — geve) H W1 —y2

AL/ GHLI2) g ey, 1 ]J:h —z(qe<x+L/2>—qh<x+L/2>>)’
e

045432-18



SURFACE-INDUCED ODD-FREQUENCY SPIN-TRIPLET ... PHYSICAL REVIEW B 110, 045432 (2024)

2
m / —ige(x+X+L) _ /h W, ign(x-+E+L) /e W L —vy; & (x+L/2)—qe(R+L/2))
gr Z—(_reeye iqe yeqh +r Vl — ‘e 4qn e
[Geels 2(qnyn — qeve) ” Vi-y
+ /lhTe 1- yh —l(qe(JH-L/Z) Qh(X+L/2))>
1-— ye

. 2

[gr ] _ m ( _ r/eie’yee—iqe(x-‘ri-FL) / )/ QOHTHL) /eh " -y oA +L/2)=qe (F+L/2)
N 2(qnyn — geve) T 1—y?

-y, -y z(qe(x+L/2>qh<fc+L/2>>)

1— ye
r m ( ig.|x—3| = —igylx—7| re'e —ig,(x+%+L) W ign(x+3+L)
plan = 57— — Vevne' " sgn(x — X) + yeyne + ey Vevne — Iy YeVn€
[9onJs 2(qnYe — qe¥n) o ‘ e e
_pen 2 (1 Ve SO AL/ e L-w oG +L/2) =gy (F+L/2))
M Vh 11— Ve 1— )
Vh Ve
in _ . . S
[Ger],, = 3 —( Veyne ™ Hsgn(x — X) + yeyne T 4 yeype T 4O — Iy el D)
2(qnYe — qe¥n)
2
_ e 2 [V Ye igurL—gaarns) + e L-w (@ CAL/2)= i (F+L/2)
Wy 17 _2¢ Ve = ;
Vi Ve
[g7],, = m (r/e/e’y ype 4 CTERL) _ L gy RL) e 2 -y @ O+L/2)=qe(+L/2)
h - e e h
N 2gnyve — gy WM i w 1—y?
1 - o=@ CHL/2)=qu (F+L/2))
e 1—52¢ ’
e
[ r] m ( re'e —ige(x+X+L) W iqn (x-+i+L) w2 | 1=V i(gn(FL/2)—qe (F+L/2))
Wl =5———— Yeyne 4 =Ty YeVne =Ty Vi T3¢ ‘
= 2y — gy UM o7 N 11—y
2
' vy s s
ey 1 b it HL/2) qh<x+L/2>>)' (B3)
— ye
In the topological regime for G/, and G, , we get
in _ v -
[gere]ﬁ _ (yoe =3 |y pmian=31 _ Y ige(x+¥+L) _ /h ML) ,,/eh "

2(qnyn — geYe)

ei(qh(X+L/2)—qe(X+L/2)) + r/Th%E’yee—i(q«(X+L/2)—qh(5c+L/2)))’
lr] = 10
6], = (ot ey eIV O L) Iy (TR ey,
2(qnyn — qeve)
l(qh(x+L/2) qe(X+L/2)) + r/h/ ,)/ e t(qL(X+L/2)—qh(fc+L/2)))
i?’] re'e’ —z (x+3+L) _ /h” iqn(x+x+L) re'h i(gn(x+L/2)—q.(X+L/2)) /he
gr — 7 Vel e Vh e‘lh + r y e qn e +r y
[ecly. 2(qnyn — qeye)( v ‘
% e—i(qe(Jc-f-L/2)—qh(J'H-L/Z)))7
in / —iqe(x+x+L) /h W ign(x-+¥+L) el iqn(e+L/2)—qe (R+L/2)) /he
G’ = r”ye iqe yeqh + 7] yeqh qe +
[Geelys 2(qnyn — qe)/e)( ”
x e—i(q«(X+L/2)—qh(fc+L/2)))’
in e B s ) . - - . n
(Gl = 57— (= verue ™ Msgn(x — 1) + yeyne T 4 rf Sy 1 OTHD — Iy et HTED

2(qnve — qevn)

— /eh),Zel(CIh(X+L/2) qe(X+L/2)) _i_r/h'e/yZe—l(qe(X-%L/Z) CIh(X+L/2)))
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iqelx—X|

T —iqy|x—x re'e —ige(x+¥+L ' iqn (x+%+L
sgn(x — X) + yeype ' be=xl rae YeYne 4 (e+x+L) _ r iqn(x+3+L)

[G],, = 5———(~ vemse 'V vevne

2(qnYe — qe¥n)

_ ’thZel(%(X-FL/Z) qe(F+L/2)) +r/h’ 3 2 e~ +L/2)~ qlz(X+L/2)))
r ”7 re'e —ige(x+X+L) __ ,h’ n iqn(x+x+L) re'h’ 2 i(gn(x+L/2)—qe.(X+L/2)) e 2
iy = 50— (" vevne ™ VeVne — Y vpe ‘ + 75,
Lok, Aarre —aer 41 " e

e~ e +L/2)~qn (f+L/2)))

r mn re'e —ige(x+F+L) H ign(x+X+L) el 2 i(qn(x+L/2)—qe(F+L/2)) e 2

i = 50— (rf vevne ™™ — 7y Vevne'™ — ) et ‘ + 5

(9ol 2(qnye —qeyh)( et tore N e
x @ L= E+L/D)) (B9)

APPENDIX C: ANALYTICAL FORMULAS FOR PAIRING AMPLITUDES

In this Appendix we present the analytical formulas for even- and odd-v EST and MST correlations at finite v in both trivial
and topological regimes. In the trivial regime, both bulk and surface even-v EST pairing amplitudes are finite within the left p,
superconductor and can be expressed as

L pEB( = N i —iglx—3 _ iqulv—%| -
Bulk even-v EST: fTT (x, X, v) = ———(4y.yu(e —e )sgn(x — X))
8(gnYe — qe¥n)
= fi’B(x,J'c, v), for x <O, (C1H
Surface even-v EST: fM (x,x,v)= )/e ( TT +rH )+ ye i (rM + ’ff
S(We qeyh)
x (e71@ex—an®) _ e‘“"e’“““’”)) = ffjs(x, x,v), forx <0, (C2)

while bulk odd-v EST pairing amplitude vanishes even though surface odd-v EST pairing amplitude is finite, and can be
expressed as

in
8(qnYe — qeVn)

Vh [ Vg Om +V“( )+Ve [ yh T + ¢¢) (el(QhX ‘Iex)+el(‘IhX ‘Iex)))

= (x X, v), for x < 0. (C3)

Surface odd-v EST: ffT‘S(x, X)) =— (Zyeyh((r?? + rj’f/)e’iq”(er’_‘) — (r%h’ + rf/f’)e"qh(”)_‘))

However, in the topological regime, both bulk and surface even-v EST pairing amplitudes are finite within the left p,
superconductor and can be expressed as

Bulk even-v EST: fTT (x,x,v)= L(ﬂe’iw‘”—“ — ¢4h=hson(x — X)) + L
8(qeve — qn¥n) 8(qnYe = qevn)
X Qyeyn(e T — g4 ysan(x — %)) = f17(x, %, v), for x <0, (C4)
Surface even-v EST: f oA (_x x V) m(( ?1}\1* + rjil*)e—i(lkx_q}nf) _ ( ?;* + rhe *)ez(f//,x Qex))
in en "IN, —i(geX— ‘e ‘e’ ,—i(gex—qnX
g (R e 2 At
= fl’s(x,)'c, v), for x <O. (=)

But in contrast to the trivial regime wherein bulk odd-v EST pairing amplitude vanishes, in the topological regime, both bulk
odd-v EST pairing amplitude and surface odd-v EST pairing amplitude are nonzero, and given by

i—"(_z(efiqh\x—ﬂ — el Tson(x — %)) + in
8(qeVe — qn¥vn) 8(qnYe — qeVn)

X (2yeyn(e” P — e 4hhsan(x — %)) = £} (x, %, v), for x <0, (C6)

Bulk odd-v EST: £%(x, %, v) =
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i ' ' : - i o - i I
Ui ((ri? + rif )efzq(,()ﬁtx) _ (V¥Th + r]lllh )elqh(erx) _ (,ﬁ?* + rjf*)

Surface odd-v EST: fo's(x Ly)y=— -
L 8(qe¥e — anvn)

o 'y e i in i i
x @D o (I ] [T 8(qnye — qe)/h)(ygyh(rﬁ i)

X @ (R _ Veyh(r?Th/ + rﬁh )eiqh(x%c) _ th(”#/ 4 ri’f’)e—i(c]ei—qhx)
F Y+ Oe ey = 05 (x, %, v), for x < 0. (C7)
From Egs. (C1)—(C3), we notice that in the trivial regime, even-v EST correlations survive both in bulk and surface, while odd-v
EST correlations exist only in surface. In the topological regime, both even-v EST and odd-v EST correlations exist in bulk as
well as in surface as seen from Egs. (C4)—(C7).
For MST correlations, the bulk components vanish; however, surface components are finite within the left superconductor

in both trivial and topological regimes. In the trivial regime, even-v and odd-v surface MST components within the left
superconductor are given by

. - in 2 V=¥ o e 2 (Y=Y e | e
Surface even-v MST: f£5(x, %, v) = —(y —= L i)y —= ] + L)
3 8(qnYe — qevn) i\l — th ™ " 1— Vez 1 "

x (ei(tl/xi—qex) _ ei(qhx—qei))’ for x < 0, (C8)
in
8(qnve — qeVn)

1—y2 - 1—y? . . o
" (‘w?\/ T2 O D+ 28 [T SO D oot 4 ey ),
e

for x < 0. (C9)

Surface odd-v MST: £ (x, %, v) = <2yeyh((r§’f’ e A — G e

In the topological regime, surface even-v and odd-v MST correlations within the left superconductor are given as

£S, - in o W (G ) N
Surface even-v MST: £ (x, X, v) = m((ﬂ;f * ri?*)g i(gex—qn®) _ (’#f* + r/ihTe *)et(%x g x))
in 2. €h eh N —i(qex—qnx) 2, We He'N  —i(qex—qn¥)
S @rye —qogm VL T e vy e el
for x < 0, (C10)
i i e - 1 e - i -
Surface odd-v MST: f2%(x, %, v) = il (5] +rif Ye et (V];f + riLTh )el it (rif Y+ ri’?*)

8(qgeYe — qnvn)

o ) Do in ) '
x e~ ex—ai®) | (’#f* + ri‘f*)e g =)y 4 8—(qhye _qeyh)(yeyh(rif + ri?)

I A AT R e

+p200E ey for x < 0, (1D

APPENDIX D: LDOS AND LMDOS
LDOS p(x, v) and LMDOS 7(x, v) can be computed [21] from G

r
ee’

1 1
p(x,v) = ——1lim Im[Tr{ge’e(x, X, v+ ie)}], and m(x,v) = —— lim Im[Tr{6;.G}, (x, x,v + i€)}], (I =1,2,3). (D1)
T €—0 T €0

Using Eq. (B5), we can write LDOS and LMDOS as
1. p p
pxw) = = limm[([G.],, +[3.],,)] (02)

- 1 : r r 2 . r r a r r 2
m(x, v) = —— lim Im[([gee]N + [gee]w)x + l([gee]m B [gee]m)y + ([gee]m B [gee]u)z]’ (D3)

T €—0

where the expressions for [G}, 111, [l 11y, (Gl ]+, and [G],],, are provided in Eq. (B8) for the trivial regime and in Eq. (B9) for
the topological regime in the case of the p,-I;-N1-SF-N,-L-p, JJ. LMDOS is calculated for each of the 2S5 + 1 possible values
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of m’ for the spin S of the SF, and finally, an average is taken over all m’ values. We find that the y and z components of LMDOS
are zero, and LMDOS is aligned along the x direction.
APPENDIX E: DC JOSEPHSON CURRENT
The DC Josephson current can be calculated using the Furusaki-Tsukuda technique [79-81] as
|:rﬁh/(ivn) + v )+ Gy )}
Qe(ivn) Qh(ivn) ’

eEckBT

qe(ivy) + qn(iv,)
Zh Vn 1/Ur% +E]2

where v, = (2n + 1)wkgT are fermionic Matsubara frequencies with n =0, £1, £2, £3, ... and E; = A, /up — AIZJX /4. kg
is the Boltzmann constant. g, (iv,), rﬁh/(ivn), rfih/(iv,,), r/ThT/e/(iv,,), and rlhf/(iv,,) are obtained from g, , rﬁh/, r/fih', r%h%e/, and
rihf’ by analytically continuing v to iv,. We perform a numerical summation over the Matsubara frequencies. There are various
methods to express the total DC Josephson current formula using the Furusaki-Tsukuda approach [64,80]. All these methods
yield the same total DC Josephson current. These different methods involve different scattering amplitudes. This is because the

Furusaki-Tsukuda procedure adheres to both detailed balance and probability conservation, allowing for multiple representations

(ED)

of the same formula.
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