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One of the most famous proximity effects at ferromagnet/superconductor (FM/SC) interfaces is partial
conversion of singlet superconductivity to triplet pairing correlations. Due to the presence of macroscopic
exchange field in the ferromagnet the Cooper pairs penetrating into the ferromagnet from the superconductor
acquire a finite momentum there. The finite-momentum pairing manifests itself, in particular, as a nonmonotonic
dependence of the critical temperature of the bilayer on the thickness of the FM layer. Here we predict that despite
the absence of the macroscopic exchange field the critical temperature of the antiferromagnet/superconductor
(AFM/SC) bilayers also exhibit nonmonotonic (oscillating) dependence on the AFM layer thickness. It is a
manifestation of the proximity-induced Néel-type triplet correlations, which acquire finite total pair momentum
and oscillate in the AFM layer due to the Umklapp electron-scattering processes at the AFM/SC interface. Our
prediction can provide a possible explanation for a number of recently published experimental observations of

the critical temperature of AFM/SC bilayers.
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I. INTRODUCTION

Materials with magnetic ordering and superconductors
both have prominent roles in condensed-matter physics due
to their fundamental and technological interest. In particular,
magnets are key elements of various spintronic applications
and superconductors manifest perfect diamagnetism and dissi-
pationless transport. Such physics is interesting in itself and is
implemented in these materials separately. However, when we
combine these materials, new physics related to the nanoscale
interface region between them can occur. In general it is called
proximity effects.

One of the most famous proximity effects at ferromagnet/
superconductor (FM/SC) interfaces is partial conversion of
singlet superconductivity to triplet pairing correlations [1,2].
The triplet pairs can sustain dissipationless spin currents and,
consequently, are cornerstone elements in superconducting
spintronics [3,4]. The triplet pairs arise at the expense of
singlet correlations and thus suppress singlet superconduc-
tivity. One of the important properties of the triplet pairs
generated at FM/SC interfaces is the finite momentum of the
pair [5,6], which allows them to be called a mesoscopic ana-
log of the inhomogeneous Fulde-Ferrel-Larkin-Ovchinnikov
(FFLO) superconducting state [7,8]. The finite momentum
which the Cooper pair acquires in the exchange field of the
ferromagnet makes the pairing wave function oscillate. The
resulting phase change across the ferromagnetic layer is re-
sponsible for the m-junction effects [1,5,9-13], which are
widely used now in the superconducting electronics [14—16].
The interference of the incident and reflected oscillating wave
functions determines the oscillatory phenomena of the critical
temperature 7T, versus the FM layer thickness in FM/SC bi-
layers and multilayers, which have been widely studied both
theoretically [17-22] and experimentally [23-27].
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At present, there is another direction of supercon-
ducting spintronics, which is based on superconductor/
antiferromagnet (AFM/SC) heterostructures. It is often called
antiferromagnetic superconducting spintronics and looks very
promising due to several advantages brought by antifer-
romagnets, such as negligible stray fields and intrinsic
high-frequency dynamics [28—30], and also due to unique fea-
tures of the proximity effect at AFM/SC interfaces [31-43],
in particular, the possibility to control the anisotropy of the
Néel vector by superconductivity [44] and AFM/SC/AFM
spin valves [45].

Analogously to FM/SC interfaces the singlet-triplet con-
version was also reported even at fully compensated AFM/SC
interfaces [36], but the amplitude of the corresponding os-
cillations flips its sign between the nearest-neighbor sites of
the lattice in the superconductor in the same way as the Néel
magnetic order does. For this reason the corresponding triplet
correlations were called Néel triplets. The influence of the
Néel triplets on superconducting critical temperature has al-
ready been investigated in thin-film AFM/SC heterostructures
[36,37], which can be viewed as homogeneous superconduc-
tors in uniform Néel exchange field. However, their behavior
in metallic antiferromagnets of finite width, proximitized by
a superconductor, has not been studied yet. In this work we
fill this gap. Naively, one does not expect that a Cooper pair
penetrating into the antiferromagnet from the superconduc-
tor possesses a finite total momentum because the average
value of the exchange field in the antiferromagnet is zero,
the quasiparticles spectrum is spin-degenerate and, therefore,
spin-up and spin-down electrons, forming the pair, should
have opposite momenta with equal absolute values p, = —p,.
In its turn, that means zero total momentum of the pair and,
as a result, absence of the oscillations of the pair amplitude.
Consequently, one does not expect oscillating behavior of
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FIG. 1. AFM/SC bilayer. Staggered magnetization of the AFM
layer is schematically depicted by arrows. The unit cell containing
two sites belonging to A and B sublattices is also shown.

the critical temperature of AFM/SC bilayers in dependence
on the thickness of the antiferromagnetic layer. Indeed, in
the regime, when the Néel triplets can be disregarded, this
dependence has been calculated and no oscillations were
reported [43].

However, there are a number of experimental works, where
the critical temperature of AFM/SC bilayers with metallic
antiferromagnets has been measured as a function of the AFM
thickness and the oscillating behavior was observed [46—48].
Here we demonstrate theoretically that taking into account the
Néel triplet correlations at AFM/SC interfaces results in the
oscillating dependence of the critical temperature on the AFM
thickness and unveil physical mechanisms of the effect. Thus,
oscillations of the critical temperature of AFM/SC bilayers
can be viewed as a signature of the presence of Néel-type
triplet correlations in the heterostructure.

The paper is organized as follows: In Sec. II we describe
the considered model and the formalism used for calculations.
In Sec. IIT our results are presented: Sec. IIT A is devoted
to discussion of spatial oscillations of the triplet pair cor-
relations, induced in the AFM layer by proximity to the
superconductor, and in Sec. IIIB we show the results for
the critical temperature and discuss how it depends on the
parameters of the AFM/SC heterostructure. Our conclusions
are presented in Sec. IV. In the Appendix we provide some
technical details of the calculation of the Green’s function.

II. MODEL AND METHOD

We consider an AFM/SC bilayer system, presented in
Fig. 1. It is composed of a conventional s-wave singlet
superconductor with thickness dsc and a metallic antifer-
romagnet with thickness dapm. The system is described by
the following tight-binding Hamiltonian in the two-sublattice
representation:

{ijvv),o i,v
- Mzﬁfa + Z Ui t]')o')aﬁwi]:‘}' M
iv,o iv,aB

The unit cell with two sites A and B is introduced as shown
in Fig. 1. In the framework of this two-sublattice approach the
unit cells as a whole are marked by radius-vectori. v = A, B

is the sublattice index, v = A (B) if v = B (A) means that
the corresponding quantity belongs to the opposite sublattice.
(ijvD) means summation over the nearest neighbors, 1/};:
( Ai‘(’,) is the creation (annihilation) operator for an electron
with spin o at the sublattice v of the unit cell i. r parametrizes
the hopping between adjacent sites, u is the electron chemical
potential counted from the middle of the conduction band (that
is u = O corresponds to half filling), and 7} = pr Ai‘; is the
particle number operator at the site belonging to sublattice v
in unit cell i. For simplicity the hopping parameter is assumed
to be equal in the regions occupied by the superconductor
and by the antiferromagnet. At the same time, we take into
account difference between chemical potentials in the SC and
AFM regions pusc # Uapm. It is worth mentioning that, for
the equilibrium problem under consideration, the filling levels
of electronic states in the SC and AFM layers are the same.
Different usc and puapym mean that conduction bands of the
materials are shifted relative to each other. The staggered
magnetism is described by h?(B ) = +(—)h;, where h; is the
local magnetic moment at site A of the unit cell with the
radius vector i in the AFM. This allows us to consider h;
as a slow function of the spatial coordinate. We consider the
homogeneously ordered Néel state of the AFM here, such that
h; = h does not depend on the position i inside the antiferro-
magnet and has zero value in the superconductor. We assume
that the AFM/SC interface is fully compensated, that is the
interface exchange field is staggered with zero average value.
A} accounts for on-site s-wave pairing and has nonzero value
only in the superconductor. In case of conventional singlet
pairing A = AP = A;.

The system, described by Hamiltonian (1), can be treated
in the framework of the two-sublattice quasiclassical theory
[36]. In this formalism all the characteristic spatial scales are
large as compared with interatomic distance and, therefore,
the discrete unit-cell index i can be changed by the continuous
spatial variable R. The system is described by the quasiclassi-
cal Green’s function g(R, pg, ), which is an 8 x 8 matrix in
the direct product of spin, particle-hole and sublattice spaces
and depends on the radius vector R, direction of the electron
momentum at the Fermi surface p, and fermionic Matsubara
frequency w, = T (2m + 1). It obeys the following Eilen-
berger equation [36]:

[(iwnT, + 14 + TAR) — h(R)OT,0,) s, ER, Pp, O)]
+ ivFVg'(R, st wm) = O? (2)

where vgp is the Fermi velocity for the trajectory pg, and
o = (04, 0y, 0;)" is the vector of Pauli matrices in spin space.
Analogously, t; and p; are Pauli matrices in the particle-
hole and sublattice spaces, respectively. As shown in Fig. 1,
the AFM layer occupies the region —dapm < x < 0, and the
SC layer is at 0 < x < dgc. We assume translational invari-
ance along the AFM/SC interface, consequently the Green’s
function only depends on the x coordinate, normal to the in-
terface. For brevity we define |vr,| = v and A(R) = AR)t,.
The quasiclassical Green’s function for a given trajectory
&(x, £v) = gF(x) also obeys the normalization condition

[P =1 3)
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and boundary conditions at the AFM/SC interface x =0
and at the impenetrable edges of the AFM (x = —dapm) and
SC (x = dsc) layers. Since we consider identical lattices in
the AFM and SC layers and (uapm, Usc) are assumed to
be small with respect to ¢ to be considered in the frame-
work of the quasiclassical approximation, the interface barrier
at x = 0 is absent. In this case the boundary conditions at
x =0 are reduced to continuity of the Green’s functions,
analogously to the case of superconductor/normal metal and
superconductor/ferromagnet interfaces [49,50]:

éSC,i(x — O) — gAFM*i(x = O) (4)

The boundary conditions at the impenetrable edges are re-
duced to the equality of the incident and reflected Green’s
functions [49]:

FT(x = dsc) = £ (x = dsc),

M = —dapm) = ™ (0 = —darm). ®)

We assume dgc to be much smaller than all the characteristic
spatial scales of the anomalous Green’s function in the su-
perconductor. One of them is the superconducting coherence
length & = vg/27T,¢ and the other one is the length of spa-
tial oscillations of the triplet components of the anomalous
Green’s function, which will be discussed below. In this case
the superconducting order parameter is approximately spa-
tially constant inside the SC layer, A(R) = A.

For the problem under consideration the Néel vector of
the AFM is spatially homogeneous. In this case the Green’s
function is diagonal in spin space and we work with its
components in spin space g,, which are still 4 x 4 matrices
in the direct product of particle-hole and sublattice spaces.
o =1, | in the subscripts of all the quantities and o = %1 as
a factor in the mathematical expressions for spin-up (-down)
components, respectively. To find the critical temperature of
the system we linearize the Eilenberger equation (2) with
respect to A/T,. In this approximation the Green’s function

takes the form:
. (&N S
=% 0. ©6)
f(r 8o.N .

The diagonal components g, y and §g,1v are to be calculated
in the normal state of the superconductor. The anomalous

components f, and f, are of the first order with respect to
A/T.. The detailed calculations of the normal state Green’s
function g, y are presented in the Appendix. For the problem
under consideration in the AFM layer it takes the form

JAFM ich i|
—Alp - ——°
g?’N [px HARM T i@y Py
ioh +iw,
+ B[Tpx + Wpy + pz}eﬁ"
ioh MAFRM + @ _
+c[—Tpx - ST 4 pz}e )

where h is the absolute value of h, A=
[h2 — (uapm + iwn)*1V?, B =2A/v, and the A, B, C
coefficients are found from the boundary and normalization
conditions. In the SC layer the Green’s function takes the

form
vSC . AX . —AX
gg,N - Glox + D[pz + lpy]e + E[pz - lpy]e ) (8)

where A = 2(w,, — isc)/v, and the G, D, E coefficients are
found from the boundary and normalization conditions.
The hole component gy is obtained as follows:

§0’,N(wm7 h7 l’l’) = _ga,N(_wm’ _h7 M’) (9)

It is worth noting that, unlike FM/SC structures, for AFM/SC
systems the normal-state Green’s function gy is not identically
equal to 1 and has a complicated structure with spatially
constant and spatially oscillating components with strongly
energy-dependent amplitudes. This originates from the energy
dependence of the density of states near the Fermi surface
because of the antiferromagnetic gap and possibility of Umk-
lapp processes, see qualitative discussion of the nature of the
oscillations below. .

The anomalous components fd and f, are of the first order
with respect to A/T,. The resulting equation for the anoma-
lous Green’s function f, takes the form:

{(iwm — h(xX)T ) pxs [} + [0 (X)px, £

y d
+ A (e — Eupx) £ waff =0. (10)

This equation can be rewritten in terms of the vector fai =
( ffo,. ;fx, [fy,. o_i’z)T, where the components of the vector
correspond to the components of the expansion of fX =
> f;[i pi over the Pauli matrices in the sublattice space:

PN d 4
Fofy + Gy £iv—f7 =0, (1)
dx

0 2iw,, —2ih(x)o 0

. 2iw,, 0 0 0
F, = 12
—2ih(x)o 0 0 —2ip(x) (12)

0 0 +2ip(x) 0

The same expansion gj; N= D g;;“ w.iPi s also introduced for
the vector of the normal-state Green’s function. Then

A(x)(gic,N,x - giN,x)
0
G = . . 13
o —iA (& y. &N -

l'A(X)(éiN,y + gitt,N,y)

We assume that the SC layer is thin with ds¢ < &g, then we
can linearize Eq. (11) with respect to x/&s and at the same time
it is possible to consider the superconducting order parameter
in the SC layer A(x) independent of coordinates A(x) ~ A.
With this assumption, the solution of Eq. (11) takes the fol-
lowing form in the AFM and SC regions, respectively (the
boundary conditions at x = +dsc, —dapm are already taken
into account):

4
A+ AFM + 4 Fike(rtd
fa = ZKayoeae:FlK (x+ AFM)/U7 (14)
a=1
4 Ata \a
A . G=§ )s
+,SC __ + & [ Five(x—dsc)/v ( oajra
5 = ZLa’asae selv AT (15)
a=1 oPa
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where é,, §, are eigenvectors of matrix ng in the AFM and
SC regions, and «q, v, are eigenvalues of matrix ng in the
AFM and SC regions, respectively. K, LT are unknown

coefficients, which should be found from the boundary condi-
tions at x = 0.

—ho
0

HAFM

5 i\/ e —

€12 = 0 , €34 = :Fl'\/m )
—ho RNV
(16)
1 0
sa= | | se= |l a7
0 1
Ko = t2iwy MM e = 42 Jp2 o — 2,
V e — 1
(13)
V1,2 = :I:Ziwm, V34 = :Ezﬂsc. (19)

The exact expressions for L, , and K,, , are rather lengthy and
we do not write them here. However, for the case usc =0,
for which we present numerical results, the coefficients are
written in the Appendix.

The critical temperature of the AFM/SC bilayer is calcu-
lated from the self-consistency equation

dQ
A(x):/Ein)\TCZfs(x), (20)

(27

where [ dS2/4m means averaging over the Fermi surface, A is
coupling constant, and f; is the amplitude of singlet correla-
tions, which takes the form

e
= [(L?fa _pE) - SR sz)}- @1)

diw,,

At dsc < &s the spatial dependence of the order parameter in
the SC layer is weak, that is, A(x) & A. In this case f;(x) in
Eq. (20) can be taken at x = dgc or we can take the average of
the f; over the SC layer. The result depends little on this.

III. RESULTS

A. Oscillations of the Néel triplet correlations
in the antiferromagnet

Now we discuss the behavior of the singlet and Néel triplet
correlations in the AFM layer. Figure 2 shows some typical
examples of the spatial distribution of the singlet and triplet
correlations inside the AFM layer. The anomalous Green’s
functions plotted in this figure are summed up over all positive
Matsubara frequencies, that is

Foo=T ) fur (22)

wy>0

Fs, dary = 0.158g

0.8 I !
................ . |
T ' i Fi, dara = 0.158s
0.6 —_— = = -
s, dapn = 0.10€s
0.4 - 0 =

Iy, dapn = 0.10&g

s, dary = 0.058s

-0.2
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

|z]/&s

FIG. 2. Dependence of the triplet anomalous Green’s function
F;(red) and the singlet anomalous Green’s function F;(blue) for the
normal to the AFM/SC interface trajectory v > 0 on the distance
from the interface inside the AFM layer. Different curves correspond
to different thicknesses dapv Of the AFM layer. Each of the curves
ends at the distance corresponding to the impenetrable edge of the
AFM layer. dsc = 0.5s, h = 0.6uarm, psc =0, uarm = 42070,
where Ty is the critical temperature without the AFM layer. F; g is the
singlet anomalous Green’s function in the absence of the AFM layer,
see text for the details of the definitions of the Green’s functions.

with
1 o
fi=7 XajaTr[pyf:], (23)

where T — T.. The anomalous Green’s functions F; ; are nor-
malized to the value of the singlet anomalous Green’s function
F; o corresponding to the isolated SC layer without proximity
to an antiferromagnet. The correlations presented in Fig. 2
correspond to the v > O trajectory normal to the AFM/SC
interface.

From the results presented in Fig. 2 we conclude that
the triplet correlations oscillate inside the antiferromagnet,
while the singlet correlations just decay without oscillations.
Now we discuss the physical explanation of the oscillating
behavior. Let us consider an electron (p,(, py) incoming to
the AFM/SC interface from the AFM side (marked by 1
in Fig. 3). Due to proximity effect with the adjacent SC

77/2@/ .
) po

—m/2a
—r/a

FIG. 3. BZ and Fermi surface (black curves) of the AFM
layer. Zero-momentum Cooper pair between electrons 1 and 2 is
schematically shown by black arrows. There is also Néel-type finite-
momentum triplet pairing between electrons 2 and 3, which is
produced from electron 1 due to the Umklapp reflection process from
the AFM/SC interface, see text for details. The total momentum of
the pair (2,3), 8 p, is shown by the red arrow.
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FIG. 4. Critical temperature of the AFM/SC bilayer as a function
of the AFM layer thickness dapyv. The critical temperature is normal-
ized to its value without the AFM layer T.y. dsc = 1.5&s, pusc =0,
tarm = 420T.

layer it forms a singlet Cooper pair with another electron 2
corresponding to the momentum (—p,, —py). For the plane
interface the component of the electron momentum along the
interface p, is conserved. For the interface problem under
consideration it is convenient to choose the Brillouin zone as
shown in Fig. 3. Due to the doubling of the unit cell the Bril-
louin zone (BZ) is compressed twice in the interface direction.
As a result, additional branches of the Fermi surface appear in
the reduced BZ and the incoming electron 1 can be reflected
as electron 3, corresponding to the same p, (Umklapp process
or the so-called Q reflection [33,34]). Due to the proximity-
induced pairing correlations between electrons 1 and 2, the
pairing is also established between electrons 2 and 3. It is
the Néel-type triplet finite-momentum pairing and the total
momentum of the pair (2,3) can be found as §p = |px3 — pail-

The normal-state electron dispersion in the reduced
BZ takes the form &= —uapy + [h* + 4t%(cos pya +
cos pya + cos p-a)*]"?. From this dispersion relation
we obtain dp = (/,L%FM — W)Y2/(tasin[p,a]). The last
expression can be rewritten in terms of the electron
Fermi  velocity vp, =v =0d¢/dp, = 2tasin[p,a] at
uarm = h = 0, which enters our quasiclassical theory, as
Sp = Z(M/Z\FM — h*)!72/v. Please note that it is exactly the
factor which determines oscillation behavior of the AFM
anomalous Green’s function in Eq. (14). Then the period of

1.0
08 h = 0.00/1441.‘;\1
= 0.6 h = 0.60/1441.;\1
g
Q; 04 h= ().S(J/LAFM
0.2 h = ().EJQ;LAFM
0.0
0.00 002 0.04 006 008 010 0.12

darm/Es

FIG. 5. The same as in Fig. 4 but for dsc = 0.75&s. The other
parameters are the same.

1.0
h =0.00pap)
0.8 v LAFM
h = 0.60,
<06 LAFM
8
g 0.4 h= 080,“,,1]:‘\[
h=0.92 )
0.2 HAFM
0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12

darm/Es

FIG. 6. The same as in Fig. 4 but for dsc = 0.225&s. The other
parameters are the same.

oscillations is
T VR
Lose = ————, 24

2
Wagm — h*

which is in agreement with the result of rigorous calculation
of the anomalous Green’s function, plotted in Fig. 2.

Unlike the case of SC/FM heterostructures, where both
singlet and triplet correlations manifest oscillations with the
same period inside the ferromagnet, here the singlet corre-
lations do not oscillate. The reason is that, according to our
qualitative consideration only Néel pairs can have finite mo-
mentum of such physical origin. However, in the considered
case the Néel singlet pairs are not produced because of the
absence of an appropriate scalar generator of the Néel type.

B. Critical temperature of the AFM/SC bilayer

In AFM/SC bilayer systems with finite-width antifer-
romagnets the oscillating Néel triplet superconducting cor-
relations discussed above can experience constructive or
destructive interference due to the reflections from the im-
penetrable edge of the AFM layer. It leads to the oscillating
dependence of the Néel triplet correlations amplitude as a
function of dagm. In its turn, such a nonmonotonic de-
pendence of the triplet amplitude results in the oscillating
behavior of the critical temperature of the bilayer as a function
of the AFM layer width dapm.

The results of the calculation of the critical temperature
of the AFM/SC bilayer as a function of dapy are presented
in Figs. 4-6. Different curves correspond to different ex-
change fields of the AFM layer. In all three figures we can
see the superconductivity suppression accompanied by os-
cillations of the critical temperature. The amplitude of the
oscillations grows with the value of the exchange field. Fig-
ure 4 demonstrates the results corresponding to rather thick
superconductor layer. In this case the overall suppression of
superconductivity is weak (pay attention to the scale of the
vertical axis). It is obvious that in the limit of very thick
SC layer all the manifestations of the proximity effect be-
tween SC and AFM in the critical temperature (that is, the
suppression and the oscillations) vanish. In Fig. 5 the results
for the moderate thickness of the SC layer are presented. The
suppression of superconductivity as well as oscillations are
more pronounced. In Fig. 6 the results for the thinnest SC
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NPT
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FIG. 7. Period of oscillations L, of the critical temperature for
h = 0.2uarm, 0.6arm, 0.8tarm, and 0.92uapy as a function of

nUF(U«f\FM - h2)71/2~

layer are shown. The suppression of superconductivity is the
strongest and for rather large values of the exchange field and
thicknesses of the AFM layer the superconductivity can be
completely suppressed. The amplitude of the oscillations is
also weakly pronounced. It is due to the fact that the amplitude
of the oscillating Néel triplets inside the AFM layer is greatly
suppressed in this case because of the overall suppression of
superconductivity. The period of the oscillations is described
well by Eq. (24) regardless of the thickness of the super-
conductor. The oscillation period extracted from the results
presented in Fig. 5 is shown by black points in Fig. 7, which
are in excellent agreement with Eq. (24).

IV. CONCLUSIONS

In the present work an AFM/SC bilayer with metallic anti-
ferromagnet is studied in the framework of the two-sublattice
quasiclassical theory in terms of the Eilenberger equation for
Green’s functions. It is demonstrated that the proximity-
induced Néel triplet correlations decay into the depth of the
antiferromagnet is superimposed by oscillations. The period
of the oscillations is determined by the finite momentum of
the Néel triplet pairs in the antiferromagnet caused by the
Umklapp scattering at the AFM/SC interface. The oscillations
manifest themselves in the oscillating dependence of the crit-
ical temperature on the AFM thickness.

The predicted oscillating behavior of the critical temper-
ature is qualitatively similar to the oscillations observed in
a number of experimental studies of the critical temperature
of AFM/SC bilayers [46—48] and can provide a plausible
explanation of these experimental findings. A quantitative
comparison between the presented theory and experimental
results is difficult because our model does not take into ac-
count influence of impurities and finite interface barrier. At
the same time it is known that nonmagnetic impurities can
provide additional suppression of superconductivity [43] and,
therefore, should also contribute to the experimental results.
Nevertheless, our results demonstrate that the oscillating be-
havior of the critical temperature in AFM/SC bilayers can be

a signature of the presence of proximity-induced Néel-type
triplet correlations in the antiferromagnet.
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APPENDIX: CALCULATION OF THE NORMAL-STATE
GREEN’S FUNCTION

Let us define the following expansion of a Green’s function
in the basis of Pauli matrices in sublattice space:

Zo =) Zoipin 1€{0,x,y.2}. (A1)
Then in the normal state, Eq. (2) takes the form
iiv%gﬁo =0,
2h(x)o g . + ivigi =0,
»Z dx X
2w, — in()]g . £ ivigi =0
" < dx°NY ’
—20h(x)gy., — 2lwn — in()1Ey,
+ ivigﬁ =0. (A2)
dx°"*

Here h(x) = hO(—x) and u(x) = uapmO(—x) + uscO(x).
Expanding normalization condition (3) over the Pauli matrices
we obtain

o) =0, v+ Eny () + En()* = 1. (A3)

In the SC region the solution of Eq. (A2) accounting for the
normalization condition takes the form

B () =G,

By (x) = iDeM —iEe™,

& (x) = De™ + Ee ™. (A4)
In the AFM region the solution takes the form
AFM thoB 4. = —ihoC 4
=A s
g’?,_x x) + A e + A e
" (arm + iwn)B 4.
) =A- . e
’ i(arm + i@y) A
—(papm + iwy,)C o
A 9
QM (x) =B’ + Ce (AS5)
where A= 2(wy, — ilksc)/v, B =2A/v, A=

[A% — (apm + iwn)*1Y?, A, B, C, D, E, and G are unknown
coefficients. Equation (3) takes the form
h2

4BC +A2<1 -
(arM + iwy,)

) =1, 4DE+G*=1.
(A6)
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To find the coefficients A, B, C, D, E, and G, we should take into account two trajectories with vr, = £v. Boundary conditions

atx = +dsc, x = —darm, and x = 0 take the form

i;c t(x = +dsc) = 1svc (x = +dsc),

vAFM, +

AFM

&y T (x = —dapm) = T (x = —darm),

VSC ﬂ:(x _ 0) VAFM :t( — 0). (A7)
Substituting Eqgs. (A4) and (A5) into Eq. (A7) we obtain
B = , with A8
2B, o
By = (1arm — 17°)cosh®(Bdarm) + ittarmy/ h? — 113 pysinh(2Bdarv)coth(rdsc)
+ [1Apmeoth? (Adsc) — h*sinh™*(Adsc)] sinh (Bdapm). (A9)
inh(8d
C=_p p=_pSiBdaw) o _ (A10)
sinh(Adsc)
B ] h(Bd inh(Ad
A= B L1214 coth(rdse)l | cosh(rdsesinh(Bdamy) — PAmeoshBdannsinh@dse) |, e, (AL1)
ho n2— 2
Harm

2B 2 2 :

G = —(/h* — u}pycosh(Bdarm) + parmcoth(Adsc)sinh(Bdarm)). (A12)
ho

In case of ugc = O (it is the case under consideration) solution for coefficients for anomalous Green’s function Lli(,, LﬁE can be

simplified and written here (the full solution can be also obtained, but it is rather long),

At + houa 2 At + A COth(K )
N X Xcosh(Df) — Y ﬁcoth ({)sinh(D]") — [Y£hocosh(DiF) — X papmsinh(D])] m
Lic =Ly, =2 . (A13)
. [cosh(f)1 )+ \/L_thoth(i?li)smh(&)]
where
. d . d Gi’\ d GiA
‘A}li::FlVI s klizzFlKl ARM ( 0512), yt — _ Fidsc ( US24)‘ (Al4)
v v vi|st] v |54
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