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The Ising spin—orbit coupling could give rise to the spin-triplet Cooper pairs and equal-spin Andreev reflection (AR)
in Ising superconductors. Here we theoretically study the valley-dependent equal-spin AR in a ferromagnet/Ising super-
conductor junction with a circularly polarized light applied to the ferromagnet. Because of the spin-triplet Cooper pairs and
the optical irradiation, eight kinds of AR processes appear in the junction, including equal-spin AR and normal AR, the
strengths and properties of which strongly depend on the valley degree of freedom. The AR probabilities for the incident
electron from the two valleys exhibit certain symmetry with respect to the magnetization angle and the effective energy of
light. The equal-spin AR and normal AR present different features and resonant behaviors near the superconducting gap
edges. Due to equal-spin-triplet Cooper pairs, not only charge supercurrent but also spin supercurrent can transport in the
Ising superconductors. The differential spin conductance for electron injecting from the two valleys can be controlled by

the circularly polarized light.

Keywords: valleytronics, equal-spin Andreev reflection, spin-triplet Cooper pairs, Ising superconductor junc-

tion
PACS: 71.70.Ej, 74.45.+c, 72.25.-b

1. Introduction

Recently, valleytronics have attracted much attention in
two-dimensional layered materials such as graphene and tran-
sition metal dichalcogenides (TMDs).!'=3] Analogous to spin-
tronics, valleytronics aim to generate, control, and detect the
valley degree of freedom, which have potential applications in
semiconductor technologies and quantum information. Many
topics of valleytronics have been reported in recent years,
including valley-polarized transport,*! quantum valley Hall
effect,71 spin—valley locked physics,®”! chiral optical se-
lection rules,'” etc. Because of the Berry phase difference
for the two valleys induced by magnetic field, the giant val-
ley splitting and unusual valley crossing are observed in the
graphene resonators.[!"! The strong spin—orbit coupling (SOC)
and broken inversion symmetry of TMDs give rise to a valley-
dependent optical selection rule, where the right (left) circu-
larly polarized light couples to interband transitions in the K
(K') valley.”! The transition from valley-Hall phase to anoma-
lous Hall phase and the valley-Hall conductivity switch could
occur in graphene WSe, heterostructures under off-resonant
polarized light.!'!]

Andreev reflection (AR) is a process of electron—hole
conversion that occurs at the interface of a normal metal
(N) and superconductor (SC).!"?! The incident electron in the
metal is reflected at the N/SC interface as a hole, and a Cooper
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pair is injected into the SC. Generally, the state of Cooper pair
is spin singlet. Considering the spin and valley degrees of
freedom, the Cooper pair is composed of electrons from the

[13-20] Thuys, it is possible

opposite spins in opposite valleys.
to detect the valley polarization of edge states by the AR.!!3]
The two electrons of a Cooper pair tunneling into SC could
move in opposite directions in the bilayer graphene because
they belong to different valleys and the valley-chiral modes are
formed at the domain walls.!'®! The spin—valley switch effect
can be realized between the crossed AR and the elastic cotun-
neling by adjusting the electric field in the antiferromagnet/SC
junctions.[!7)

Due to the broken inversion symmetry of TMDs, the spin
splitting is opposite at the two valleys and is pinned to the
out-of-plane direction, so the SOC of TMDs is termed Ising
SOC.!"2! Recent experimental works reveal that the super-
conductivity could be realized in various TMDs.?!-23] With
the application of gate voltage, MoS; thin films could exhibit
electric field-induced superconductivity with a critical temper-
ature 10 K. Due to the Ising SOC in TMDs such as MoS;
and NbSe,, the in-plane upper critical field of the supercon-
ductor is enhanced remarkably, which exceeds the Pauli para-

[22.23] Hence, the so-called

magnetic limit by several times.
Ising SC (ISC) provides an opportunity to study the super-

conducting spintronics. Interestingly, the Ising SOC gener-
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ates equal-spin triplet Cooper pairs in ISC and results in a
topological superconductor with Majorana zero modes.!?%%7]
ISC can induce a robust topological superconducting gap in
InSb nanowires with a strongly enlarged topological regime
due to the equal-spin Cooper pairs.!?®! The spin-singlet and
spin-triplet pairing correlations could be manipulated by ap-
plying an in-plane magnetic field to the ISC.*%31 In par-
ticular, the spin-triplet AR is investigated in the conduc-
tor/ISC hybrid junctions.3'=33] The equal-spin AR in ferro-
magnet/ISC junctions shows a strong magnetoanisotropy with
period 7, which can be enhanced by single-band ISC.[3!]
The equal-spin AR gives rise to the switch effect of spin-
triplet Josephson current and 0—7 transitions in ISC Josephson
junctions.??] The equal-spin crossed AR could take place in a
ferromagnet/ISC/ferromagnet junction due to the spin-triplet
Cooper pairs, and it has a significant increase for half-metal

t. [34

ferromagnet.3*! Furthermore, the spin transport through the

N/ISC junction demonstrates that ISCs also have the charac-

33.35] Even so, the influence

teristic of spin superconductivity.
of valley degree of freedom on equal-spin AR in the ISC junc-
tion still needs to be explored.

In this paper, we theoretically investigate the property of
equal-spin AR in the ferromagnet/ISC (FM/ISC) junction with
a circularly polarized light applied to the FM, as shown in
Fig. 1(a). It is found that although the Cooper pair is valley-
singlet state in the ISC, the AR is sensitive to the valley de-
gree of freedom due to the optical irradiation. The valley-
dependent equal-spin AR and normal AR happen in different
regions and exhibit different behaviors. The irradiation of light
destroys the symmetry of valley-dependent AR, leading to a
strong magnetoanisotropy of AR with period 2. The equal-
spin-triplet Cooper pairs could give rise to a valley-dependent
spin supercurrent in the ISC. The results can be understood in
terms of half-metal phase, Ising superconducting phase, and
the symmetry of the system.

The rest of the paper is organized as follows. In Section 2,
we give the Hamiltonian of the light-irradiated FM/ISC junc-
tion and the formula for AR. The results on valley-dependent
equal-spin AR and spin transport are discussed in Section 3.
Finally, a summary is presented in Section 4.

2. Theoretical model and formula

We mainly study the character of equal-spin AR un-
der the application of light, which is a powerful method
to regulate electronic properties. Many intriguing phenom-
ena are found in the optically driven nonequilibrium sys-
tems, such as light-induced superconductivity,*®371 photo-
initiated insulator—metal transition,*®! Floquet topological

39,40

phases, 3?40 and light-induced anomalous Hall effect.*!! For

the circularly polarized light irradiated onto the TMDs sheet,

the corresponding electromagnetic potential may be repre-
sented by A(t) = A(+sin(Qr),cos(Q1)), where the signs +
refer to the right/left circular polarization, £ is the frequency
of the light, and A = Ey/Q with Ej being the amplitude of
the electric field E(¢) = d A(¢)/dt. The gauge potential satis-
fies time periodicity A(r+T) = A(¢) with T =27m/Q. When
the light frequency is off resonant for any electron transitions
(7 > t; with the hopping energy #;), the effect of such an
off-resonant light can be described by a static effective Hamil-

[42] the static Hamiltonian

tonian. Based on the Floquet theory,
near the valleys has the form 1Ay, where the valley index 1 =
+is for the K and K’ valleys. A, = (eAvg)?/hQ is the effective
energy describing the effects of the off-resonant circularly po-
larized light, which is positive (negative) for the right (left) cir-
cularly polarized light. In contrast with the on-resonant optical
induction which can cause the photon-assisted tunneling and
photon-assisted AR due to the photon absorption/emission, [43]
the off-resonant light cannot generate real photon absorp-
tion/emission but can lead to the valley-dependent band struc-
ture and valley-dependent equal-spin AR. Furthermore, the
off-resonant light could also induce various topological phases
such as quantum spin Hall effect and quantum valley Hall
effect, [11:44:43]

The low-energy electronic properties of TMDs may be
well described by a minimal band model.[®>®! Considering
the magnetization vector and the off-resonant circularly po-
larized light, the electronic states of TMDs in the vicinity of
the valleys can be approximately expressed by the two-band
k - p Hamiltonian 6]

K

Hy(k) =5 -+ nko+nly+o-M—pu. ()

Here, k denotes the wave vector relative to the valleys K and
K'. o = (0y,0y,0;) is the Pauli matrix of the spin space,
As is the Ising SOC strength, and u is the chemical poten-
tial. Remarkably, the light A, could lift the valley degener-
acy. M = M(sin6cos@,sinOsin@,cosH) is the magnetiza-
tion vector with the exchange energy M, the polar angle 6,
and the azimuthal angle ¢, which could lift the spin degen-
eracy and break the time-reversal symmetry. Ising SOC A
has opposite directions in opposite valleys and could induce
spin-triplet pairing correlations in the in-plane directions. %%
For the FM/ISC junction, we set chemical potential i = tsc
in the ISC region and y = gy in the FM region. The Ising
SOC strength A is assumed to be zero in the FM region. The
light and the magnetization are only applied to the FM region
[see Fig. 1(a)], where the valley degeneracy and spin degen-
eracy are lifted. In the ISC region, only the Ising SOC exists
and there is no light field and magnetization with A, = M = 0.
Therefore, the time-reversal symmetry still holds in the ISC
region.
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Fig. 1. (a) The schematic diagram for the FM/ISC junction. (b) The
bands for different spins near the two valleys in the FM region at
Ay = 10 meV, gy = 50 meV, and M = 30 meV.

The Bogoliubov—de Gennes Hamiltonians for the
FM/ISC junction can be written as
_(Hak) A
HBdG(k) - < _A"* —H%(—k) ) (2)
where 7] = —n and A=A ei‘z’iay is the s-wave superconduct-

ing order parameter with the superconducting gap A. The
Hamiltonian Hy (k) describes electron excitations with certain
spin at certain valley, while —HZ (—k) describes hole excita-
tions with opposite spin at opposite valley. The superconduct-
ing gap A couples the time-reversed electron and hole states
from opposite spins and opposite valleys. The dispersion rela-
tions of the FM region and ISC region can be described as

h2q2
E?M:ﬁ—MFMiMﬂLTIM» 3)
h hzqz
EFM:—W‘*‘ﬂFMiM‘Fn)m “4)
h2k2 2
Ere =A%+ — — + A 5
ISC +(2m tisc s>7 (@)

where + are for the particles with spin up and spin down, re-
spectively. From Egs. (3) and (4) one may find that it is half-
metal phase at upy < min(M + Ay,M — A,) and metal phase
at upy > min(M + Ay, M — Ay) in the FM region. Equation (5)
implies that the phase of ISC is single-band at tsc < As and
double-band at fysc > As. The half-metal phase and Ising su-
perconducting phase play a key role in the AR process.

For an incident electron from the FM lead with energy
E and spin s, the wave functions in the two regions of the
FM/ISC junction can be written as

%M: :—;+rﬁfeis+rf\§fe_§+rf\sf/j:g+rzjf[j—y‘a (6)

Wisc = 1N 8oy T IN&L s T 158, 188 5 )

with § = —s. The coefficients rls\fm and rf(s_) (or tf\f(s_> and tzs(s_))
are the reflection coefficients (or transmission coefficients) for

the electron and the hole, respectively. The functions f,
and fj, 45) (Or g, 4(5) and gy, (5)) are the eigenvectors describ-
ing electron and hole with spin s (5) in the FM region (or ISC

32.341 Based on the boundary conditions

region), respectively.!
%M|x:0 - %SC|x:07 '}IF/M‘X:(] = lPIISC|)C:0; (8)

we can obtain two AR probabilities

R — Re (;]h,s> |"§{Y 27 R — Re (Zhs’) |rX_ 2’ )

e,s e,s

where g s and g, (5 are the longitudinal wavevectors of the
electron and hole states in the FM region. When an electron
with spin s from one valley moves to the FM/ISC interface,
as shown in Fig. 1(b), Rff represents the normal AR for the
reflected hole with opposite spin §, while R} represents the
equal-spin AR with the same spin s due to the spin-triplet
pairing in the ISC. Note that the incident electron and the re-
flected hole always belong to opposite valleys, because that the
Cooper pair in the ISC always forms from two electrons with
opposite valleys. Below, we will show that the feature of AR
probability strongly depends on the valley degree of freedom
due to the irradiation of the circularly polarized light.

3. Results and discussion

In this section, we will discuss the valley-dependent
equal-spin AR, normal AR, and spin transport controlled by
the light, the chemical potential, and the magnetization di-
rection. The superconducting gap is fixed as A = 1.0 meV.
The exchange energy M and Ising SOC strength A are set as
M =30.0 meV and As = 10.0 meV for convenience. The sym-
bol Ry 745 in the following represents the AR probability
that an incident election with spin s near valley 1 is reflected
as a hole with spin s (§) near opposite valley 7 = —n. The
units of Ay, E, Ugm, and tisc are meV.

First, we discuss the normal AR process when the mag-
netization vector is in the out-of-plane direction with the po-
lar angle 8 = 0. All the AR probabilities are independent
of the azimuthal angle ¢, so we take ¢ = O below. Fig-
ure 2 shows the AR probabilities Rg|— /4 and Rgi_gs| as
functions of the potential upy and the light A, at 8 = 0.0,
E = 0.0, and ggc = 0.0. It can be found that only the
normal AR could occur and equal-spin AR does not exist,
where the incident electron and reflected hole belong to op-
posite spins and opposite valleys, due to the Cooper pairs
|KK',}1), |[KK',1]) in the ISC being valley singlet with its
z-direction spin component §; = 0. Rg |k and Ry g1y
take place in different areas. Here Ry |— g4+ and Rgimok)
are equal and occur in the same area Upy > |Ay — M| [see
Fig. 2(a)]. In fact, considering an incident electron from K |
band with the incident energy in the superconducting gap, the
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transport processes from FM into the ISC can not occur and
only two reflection processes (the normal reflection RII}' 1=K
and normal AR R | xp) occur with RY | _ | + R =
1. Similarly, for the incident particle from K’ 1 band, we
have RII\{I,T K1 + Rgry=kx, = 1. The above four reflection
N
Ry |~k Rxr=k| )
K|=K"t RK’T=>K’T

with RII\(,J,éK\L—i_RK,T:Ki« = RKl=>K/T +R1]¥/T:>K/T = 1. Conse-
quently, the two AR probabilities Rg |, g+ and Ry are

processes form the scattering matrix (

equal. In like manner, Rgy— k7| = Rgs|— g+ appears in the area
Urm > |Ay + M| [see Fig. 2(b)]. There is no AR in other areas
because of the absence of incident electron mode or/and re-
flected hole mode. In addition, when the Ising superconduct-
ing phase is single band at psc = 0 < A, the Cooper pairs
are mainly composed of |K |) and |K’ 1) electrons,*!34! so
Rt is very small compared with Rg | x4 [see the scale

of the color bar in Figs. 2(a) and 2(b)].

(b)

Riy xu=Rey ko

—-30 O 30 60 90 0 . 30 60 90
prm (meV)

Fig. 2. AR probabilities (a) Rg |-+ and (b) Rxj— g versus potential
upv and light A, at 6 = 0.0, E = 0.0, and pysc = 0.0. The boundaries of
AR probability are labelled by the dash curves Ay = +pgy + M, which
are the critical values of the half-metal phase.

Next, we consider that the magnetization vector is in the
in-plane direction with @ = /2 (i.e., in the x-direction). For
the x-direction, both the spin-singlet and S, = 41 spin-triplet
Cooper pairs can exist in ISC. This is essentially different from
the case of z-direction, where only S, = 0 Cooper pairs exist in
ISC. Thus, the AR process would become intriguing. Figure 3
presents the AR probability as a function of the potential Lpp
and the light A, when the electron injects from (a)—(d) K val-
ley and (e)—(h) K’ valley at 6 = /2, E = 0.0, and tysc = 0.0.
Interestingly, the equal-spin AR appears due to the S, = +1
spin-triplet Cooper pairs |KK', =), |[KK’, =) [see Figs. 3(b),
3(c), 3(f) and 3(g)]. In the equal-spin AR process, the incident
electron and reflected hole possess the same spins but oppo-
site valleys. The normal AR still survives [see Figs. 3(a), 3(d),
3(e) and 3(h)]. The equal-spin AR and normal AR include
eight kinds of AR processes, which exhibit some interesting
features.

(1) Various AR processes occur in different areas, de-
pending on the spin and valley related band structure con-
trolled by the potential gy and the light A,. Compared to the

normal AR, the equal-spin AR probability Ry k) -k (k)—
occurs in a wider area [see Figs. 3(b) and 3(f)], while
Ry (k") =K'(k)« Occurs in a narrower area [see Figs. 3(c) and
3(g)], which can be changed by adjusting the magnetization
and the light.

(2) Contrary to the situation at @ = 0 in Fig. 2, the nor-
mal AR probabilities Rg_,_ g7, and Rgr g, (R —k/—s
and Rg/_,— k. ) are no longer the same at 8 = /2, as shown
in Figs. 3(a) and 3(h) [Figs. 3(d) and 3(e)]. The reason is that
for an incident electron with its spin in the x-direction, the
four reflection processes (the normal reflection, the spin-flip
reflection, the normal AR, and the equal-spin AR) occur at the
FM/ISC interface, leading to that the scattering matrix is 4 x 4
and the matrix elements (various reflection probabilities) are
in principle mutually unequal.

(3) In the presence of the light, the equal-spin AR and
normal AR become sensitive to the valley degree of freedom.
Due to the influence of the left and the right circularly polar-
ized light on the character of the two valleys, the Hamiltonians
between the two valleys satisfy

Hy (&) = Hp (=) (10

in the FM lead. Thus, the AR near the two valleys are sym-

metric with respect to A, =0, i.e.,
Rns=>ﬁs(s') (A'V) = Rﬁs:ﬂ]s(s‘)(_)vv)v (1)

such as the AR probabilities Rg_,—. g/, and Rg/_,_. g [see
Figs. 3(a) and 3(e)].

0O 40 80 0 40 80 O
prm (meV)

40 8 0 40 80

Fig. 3. AR probability versus potential ppyp and light A, for the inci-
dent electron from (a)—(d) K valley and (e)—(h) K’ valley, at 6 = /2,
E =0.0, and Hisc = 0.0.

(4) Importantly, there exists a special area where only the
equal-spin AR probabilities Rg_,_.x_, and Rg/_,_ x_, could
take place while other AR processes are completely sup-
pressed [see the rhombic area encircled by the black dashed
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curves Ay = +Upy += M in Figs. 3(b) and 3(f)], which could
give rise to a spin supercurrent in ISC, as discussed in Fig. 7
in the following.

In order to see clearly the characters of AR, we plot
the truncated intersection curves of AR probability as a func-
tion of (a) the light A, and (b) the potential ugy in Fig. 4.
Figure 4(a) shows the symmetry between two certain AR
processes around A, = 0. The AR appears in different re-
gions of Ay. The normal AR probabilities Rg_,_.x/. and
Ry — x_, are finite in the region —upy +M < Ay < Upm+M,
while Ry, g/, and Rgr_,_. k. have finite value in the re-
gion —upym — M < Ay < Upm — M. The equal-spin AR prob-
abilities Rg_,_.x/_, and Rg/_,_.x_. occur in a broad region
—Upv — M < Ay < Upm + M. As shown in Fig. 4(b), the AR
probability as a function of upy could be divided into four re-
gions, depending on the spin and valley related energy band in
the FM region. There is no AR in the region gy < —M + Ay,
since the ISC is single-band phase and the FM region has no
incident electron mode or/and no reflected hole mode at such
a low chemical potential upy. Only equal-spin AR proba-
bilities Rg_,_.x/_, and Rgs_,_.x_, are nonzero in the region
—M + Ay < Upm < M — Ay, because only Sy = 1 spin-triplet
and valley-singlet Cooper pairs |[KK',=) could be formed in
ISC. Two equal-spin AR and two normal AR appear in the re-
gion M — Ay < Upy < M + A, due to the existence of Cooper
pairs |[KK’, =) and |KK',=). All of the eight AR can take
place and all kinds of Cooper pairs can be formed in the re-

gion Upy > M + Ay.

0.7
_(a) _(b) T Risage
0.6F , - Rysexs
L i L Ryeoie
>
= 0.5r B Ricois
B A O 2 F [ | N I R S Riseoke
s 0.4 Mo =
..8 T O/ N N A A R Ve NV B Rgek-
a 0.3F i ': SR N T T Rgecke
. L ::, H Rygecks
< 0214 ]
0.1 | : -
I I

0l
—40 =20 0

20 40

—20 0 20 40 60 80 100

Ay (meV)

HFM ( meV)

Fig. 4. AR probability versus (a) Ay at gy = 10.0 meV and (b) upv at
Ay = 10.0 meV. The values of the other parameters are the same as those
in Fig. 3.

Figure 5 presents the AR probability as a function of inci-
dent energy E at 6 = 7/2 and ppy = 50.0 meV. When A, =0
in Fig. 5(a), the two valleys in the FM region are degener-
ate, and so the AR process is independent of valley, that is
Rys=iis(s) = Ris=ns(s)- The finite Ay may break the degen-
eracy of the valley, leading to the valley-dependent AR [see
Fig. 5(b)]. All the AR probabilities increase slightly with the
incident energy in the subgap energy £ < A. When lsc =
15.0 meV > A, the Ising superconducting phase changes to

double-band from single-band, and so the normal AR is in-
creased by the spin-singlet Cooper pairs [comparing Figs. 5(a)
and 5(c)]. However, the equal-spin AR is decreased, since the
spin-triplet pairing is rather weak for double-band ISC.[20-31]
Out of subgap energy region E > A, the normal AR probabil-
ity decreases rapidly from a large value with the increase of the
energy, regardless of the values of A, and pysc. On the other
hand, the equal-spin AR probability increases first from zero,
then decreases slowly with the increase of the energy E from
A. In addition, both normal AR and equal-spin AR present the
resonant behavior near the superconducting gap edges, similar
to the AR in N/SC junctions.!*®! Particularly, the resonant nor-
mal AR exhibits a simple peak near E = A, while the resonant
equal-spin AR exhibits a peak followed by a dip.

M@ [©) ©
0.8+ —Rpope | A =15 A =0
| Av=0 Reoegs || H1sC=0 tusc =15
0.6 | Hrse = 0 Rgeoke ‘7‘ """"
\

AR probability
o
N

e
o

=)

E(4)

Fig. 5. AR probability versus the incident energy E at 6 = /2 and
Upm = 50.0 meV.

The influence of off-resonant polarized light on the mag-
netoanisotropy of AR is discussed in Fig. 6. The AR probabil-
ities for the incident electron from K and K’ valleys are defined
as

12)

Rk = ES,;STRKS:>K/S(§)7 Ry = ES,S_RK/S:>KS(§)'

The total AR probability is Rg + Rg:.
magnetization vector, the Hamiltonian H;, has the relation
0.Hp(0)o; ! = Hy(—0), so Ry(—0) = Ry(6), i.e., Rx(0)
and Ry (0) are symmetric about 6 = 0, as shown in Figs. 6(a)
and 6(b). In the absence of the light with A, = 0.0, both AR
probabilities Rx and Ry are anisotropic with respect to the

In the presence of

magnetization direction 6, as shown in Fig. 6(a). Rx mainly
appears in the third and fourth quadrants, while Rg mainly
occurs in the first and second quadrants. The Hamiltonians
between the two valleys can be related by the spin rotation

operator Oy,
oHy (m—0)o, ' = Hk (). (13)

This indicates that the AR probabilities between the two val-
leys have the relation

Ry/(m—6) =Rk (6). (14)
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As a
consequence, the total AR probability Rx + Rk is magne-

The Rk and Ry are symmetric about 6 = 7/2.
toanisotropic with period 7. In the half-metal phase with
Urm = 10 meV < M — A,, only the equal-spin AR can oc-
cur (see Fig. 3). When the magnetization vector M is in the
z direction with 6 = 0, the equal-spin AR is prohibited, then
the AR probabilities Rx and R are zero [see Fig. 6(a)]. With
the increase of 6 from 0, the equal-spin AR occurs and the
AR probabilities appear. When the right circularly polarized
light is applied with A, = 5.0 meV in Fig. 6(b), the symmet-
ric relation equations (13) and (14) between the two valleys
are destroyed. R is decreased but Ry is increased by the
right circularly polarized light, because K is the minority val-
ley and K’ is the majority valley in the FM lead. Oppositely,
the left circularly polarized light would increase Rx and de-
crease Rgs. Thus, the magnetoanisotropy of the total AR prob-
ability Rg + Ry’ becomes remarkable and the period becomes
27 instead of 7 in the presence of the light.

Fig. 6. AR probability versus the magnetization direction 6 at (a)
Ay = 0.0 and (b) Ay = 5.0 meV. The black, red, blue curves are for Rg,
Ry, and Rg + Ry Here, upyv = 10.0 meV, E = 0.0, and pysc = 0.0.

Finally, we study the spin transport in this FM/ISC junc-
tion. As discussed in Figs. 3(b) and 3(f), only the equal-spin
AR Rg_,_. g, and Rg/_,_ g, could occur in the rhombic area.
In this rhombic area, only the Sy = 1 spin-triplet Cooper pairs
|KK', =) are generated by the equal-spin AR processes and
inject into ISC. There is no injection of the spin-singlet and
other kinds of spin-triplet Cooper pairs. As a result, only the
Cooper pairs |[KK',=) with spin S = 1 and S, = 1 would flow
along x direction in the ISC. This implies that a completely
spin-polarized supercurrent appears in this rhombic area. If
the direction of magnetization is inverted to 8 = 37/2, the
spin of the moving Cooper pairs would change to S = 1 and
Sy = —1, and the Cooper pairs |KK’', =) would contribute to
the charge current and the spin current. Observably, the direc-
tion of the spin-triplet Cooper pairs can be controlled by the
magnetization and the light.

Considering the x-direction spin bias eV at the FM/ISC
junction, the spin current I; from FM lead flowing into ISC

can be written as[3>47]
h

1 5§
= E / dEs:(ge)S[RA (fL,es _fL,hs)
“FRZS\?_(fL,es_fL,e§)+T1\s/(fL.es_fR)]7 (]5)

where RS is the equal-spin AR probability, R} is the spin-
flip reflection probability, and 7 is the transmission probabil-
ity. The spin index s =—,<— or +, — in Eq. (15). The Fermi
distribution function requires f7 ., = fr . = f(E —eV) and
fre— = funs = f(E+¢V) in the FM lead and fz = f(E) in
the ISC. The differential spin conductance can be obtained as
G, = dI;/dV. The differential spin conductance for the in-
cident electron from K (K’) valley is labeled as Gsx (Gygr)s
satisfying Gy = Gk + G, x. For the FM/ISC junction, the
high spin injection efficiency occurs in the particular half-
metal phase [e.g., in the thombic area in Figs. 3(b) and 3(f)]
where there is no spin-flip reflection.

1.5L—mrv=—10 (a) L

U —pra=0

— prv =10
prv = 15

1.0F— p#rv =20

0.5E

G (e?/h)

ok — Ay=20

0.90 03 06 09
eV (A4Q)

Fig. 7. Differential spin conductance Gy versus the finite spin bias eV
at zero temperature for different values of (a) upm, (b) tisc, and (¢) Ay.
(d) G5k and G, g versus eV for different values of Ay. The values of
parameters are set as 0 = /2, A, = 0.0, upy = 0.0, and pysc = 0.0,
unless otherwise noted in the figure.

0 03 06

Figure 7 displays the differential spin conductance as a
function of finite spin bias eV with the parameters upy and
Ay in the thombic area. Due to only the occurrence of the
equal-spin AR in the rhombic area, the results are the same
for the x-direction spin bias and the bias. From Fig. 7, one
can see that with the continuous increase of spin bias, the dif-
ferential spin conductance increases slowly at first, and then
In the ab-
sence of light with A, = 0.0, the differential spin conductance

decreases rapidly after reaching its peak value.

Gk is the same as G . The total Gy decreases with the
increase of gy and tends to zero at upyv = 20.0 meV [see
Fig. 7(a)]. As shown in Fig. 7(b), G; increases gradually with
Uisc in the single-band superconducting phase (see the curves
with sc < As). On the contrary, Gy decreases with Lysc in
the double-band superconducting phase (see the curves with
Uisc > As). The reason is that the differential spin conductance
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is mainly contributed by the equal-spin AR which mainly oc-
curs in the single-band phase. With the appearance and in-
crease of the light, G, decreases relatively [see Fig. 7(c)]. Re-
markably, the differential spin conductance G, x is no longer
equal to G, . It can be seen from Fig. 7(d) that as A, in-
creases, G g decreases gradually but G, g/ increases gradu-
ally. At Ay = 20 meV, only incident electrons from K’ val-
ley contribute to differential spin conductance. When the light
changes from the right to the left circular polarization, G,k
will increase and G g will decrease.

4. Conclusion

In summary, we studied the dependence of equal-spin AR
on the valley degree of freedom in the light-irradiated FM/ISC
junction based on Bogoliubov—de Gennes Hamiltonians. Due
to the application of circularly polarized light, the properties of
equal-spin AR and normal AR strongly depend on the valley
degree of freedom. The resonant behavior of equal-spin AR
near the superconducting gap edges is different from that of
normal AR. The valley-dependent AR presents certain sym-
metry about light strength and magnetization angle, which
can be understood by the symmetry of the system. The ex-
istence of Sy = %1 spin-triplet Cooper pairs leads to a valley-
dependent spin supercurrent in ISC which can be modulated
by the light. Our results should be useful to the potential ap-
plications of ISC in spintronics and valleytronics.
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