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The spin-orbital polarization of superconducting excitations in momentum space is shown to provide distinc-
tive marks of unconventional pairing in the presence of inversion symmetry breaking. Taking the prototypical
example of an electronic system with atomic spin-orbit and orbital-Rashba couplings, we provide a general
description of the spin-orbital textures and their most striking changeover moving from the normal to the
superconducting state. We find that the variation of the spin texture is strongly imprinted by the combination
of the misalignment of spin-triplet d vector with the inversion asymmetry g-vector coupling and the occurrence
of superconducting nodal excitations. Remarkably, the multiorbital character of the superconducting state allows
us to unveil a unique type of topological transition for the spin winding around the nodal points. This finding
indicates the fundamental topological relation between chiral and spin winding in nodal superconductors. By
analogy between spin- and orbital-triplet pairing we point out how orbital polarization patterns can also be
employed to assess the character of the superconducting state.
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I. INTRODUCTION

The Rashba spin-orbit (SO) coupling [1,2] is the manifesta-
tion of a fundamental relativistic effect due to structural inver-
sion symmetry breaking (ISB) that leads to spin-momentum
locking with lifting of spin degeneracy and remarkable phe-
nomena such as nonstandard magnetic textures [3,4], spin
Hall [5] and topological spin Hall [6], Edelstein effects [7],
etc. [8].

Recently, it has been realized that spin-momentum locking
can also occur from the ISB driven orbital polarization of
electrons in solids which is, then, linked with the spin sector
by the atomic SO coupling. The role of spin and orbital
polarization in materials has built a different view of the
manifestation of ISB with respect to the conventional spin-
Rashba effect, leading to the so-called orbital-driven Rashba
coupling [9]. The orbital Rashba (OR) effect can yield chiral
orbital textures and orbital dependent spin vector via the SO
coupling [9-15]. Evidences of anomalous energy splitting
and of a key role played by the orbital degree of freedom
have been demonstrated on a large variety of surfaces, i.e.,
Au(111),Pb/Ag(111)[16], Bi/Ag(111) [17], etc. as well as in
transition metal oxides based interfaces, i.e., LaAlO3-SrTiO;
[18,19].

In superconductors without inversion symmetry [20,21] the
presence of nondegenerate spin- and orbital polarized elec-
tronic states is generally expected to lead to unconventional
pairing, with the occurrence of spin-triplet order parameters
and singlet-triplet spin mixing [22-24], nonstandard surface
states [25,26], as well as topological phases [27-35].

Experimental direct probes by using angle- and spin-orbital
resolved photoemission spectroscopy in the normal [36-39]
and superconducting (SC) phase [40] can be extremely useful
for establishing the nature of the SC state and the underly-
ing degree of spin-orbital entanglement or the occurrence of
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competing orders. A successful photoemission observation of
Dirac cone with spin-helical surface states at Fermi level and
their modification below the superconducting critical temper-
ature due to the gap opening has been recently demonstrated
in the iron-based superconductor FeTe|_,Se, [41]. Along this
line it would be highly desirable to have distinctive detectable
signatures associated with the spin-orbital polarizations to
single out the nature of the SC phase. Symmetry plays a
relevant role in such identification. For instance, skyrmionic
patterns in the Brillouin zone (BZ) have been suggested as
marks to make the topological order more accessible in ferro-
magnetic semiconductor/s-wave superconductor heterostruc-
ture assuming that both time-reversal (TR) and inversion
symmetry is broken [42]. On the other hand, the fundamental
interrelation between chiral spin-orbital textures in reciprocal
space and unconventional pairing solely due to ISB has not
been yet fully established.

In this paper we focus on the class of low-dimensional
superconductors with TR and broken inversion symmetry. The
aim is to assess how the spin-orbital texture of the SC excita-
tions can unveil the nature of the SC state and, eventually, its
topological character.

We show that the spin-polarization pattern is generally
imprinted by the relative alignment of spin-triplet d vector
with the inversion asymmetry g-vector coupling (Sec. II). A
fundamental issue emerges in nodal topological superconduc-
tors when considering the occurrence of spin winding around
the nodal points. To face this problem on a general ground
we employ a prototypical electronic system with atomic SO
and orbital-Rashba coupling, whose spin-orbital textures can
manifest deviations from the typical ones due to the spin-
Rashba coupling (Sec. III) and can exhibit topological SC
phases with orbital-driven pairing (Sec. IV).

Finally, we find that at the nodal points topological tran-
sitions for the spin winding can occur due to the emergence
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of vanishing spin amplitude lines connecting the nodal points
(Sec. IV). This outcome sets the fundamental interplay be-
tween chiral and spin or orbital winding in nodal supercon-
ductors with ISB.

II. TOPOLOGICAL SPIN TEXTURE: SINGLE ORBITAL
MODEL DESCRIPTION

A. Model Hamiltonian and spin texture

We start by introducing a minimal model that can describe
the spin texture of the SC state due to the interplay of
inversion asymmetric SO coupling and spin-triplet pairing.
Due to ISB the pairing has a mixture of spin-triplet and singlet
components. Since the spin-singlet pairing does not affect
the spin texture, the central focus is on the consequences of
the spin-triplet pair potential. In the superconducting state
we consider the Bogoliubov-de Gennes (BdG) Hamiltonian
including both spin-singlet and triplet pairings as follows

Atk
o NGY!
uéo — ' (—k)
where 1 and A(k) = i6y[|As|¥r + |At|6 - d (k)] denote the
chemical potential, and the singlet (1) and triplet order pa-

rameters (d), and the corresponding gap amplitudes |As| and
|At|, and h(k) is the normal state term

— 6o + h(k)

Hpac (k) = < Aty

hk) = e(k)6o + Ag(k) - 6, 2)
gk) = (g.(k), g, (k), g.(k)), )

with e(k) and g(k) being the kinetic energy and inversion
asymmetry coupling, while A denotes the strength of the ISB
potential, and &; (i = 0, x, y, z) are the Pauli matrices in spin
space. Here, the d vector has the usual matrix form in terms
of the components associated with the spin-triplet configu-
rations as Ay — A = =2d,(k), Ay + Ay = 2id,(k),
and Ami + ALT = Zdz(k)

We determine the spin polarization components by evaluat-
ing the expectation values of the related spin operators. In the
normal state, we assume that the g vector lies on the xy plane
and g.(k) = 0. Then, the eigenvalues and the corresponding
eigenstates of the Hamiltonian are given by

Ey =e(k) £ A/gr(k) + g5 (k). “

4 = cos% Iy = —eTi¢ sin%
— \e?sin % ’ - cos 05 ’

with 6 = 7/2, cos¢ = g, (k)/V g:(k) + g,(k), and sin ¢ =
gy(k)/V g (k) + gi(k) . It is immediate to verify that the
expectation values of the spin operators are given by
8gx(k)
J & k) + g2(k)
gy(k)

NEGE)

(£IS:|£) = 0, (7

(E18,|£) = + 5)

(£]8y|+) = + ©6)

where S‘,':x,y, . are the spin operators expressed in terms of the
Pauli matrices. Thus, the z component of the spin operator is
zero (except that at the high symmetry points) and the in-plane
x and y components are generally nonvanishing.

The planar structure of the spin polarization is a general
consequence of the symmetry property of the model Hamil-
tonian. If the transformation S, — —S§. is a symmetry for the
quantum system upon examination, then, due to the absence
of degeneracy at any (k,, k,) different from the time reversal
invariant momenta, the expectation value of the z component
of the spin operator is identically zero. Thus, one can focus
the analysis only on the spin orientation in the xy plane.

For convenience and clarity of computation, starting from
the BdG Hamiltonian, one can introduce the electron com-
ponent of the spin polarization within the xy plane for the mth
excited state of the superconducting spectrum by means of the
following relation

05 = arg [ (W, IS¢ 1W,0) + i (W, IS¢ 1W,0) ], ®)

where |W,,) is the mth eigenstate of the spectrum of the BdG
Hamiltonian and S_, | . are the spin operators projected onto
the electron space:

§=3i1+%u1e8, ©)

%=G ﬂ) (10)

with the Pauli matrix 73 in Nambu space.

Before considering the full diagonalization of the BdAG
excited states, it is quite instructive to consider an effective
perturbation approach which allows us to extract the main
issues of the general behavior of the spin polarization of
the superconducting excited state. Hence, we consider the
BdG Hamiltonian by taking the first order perturbation in the
pairing term,

H=H+H, (11)
HIW,) = E,|V,), (12)
Hy| W) = &,|¥). (13)

Here, 7:1, Hy, and A’ correspond to the total, the unperturbed,
and the perturbing Hamiltonian, respectively. E, and |V,)
(¢, and |W)) are the eigenvalue and the corresponding
eigenstate of the total Hamiltonian H (the unperturbed Hamil-
tonian 1-70). Here, Fig. 1 indicates the relation between the
eigenstates |W,) and BdG bands. We assume for convenience
of computation that the g vector is parallel to the z axis
[g(k) = (0,0, g.(k))] and consider only the spin-triplet pair-
ing (¥ = 0). Then, the unperturbed and perturbed terms of
the Hamiltonian at a given k are written by

R (k) 0
Hy = —1éy ® %3 + . , (14)
0 —h'(=k)
k) = e(k) + Ag.(k) 0 as)
B 0 e(k) — Ag.(k) )’
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E second excited band

nodal points

FIG. 1. Schematic illustration of the relation between the eigen-
states |V, ) and BdG bands in the case with nodal points. Red (green)
line is the first (second) excited band and white circle is the nodal
point. The same eigenstates are also plotted in Fig. 2(b) with the
following correspondence: |¥;) = |V,) and |Y_) = |W,).

A = 0 Aty (16)
IRV G A

Ay — (A1) Ay (k)

A= (Am(k) Au(k)>' a7

For the spin-triplet pairing the d vector can be further ex-
pressed in terms of the polar angles (6,, ¢4) that identify its
direction in the spin space [see Fig. 2(a)] as

d(k) = (dy(k), dy(k), d;(k))
= n(k)ld (k)]
= (sin 6, cos ¢y, sin B sin ¢y, cos O;)|d (k)|. (18)

The eigenstate |W(?) (|¥©)) corresponds to |e, 1) (|, 1)),
and |‘I’z(;0)> (|q;0(10>)) is related to |e, |) (|A, |)) where e and h
are electron and hole, respectively. The eigenvalues and the
corresponding eigenstates of the unperturbed Hamiltonian H,
are given by

ga(k) = —eq(k) = e(k) + Ag:(k), 19)
ep(k) = —ec(k) = e(k) — Ag:(k), (20)

wo)= (%) = (%)
0 0
wO=(5) 1= (5)

Here, & and B, denote the eigenstates of h(k) and —h' (—k),

)

For the electronlike branch, the perturbation within the first
order is zero. It means that the spin polarization for the elec-
tronlike branch is not modified within the first order perturba-
tion in |At|, with |At| being the amplitude of the spin-triplet
order parameter. On the other hand, since the eigenvalues and
the corresponding eigenstates for the holelike branch change
within the first order correction, the spin orientation of the
excited state for the holelike branch acquires a nontrivial
pattern. Thus, we focus on the holelike branch of the excited
state to investigate the spin texture and we extract the electron

g-vector Ajrep A, Tep. B rep. B> rep
d-vector
LY B Ws=+1
/16 \

FIG. 2. (a) Schematic spin-space representation of the relative
orientations among the ISB g vector, the spin-triplet pairing d vector,
and the spin direction corresponding to an excited state for k < kg,
with kg being the Fermi wave vector. 6, is the polar angle between
g and d vector and ¢, is the angle of the spin vector measured
with respect to the in-plane x direction. (b) Sketch of the energy
dispersion along a given direction and of the spin orientation for
excited states at given momentum larger (electronlike) and smaller
(holelike) than the Fermi vector in the SC state. [) = |V,) (|y¥_) =
|W,)) corresponds to the eigenstate for k > kg (k < kg). Here, S for
k > kg is collinear to g. (c) Spin orientations of the excited states
above and below the Fermi level at 6, = 0, 7 /4, v /2,37 /4, and 7.
(d) Orientation of the g vector and spin vector for a Rashba-type
spin-momentum coupling on the Fermi surface (black solid line).
(e)—(h) The d-vector orientation for (e) Ay, (f) Ay (g) By, and (h)
B, representations of the Cy4, point group on the Fermi surface. (i)
Orientation of electron component of the spin polarization for the
first excited state of the B, phase in the single-band model at A/t =
8.0 x 1072, |Ar|/t = 1.0 x 1073, and p/t = 0.25. The determina-
tion of the spin polarization is done by numerical diagonalization of
the superconducting model system with one band. Black solid line
indicates the Fermi surface in the normal state and white circle is
for the position of the nodal point. (j) Schematic illustration of the
winding spin texture of (i) around the point node with spin-winding
number Wy = +1.

component of the spin polarization for the first excited state of
the spectrum.

At this stage, by the benefit of the analytical expression of
the first order eigenstates, we can calculate the spin texture
for the holelike branch away from the Fermi level, that is,
| — w4+ k)| > |Ag.(k)|. From the performed analysis, we
can approximate the expectation values in Appendix 1 as

(W |8¢|W,) ~ —ay cos ¢, sin 26,

(\IJC|S‘;|\I'C) ~ —a,sin ¢g sin 26,

(W, [S¢|W,) ~ —aycos 20, Q1)
(Wy|S¢|Wy) ~ ascos ¢, sin20,,

(\IJd|S’;|lI/d) ~ a, sin ¢y sin 26,

(Wy18¢[Wy) ~ acos20,, (22)
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where a; is an amplitude depending on the energy distance of
the excited state from the Fermi level and the strength of the
superconducting pairing,

|ArPld (k)1

T8+ e0] (23

s

Hence, one can evaluate the character of the spin texture from
these expectation values of the spin operators. Then, we focus
on the electron- and holelike branch for |W,) and |¥,) as
shown in Fig. 1. On the basis of the above observations, if
d and g vectors are misaligned by an angle 6, [Fig. 2(a)], then
the electron spin orientation corresponding to the excitations
close to the Fermi level (k) will manifest a distinctive pattern.

This result is confirmed by full numerical determination
of the BdG excited states and of the corresponding spin
polarization [Fig. 2(b)]. Indeed, one can show that for k > kg
(electronlike branch |, )) the spin orientation is collinear to
the g vector while it gets rotated by an angle 26, for k < kg
(holelike branch |W¥,;)). Hence, a variation of the mismatch
angle between d and g vectors along the Fermi surface can
lead to a spin texture with a general trend that is marked
by an asymmetric angular dependence in the electron and
hole branch of the low energy excitation [Fig. 2(c)]. Taking
into account the configuration in Fig. 2(a), one can generally
demonstrate that the spin orientation for the excited state |y)
at k > kg is collinear to the g vector, while for |{/_) at k < kp
it depends on the angles 6, and ¢,. Indeed, if we define
5., = (wi|S;|wi) with y = x, y, z, the spin vectors for the
electronlike branch |W,) = |{;) (k > kg) and holelike branch
|W,) = |¥-) (k < kg) are given by

(81285, 8% ] ~ (6] Suary 61 Sy, 6] Soa ]
9

=[0,0, 1] (24)

o=

~ lag cos ¢, sin 264, a, sin ¢, sin 2604, a;cos2604].  (25)

It is then immediate to deduce that the spin orientation is
collinear to g with 6; = 0 while for perpendicularly oriented g
and d vectors, i.e., 6; = 7 /2, the spin polarization is antipar-
allel to g. In general, we obtain that the spin polarization lies in
the same plane of g and d and it deviates of an angle 26, from
g. Since the d and g vectors have the same transformation
under the spin rotation, we can generalize this result for any
directions of d and g vectors. By a suitable rotation of the spin
coordinate, we can deduce the spin texture where the d vector
and g vector lie on the xy plane.

B. Spin texture at the Fermi surface

In this subsection, we present the spin texture evaluated at
the Fermi surface, where |e, 1) and |h, |) (e, |) and |h, 1))
are twofold degenerate. We solve the BdG Hamiltonian at the
Fermi surface in the case of ¢,(kg) = £4(kg) = O in the basis

(let), led), [h1), 1)),

0 0 Apr o Ay

N 0 81,(](]:) A R A ,

Ak =] . o es
tr Al —eke)
ALy AL 0 0

where kg is the Fermi wave vector. We pick up the basis
(le1), |h})) in this Hamiltonian and obtain the Hamiltonian
projected onto the states (|e1), |4])) near the Fermi level,

~ 0 A
H (k) = (A’M 3~*>, 27
with A} | = |At|cos8,. Then, the eigenvalues are given by

Ei = +|A|cos 6y, (28)

and one of the corresponding eigenstate in the basis
(le1), led), |h?1), |kl )) is for instance given by

1 (a . 1 A 0
=) =) 4-0)

We can obtain the eigenvalues of the electron component of
the spin operator at the kg point,

(+I8¢1+) = 2al Siay, (29)

that is,
(+IS514+) = (+IS51+) =0, (30)
(+18¢1+) = 1aiS.a, = 1. (31)

Thus, the spin texture on the Fermi surface has the same
direction as that in the normal state.

C. Spin winding in the single-orbital model with
Rashba-type spin-orbit coupling

In the single-orbital model with Rashba-type spin-orbit
coupling g(k) = (sink,, — sink,, 0) [Fig. 2(d)], the Hamilto-
nian in the normal state (k) is given by

R ( ek) A[sin k, + i sin kx]>
h(k) = . . ) - (32
Alsinky, — isin k] ek)

The resulting spin polarization in the normal state rotates
along the Fermi surface in the BZ and it is basically deter-
mined by the g vector. When considering the superconducting
state, the pairing symmetry for this model is described by five
irreducible representations Aj, A;, B, B,, and E of the point
group Cy, and the direction of the spin polarization for the
holelike branch depends on these irreducible representations.

For the A representation, the d vector is given by d (k) =
(sinky, — sin k,, 0) [Fig. 2(e)] and there are no nodal points in
the bulk. Since the d vector is parallel to the g vector in the BZ,
that is, the relative angle between d and g vectors is 6; = 0, 7,
the direction of the spin texture for the holelike branch does
not change from that in the normal state.

On the other hand, the d vector for the A, representation
d(k) = (sin k, sinky, 0) [Fig. 2(f)] is perpendicular to the g
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vector and it corresponds to 8; = £ /2 in the BZ. Then the
gapless state appears and the spin texture for the holelike
branch becomes antiparallel to that in the normal state. Hence,
the spin winding does not occur if there are no nodal points
and 6, does not change in the BZ.

In the case of B; and B, representations, nodal points
appear along the diagonal direction and, on the k, and k, axis,
respectively. The d vectors for the B; and B, representations
are given by the basis function in the point group Cy,, d (k) =
(sinky, sink,, 0) [Fig. 2(g)] and d(k) = (sink,, —sink,, 0)
[Fig. 2(h)]. We explicitly determine the spin polarization
through full diagonalization of the model Hamiltonian at any
momentum in the BZ for the B; representation of the Cy,
point group. Then we look for the spin windings in the xy
plane. In order to obtain the spin vector in the xy plane, that
is, (1/fi|S‘§ |[¥+) = 0, both d and g vectors are in the xy plane.
Indeed, Fig. 2(i) is the orientation of the spin polarization
in the BZ for the B; representation at A/t = 8.0 x 1072,
|[At|/t = 1.0 x 1073, and p/t = 0.25, and there is a two-
dimensional spin winding around the nodal point along the
diagonal of the BZ [Fig. 2(j)].

Here, we define the spin-winding number as

1
%=——¢w§%x 33)
27 C

with the path of the closed loop around the nodal point C.
Due to the angular relation of d and g vectors at each k
point as shown in Fig. 2(c), the spin polarization can wind
around the nodal point with Wy = +1 [Fig. 2(j)]. We note that
the spin polarization also winds around the high symmetry
points in the BZ. At this stage, it is relevant to ask whether
the spin winding always occurs around the nodal points. By
generalizing the single band model to include higher order
terms in the inversion asymmetric coupling of the type (sin k)
or (sin k), we find that the spin winding is robust and it is not
affected by the modification of the g vector. Likewise, we also
obtain the spin windings for the B, representation with nodal
points on the x and y axis. The spin winding does not always
appear even if there are point nodes in the bulk. Indeed, if the
d vector is parallel to the g vector on the Fermi surface like a
superconducting state with d,>_,» + f-wave and d,, + p-wave
pairing symmetry, that is, 6; = 0, 7, then, the spin texture for
the holelike branch of the excited state has the same direction
as that in the normal state. It means that the spin texture
projected onto the electron space does not wind around the
point node and the topological spin texture does not appear
for this pairing configuration. Therefore, as a general remark,
the presence of point nodes does not guarantee the occurrence
of a spin winding that instead requires a 6; amplitude that
deviates from O to 7r. Below, we show that this result obtained
for an effective single band model (Appendix 2) does not hold
when considering a more realistic multiorbital description of
the electronic structure.

Finally, for the case of the single band model we also
discuss the effects of introducing a small amplitude of the
spin-singlet pairing to study the case where spin-singlet and
spin-triplet pairing coexist (|Ag| # 0 and |At| # 0). One can
easily verify that the spin texture projected onto the electron

space in the superconducting state also winds around the point
node if the spin-singlet pairing exists.

III. SPIN-ORBITAL TEXTURE IN MULTIORBITAL
ELECTRONIC SYSTEMS

A. Model Hamiltonian in the normal state and
definition of spin-orbital texture
In order to deepen the relation between spin-winding and
nodal excitations beyond the single orbital description, we
consider a multiorbital model that includes both an OR term
and the atomic SO coupling. The Hamiltonian in the basis
[(1, }) ® (dy;, d., dyy)] for the normal state [43] is given by

H(k) =—pbo ® Ly + 6 ® 2(k) + Aso Z 6; ® L
i=x,9,2

+ Ais6o ® [g: (k)L + gy (k)L,1, (34)

with g.(k) = —sink,, and g,(k) = sink,. Here, £(k) denotes
the matrix for the kinetic energy,

k) 0 0
eky=[ 0 exk) 0 |, 35)
0 0 eyk)

and the kinetic energy for each orbital is given by

&y, (k) = 2t1(1 — cos ky) + 2t3(1 — cos ky), (36)
ex(k) = 2t1(1 — cos k) + 213(1 — cos ky), 37

Exy(k) = 4ty — 2ty (cos ky + cos ky) + Ay, (38)

where 1; =t = 0.10, £, = ¢, and #3 = 0.10¢ are the hopping
integral with representative amplitudes, A; = —0.50¢ is the
crystal field potential associated with the breaking of the
cubic symmetry. Aso and Ajs are the spin-orbit coupling con-
stant and the inversion symmetry breaking term, respectively.
L i=x, ¥, z) in the basis (d,;, d.., dy,) denotes the orbital
angular momentum operator which is a projection of the L =
2 angular momentum operator onto the #,, subspace,

0 0 0 0 0 —i

Le=(o0 o i), L,=[0 0 o0,
0 —i 0 i 0 0
0 i 0

L.=|-i 0 0},
0 0 0

and ﬁo is a 3 x 3 unit matrix. In this system, there are six
nondegenerate bands at Agp 7% 0 and Ajs # 0.

From the diagonalization of the Hamiltonian in the three-
orbital model in the normal state, we obtain the six energy
bands and the six corresponding eigenstates. Similar to the
spin texture, we define the orbital texture by the expectation
values of the angular momentum operators. Then, in order to
determine the spin-orbital polarization, we calculate the six
expectation values of the orbital angular momentum operator
L; and the spin operator S; for the corresponding eigenstates.
The spin-orbital polarization can be expressed in a compact
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notation as

(A)pk = (u()|Ala(k)),

A=£X5ﬁy9LzaSX7Sya‘§zv (39)

where |¢,(k)) (n = 1 ~ 6) denotes the eigenstate which cor-
responds to the nth energy band. We can define the spin-
orbital texture when Agp # 0 and Ajs # 0 because the finite
values of Agp and Ajg lift spin degeneracy. In addition, owing
to the crystal symmetry which is described by the Cy4, point
group and the TR symmetry, which is similar to the single
orbital model, (S’Z),,,k and (I:Z)n,k become zero in the normal
state. Hence, we can consider the spin (orbital) texture in
the normal state through the direction of the spin (orbital)

polarization in the xy plane 0s(k) (6. (k)),

Os(k) = arg[(Sx)nk + 1Sy )], (40)
6L (k) = arg[(Ly)nx + i{Ly)nl, (41)

for each energy band index n. Moreover, we define the direc-
tion of the momentum k as 6y = arg[k, + ik,].

B. Spin-orbital texture in the normal state

In this subsection, we show the spin-orbital texture in the
normal state. A modification of the electronic amplitudes
does not qualitatively alter our conclusions. Then, in order
to evaluate the changeover of the spin-orbital texture we fix
Aso/t = 0.10 and vary Aj/t [Fig. 3(a)] so as to tune the
hierarchy of the two SO interactions. The character of the spin
and orbital polarized states within the BZ depends on which
bands are taken at the Fermi level. In Fig. 3, we summarize
the two main features of the spin-orbital textures concerning
both the interrelation between the spin and orbital orientations
and the spin or orbital momentum locking. First, due to the
symmetry of the model Hamiltonian, the ISB leads to planar
nonvanishing spin and orbital polarizations at any given k
except for the high symmetry points with a relative angle,
0L (k) — Bs(k), that is about uniform (collinear spin and orbital
components) in the BZ for the lowest occupied bands (i.e., 1,
2) [Fig. 3(b)]. Here, 65 (k) (6L (k)) stands for the orientation of
spin (orbital) vector. The highest energy bands (i.e., 3,4, 5, 6),
instead, exhibit a more intricate structure. Indeed, the spin and
orbital polarizations are not anymore collinear near the high
symmetry lines [Figs. 3(d) and 3(f)]. Such behavior is also
encountered in the relative orientation of the spin polarization
with respect to the direction of the momentum k set by the
angle . The spin is perpendicular to the momentum (i.e.,
Os(k) — 6 ~ £ /2) only for the lowest occupied bands (i.e.,
1,2) [Fig. 3(c)]. On the contrary, the remaining electronic
states exhibit a nonisotropic spin-momentum pattern that can
be accounted for by the presence of higher than linear order in
the direct g-vector spin-momentum coupling [Figs. 3(e) and
3(g)]. This is a general behavior which is characteristic of the
interplay between the OR and the atomic SO coupling (see
also Sec. IV E).

(@)  high A

* mixture of collinear and | $ ﬁ 17
band 5, 6 = noncollinear (L, S) texture!
1
B0 i : 01 (k) — 0s(k)
5 |* spin texture from higher 1
band 3,4 o 1
o order g-vector ; k
* collinear (L, S) texture ! v
band 1, 2 : . . 1 A
* isotropic Rashba-like 1 S
spin texture B Os(k) — 6k
low i —p
0.002 0.02 0.2
is
band 1 band 3 band 5

(b)6y, (k) — bs(k)
T

| 7

(d)n(/’L(k) — Os(k) (ﬂgL(k) ~ bs(k)
0 S‘"f 0 r
N |

-t 0 = -t 0 =
(e) bs(k) — O (g) Os(k) — Ok

TR, 1T
5 | e

-
-t_0 =

- ? T
() s (k) — O
0 \ ,
4N
—TLTE 0

FIG. 3. (a) Schematic description of the spin-orbital texture for
the three-orbital model in the normal state as a function of the band
index, from lowest to the highest occupied, and in terms of the OR
(Ajs) and atomic spin-orbit (Aso/t = 0.10) couplings. 6s(k), 0y (k),
6 denote the angle of the spin, orbital vectors and momentum k
measured with respect to the x axis. (b),(d),(f) denote the relative
angle between the spin and orbital polarization for the bands 1, 3,
5. (c),(e),(g) indicate the relative angle between the spin orientation
and the momentum within the BZ. The lowest occupied bands (i.e.,
1, 2) exhibit a Rashba-type spin-momentum locking. The remaining
bands are marked by spin textures with higher than the linear order
in the effective g-vector coupling and with a mixing of collinear and
noncollinear configurations for the L and S angular momentum. We
report only the spin-orbital pattern for the bands 1, 3, 5 because the
others are linked to these by TR symmetry.

IV. TOPOLOGICAL SPIN WINDING IN NODAL
TOPOLOGICAL SUPERCONDUCTORS

A. Definition of spin-orbital texture in the superconducting state

In the superconducting state, the BAG Hamiltonian in the
three-orbital model is given by

Hgyc = (HA(I:) —I-AIIA(—k))' (42)
Here, since we focus on the local s-wave pairing, the super-
conducting order parameter associated with orbitals « and 8
can be classified as an isotropic (s-wave) spin-triplet/orbital-
singlet d“P)-vector and s-wave spin-singlet/orbital-triplet
with amplitude ¥ @# or as a mixing of both configura-
tions. With these assumptions, one can generally describe
the isotropic order parameter with spin-singlet and triplet
components as

Aaﬁ=<éaw¢ émm)
’ Agy gt Aaypl

= i&y [y P + 6 -d P, 43)
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with @ and B standing for the orbital index, and having
for each channel three possible orbital flavors. Furthermore,
owing to the selected tetragonal crystal symmetry, one can
achieve three different types of interorbital pairings. The spin-
singlet configurations are orbital triplets and can be described
by a symmetric superposition of opposite spin states in differ-
ent orbitals. On the other hand, spin-triplet components can be
expressed by means of the following d vectors:

d(xy’yZ) _ (djgxy,yz)’ d;xy,}’z)’ d;x)'qyl))7 (44)
4O — (d;xy»zx[ d;x)"zx), dz(xy‘zx)), (45)
d(yz,zx) _ (arl()fz,z)c)7 d}(yyz,zX)7 d;yz,zx)). 46)

We focus on the spin texture projected onto the electron space
in the first excited state. We define the electron component of

the spin operator in the three-orbital model as S i—x.y, With

8¢ = %[1 + 5108 ® L. (47)

We then introduce the angle 05! (k) representing the direction
of the spin operator in the xy plane as

65! (k) = arg [ (¥ (k) |5 |91 (K)) + i(yr1 (K)IS5 191 (K)) .
(48)

where |11 (k)) is the eigenstate of the first excited state in the
BdG Hamiltonian.

B. Spin winding for the interorbital B; representation
in the three-orbital model

The starting point is to evaluate how the spin texture
changes in the SC state by focusing on the occurrence and
evolution of spin-winding numbers Ws around the nodal
points. Such a feature sets the most striking changeover from
the normal to the superconducting phase because the normal
state does not exhibit local spin winding close to the point
nodes position. To do that we consider an interorbital spin-
triplet/orbital-singlet/s-wave SC state belonging to the B,
representation of the C4, point group [44] which is described
by

w(xy,yz) — I/f(xy,zx) — Iﬂ(yz’u) =0,

d0s™) — 0,

(xy,yz) _ g(xy,zx) (xy,zx) _ g(xy,yz) __
dzy _dZ} —dy} —dxy} —0,

4 = ) = ),

and we set the gap amplitude for this B; representation as
|At|/t = 1.0 x 1073 and the chemical potential as u/t =
0.35 in Fig. 4. The spin winding can be defined because the
z component of the spin texture is zero for this B, represen-
tation. Such a configuration is well suited for our purposes
because it is known [44] to be energetically favorable in a
wide range of parameters and for this symmetry channel, the
superconductor is topologically nontrivial because it exhibits
nodal points along the diagonal of the BZ [Fig. 4(a)]. Then,
to single out the changeover of the SC spin texture from that
in the normal state we determine both patterns as reported in
Fig. 4(b). Remarkably, its investigation for the multiorbital
topological superconductor reveals that the spin winding is

( )09(1
71:/4 2

0
_n/2;0478

for band 1 (d) band 2 band 3
(c. or ban (-7)4 an (geg anc

0.72] 0.62

0

0.72 0.74

0 k,n/4 - 0.78 0.8 0.62 0.64
b) normal state band 4 band 5 h) band 6
(n34 orm (f) @ b
0.48
0.38 1
0 0 58

0.58 0.6

046 0.48 0.38 0.4

FIG. 4. Spin texture of the lowest excited states corresponding
to the interorbital B, superconducting phase (a) and corresponding
spin pattern in the normal state including the hole branch (b) at
Aso/t = 0.10, A/t = 0.20, |At|/t = 1.0 x 1073, and u/t = 0.35.
White circle indicates the nodal points. From (c) to (h) we zoom on
the spin texture of the superconducting excitations around the nodal
points for the corresponding bands at the Fermi level from the lowest
to the highest energy. The bands 1, 2, and 5 exhibit spin-winding
numbers around the nodal points (Ws = £1) while the excitations
associated with the bands 3 and 4 have uniform spin orientation
(Ws = 0), and, finally, the band 6 has an incomplete winding around
the point node thus Ws = 0.

not tied to the nodal point. Indeed, for a representative set of
parameters, we demonstrate that not all the excitations around
the nodal position manifest a spin winding.

The lowest occupied bands which are well described by
an effective single band model with Rashba-type SO coupling
have the same spin-winding numbers as those in the single
orbital model [Figs. 4(c) and 4(d)]. On the other hand, the
highest occupied bands which mainly arise from the (d,, d)
orbitals and more significantly deviate from a Rashba-type
spin-momentum locking can be employed to prove the com-
plex topological structure of the spin winding in the BZ
[Figs. 4(e)-4(h)]. The obtained results clarify a fundamental
question on the way the spin winding around the nodal points
can vary undergoing a topological transition and, in turn,
affects the overall spin pattern of the excitations. We point out
that, if the superconductor manifests a Lifshitz-type electronic
transition by merging the nodal points having opposite chiral
winding numbers due to the chiral symmetry owed by the
SC Hamiltonian [32-34,44], then these two nodal points have
opposite spin-winding numbers and the spin winding is also
expected to disappear due to nodes annihilation and gap
formation in the spectrum. On the other hand, it is less obvious
to obtain a change of the spin-winding number without any
topological modification of the nodal electronic spectrum.
Hence, the investigated multiorbital superconductor allowed
us to uncover a novel path for topological transitions of the
spin winding. For the band 6 corresponding to the highest
occupied one, as we demonstrate in Fig. 5, the spin-winding
numbers for a given branch of the excitation spectra can be
removed by tuning the chemical potential [see Figs. 5(a) and
5(b)] and the transition occurs when a configuration with
zero spin amplitude can be obtained in the excitation states
[Figs. 5(d) and 5(f)]. Then we set the chemical potential as
w/t =0.35 in Fig. 5(a) and p/t = 0.80 in Fig. 5(b). This
type of local topological transition is basically accompanied
by a global change of the topological spin-winding numbers
as sketched in Figs. 5(d) and 5(f). The presence of multiorbital
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We =
@ 2oge
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0.2

OWs =0 Ws=-1 Ws=-1 Ws=0

 POR Fe) !
e 14

/ =
T »\"
YROR JOR !

Ws =0

move spin-winding number between two nodal points

FIG. 5. (a),(b) Demonstration of topological transition of spin-winding numbers for the band 6 as a function of the chemical potential
for a representative excitation branch around the nodal point at Ago/t = 0.10, A;;/t = 0.20, and |Ar|/t = 1.0 x 1073. We set the chemical
potential as (a) ;/t = 0.35 and (b) 1/t = 0.80. Small circle denotes the nodal point. (c)—(e) schematically indicate the global rearrangement of
the spin-winding numbers Ws with the occurrence at the critical amplitude of the chemical potential (.) of lines of zero spin amplitude (green
dotted line) connecting the TR corresponding nodal points. The sum of the spin-winding numbers around the nodal points and the center of the
BZ is conserved from (c) to (e). (f) Schematic image of the change of the spin-winding number without the deformation of superconducting
gap structure. Spin-winding numbers can move the line between two nodal points where the amplitude of spin polarization is zero.

components in the superconductor is a fundamental requisite
to achieve a quenching of the spin-momentum amplitude due
to contributions of inequivalent orbital states.

C. Gap amplitude dependence and comparison with
the interorbital A; representation

Based on the results of the previous subsection, we also
consider the spin texture as a function of the gap amplitude
|At| and for the interorbital A; representation. In Figs. 6(a),
6(b) and 6(c), we show how the electron component of the
spin polarization pattern evolves by tuning the number of

(a) 65 (k)

B\ representation

small |Ar|/t

5 OUEISIE) @) 6 ()
Swal 0 Loooos RN
g S o “\\
8 -0.0003 -‘\ \
= 0 _M.0.0006 0 ‘
< 0 /4 0 /4

FIG. 6. The direction of the electron component of the spin
polarization in the superconducting state for (a)-(c) B, and (e) A,
pairing symmetry representations in the three-orbital model at the
chemical potential p/t = 0.35. The z component of expectation
value of spin in the three-orbital model for the A; representation
is reported in (d). We set the gap amplitude |Ar|/t = 1.0 x 1073
for (a) and (e), |Ar|/t = 4.0 x 1072 for (b), and |Ar|/t = 0.10 for
(c). (f) The direction of the spin texture corresponding to the first
excited state in the normal state with Ago/t = 0.10, A/t = 0.20,
and pu/t = 0.35.

point nodes through a variation of the chemical potential for
the superconducting configuration belonging to the B repre-
sentation at p/t = 0.35. We can compare these spin textures
with those of the normal state in Fig. 6(f). With the increase
of the gap amplitude |Ar|, the two nodal points with opposite
spin-winding number annihilate by the Lifshitz transition as
we pointed out in the previous subsection. Figure 6(d) is the
z component of expectation value of spin operator at u/t =
0.35 in the three-orbital model for the A representation where
the interorbital pairing is described by

Ip(Xy,yz) — 1)[,(xy,zx) — 1)[,(yz,ZX) =0,
d)gyz,zx) — dy(yz,zx) =0,

A = g = gl = gloan =0, (50)

dz(yz,zx) — _dz(z,x,yz) = |A1l,
4 = g = .

It becomes nonzero in the BZ owing to the spin-triplet/orbital-
singlet (dy;1, d.x|) s-wave pairing. In Fig. 6(e), we show the
orientation of spin texture in the component of the xy plane
for the interorbital A representation at /¢t = 0.35. Then the
spin texture does not exhibit a topological structure. Hence,
one can define the topological spin-winding texture for the
A representation only by specifying the axis with respect to
which the spin winds. On the other hand, we can uniquely
define the in-plane spin winding in the effective single orbital
model because both d vector and g vector lie on the xy plane
as shown in Appendix 2.

D. Orbital texture for the interorbital B, representation

After having investigated the pattern of the spin polariza-
tion, we focus on the orbital texture for the configuration
of interorbital pairing with B; symmetry. Due to the orbital
singlet nature of the superconducting state, the orbital texture
does not exhibit any orbital winding around the nodal points
as shown in Fig. 7. Although the analysis is focused on the
role of spin-triplet pairing, by analogy one would get similar
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FIG. 7. Orbital texture of the lowest excited states corresponding
to the interorbital B; superconducting phase (a) and corresponding
spin pattern in the normal state including the hole branch (b) at
Aso/t = 0.10, A/t = 0.20, |A7|/t = 1.0 x 1073, and 1/t = 0.35.
White circle indicates the nodal points. From (c) to (h) we zoom in on
the spin texture of the superconducting excitations around the nodal
points for the corresponding bands at the Fermi level from the lowest
to the highest energy. There are no orbital windings for all of the
bands.

signatures when considering orbital-triplet with spin-singlet
configurations.

E. Single orbital model with higher order g vector
and d vector with B; symmetry

Finally, we demonstrate the consequences of higher order
g and d vectors in the single orbital model and compare the
obtained spin polarization pattern with the spin texture arising
in the three-orbital model. We adopt the third and fifth order
g vectors g3 and gs, and the third order d vector for the B;
representation dsg,. Then the BAG Hamiltonian in the single
orbital model is given by
hty Atk
Afk) —h*(=k))’

h(k) = e(k)é,
+ [Arg(k) + Asrgy (k) + Asrgs (k)] - &
A(k) = i6,6 - [(1 — f)dp, (k) + fdsp,(K)],  (51)

and g vectors and d vectors are defined as

Hpac (k) = (

g(k) = (sink,, —sink,, 0), (52)
gy(k) = g\ (k) + g5 (k), (53)
ggl)(k) = a;((1 — cosk,)sink,, —(1 — cosk,) sink,, 0),
(54)
g2 (k) = ax((1 — cos k) sink,, —(1 — cosk,) sin k,, 0),
(55)
gs5(k) = (cosk, — cos ky)

x ((cosk, — 1)sinky, (cosk, — 1)sink,, 0), (56)
dg, (k) = |At|(sinky, sink,, 0), 57

dsp, (k) =

Here, we neglect z components of d vector and g vector since
we are considering the Cy, point group.

|Ar|(cosk, — cosky)g. (58)

(b)
0.7

0'68.68 0.7

FIG. 8. The direction of the spin-texture projected onto the elec-
tron space in the superconducting state in the single band model
(a) with g and d3g, vectors and (b),(c) with g, g3, gs, d;p,, and dsp,
vectors at Ag = 8.0 x 1072, and |At|/t = 1.0 x 1073, Black solid
line is the Fermi surface at (a) w/t = 0.25 and (b),(c) u/t = 0.85.
(b)[(c)] is a magnified view around the point node on the outer
(inner) Fermi surface. We set the parameters at Asg = Asg = 0.0,
ry = 0.0, and f = 1.0 for (a) and Asg = 0.70,a;, = 1.0,a, = —1.0,
Asg = 1.0, and f = 0.99 for (b) and (c).

4 .62 0.64

Figure 8(a) reports the angular dependence of the electron
component of the spin polarization for the first excited state
of the superconducting spectrum in the single band model as-
suming g and d3p, vectors at i/t = 0.25. Here, we cannot de-
fine the spin polarization for the holelike branch of the excited
state due to dsg, = (0, 0, 0) in the diagonal direction. In ad-
dition, the spin orientation for the holelike band has the same
direction as that for the electronlike band because d3g, vector
is parallel to g vector in the BZ. In Figs. 8(b) and 8(c), we
show explicitly the resulting spin-texture pattern in the super-
conducting state with g, g3, g5, d;g,, and dsg, vectors at i/t =
0.85. In these figures, we set the ratio of dg, and dsp, vector as
f = 0.99. The result indicates that the spin polarization winds
around the point nodes only when f is not equal to 1.

V. CONCLUSIONS

We demonstrated that the spin-orbital texture of noncen-
trosymmetric superconductors with TR symmetry can unveil
fundamental aspects of the pairing state. A mismatch of the
spin (orbital) polarizations from the normal to the supercon-
ducting state can set the hallmarks of the presence of non-
trivial spin- (orbital) triplet vectors. We clarified that the spin
winding around the nodal state can appear for the B; and B,
pairings in the Cg4, point group because of differences of the
windings of d and g vectors. We note that this kind of pairing
can be realized energetically when the interorbital interactions
are dominant in the attractive interactions [44]. Furthermore,
these phases can also include spin-singlet pairings (d,>_,> and
dy, wave) owing to the ISB.

Remarkably, for pairing configurations having nodal exci-
tations we expect to observe a local spin (or orbital) winding
which can undergo topological transitions without any change
in the electronic spectrum. Such behavior is fundamentally
tied to the degree of spin-orbital entanglement of the SC state
and to a spin-momentum coupling which deviates from the
Rashba type, thus one may expect to encounter it in realistic
electronic systems with ISB. Our findings can have various
experimentally accessible consequences. First, due to the
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recent advancements of the application of circularly-polarized
spin- and angle-resolved photoemission spectroscopy, one
can employ a combination of orbital selectivity of circularly
polarized light with spin detection to directly and indepen-
dently access the spin and orbital vectors throughout the BZ.
This experimental technique is challenging and in continuous
development especially when dealing with the spin detection
of states with mixed orbital symmetry [45] or with coherent
spin phenomena in photoexcited states [46].

Apart from ARPES, a weak perturbation due to an external
magnetic field can lead to unconventional magnetic response
with anomalous spin and orbital susceptibility. Indeed, in
nodal semimetals a changeover from large diamagnetic to
paramagnetic susceptibility can be achieved when the Fermi
energy moves from above to below the band crossing point.
This has been theoretically demonstrated [47] and experimen-
tally observed [48] in materials with large Rashba SO cou-
pling. In analogy, similar effects can be also expected for the
achieved nodal superconductors with the spin- and orbital tex-
tures that contribute to yield an anomalous magnetic response.

Alternatively, one can also expect a variation of supercon-
ducting pairing symmetry due to weak external mechanical
deformations [49,50]. Other experimental probes might in-
volve the measurement of the angular dependent specific heat
[51,52] or thermal conductivity [53]. Apart from detecting the
position of the nodal points under a magnetic field rotated
with respect to the crystal axes, the spin-orbital structure of

specific heat or thermal conductivity behavior, e.g., existence
of inequivalent gaps in the spin, orbital, and charge excita-
tions, spin-orbital dependent Andreev bound states within the
vortex core, etc.
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APPENDIX

1. Perturbation theory in the superconducting state
in the single orbital model

In this Appendix, we show the spin texture for the holelike
branch in the equations (21) and (22) analytically by the per-
turbation theory. The eigenstates within the first order pertur-

the nodal points can manifest into nonstandard features in the bation |\I/r(ll)c 2P = |lI!,(lO)) + |\Il,§1)) + - .-) are given by
|

) = — al A, (a+) B a' AB, <a>
‘ 2[—p+ eI\ O 2[—p+elk) — Ag (k)1 \ 0
AT G\ Ay a

Y ; (AD)

2[—p+e(k)]\ 0 2[—p + (k) — Ag ()1 \ O

M &l A <a+> _ alAp (a)
4 2[—p+elk) + Ag. ()1 \ 0 2[—p+ eI\ O

A A &

T 8(k) + Ag:(k)] S 2[—pu+e(]\ 0

Then, we can calculate the expectation values of the spin operators for the hole branch of the first excited state of the BdG
spectrum within the first order perturbation. For |W3) and |W,) we have

2

segy — 1Bl he 141 8
(We|S7 1) = 1Sid al S
4[—u + e(k)]? 4[ u+ek) — Agz(k)]
AL LA Ay A AT
p 200 PRI 12001 AT O
+ Sia_ + alSiay, (A3)
Al—p + ([ —p + e(k) — Ag(k)] + A—p + e(B)][—p + e(k) — Ag (k)] *
|Ay 2 At AP s
(Wy|5¢1W,) = &l 8oy + —————a" 84
¢ VT M —p+ e(k) + Ag.(k)P T A—p+ (P
Ay A - A% A .
n b &l 8a_ U & S, (A4)

A[—p +e(®)l— M+8(k)+Agz(k)]

A

Here, & S &4 and related terms denote the expectation values
a8, =0,
6‘1 Sy = %
a'8.a_-=0
a'Sa =-

T At e0l—p + k) + Ago(h]

of the spin operators in the normal state,
ST A
alSay =0,
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and for the terms of the type &13',-&_ we have

>
—_—
+

& A AT O A
alSa_ = ok alSa_ = 5
A 8a. =0 a'Sa 1
&l S.a_ =0, alS.aq = 3
AT & A i AT & A
alsya, = 7 alS&. =0.

Moreover, the d vector given in Eq. (18) can be expressed
in terms of the relative angle with respect to the g vector

J

providing the following quantities,
|Ay 41 = 1Ay P = [Ar]Pld (k) sin® 6y,
[A4 P = 1A 417 = [ArPld (k)] cos® by,
AG LAy = —|ArPld (k)€ sin 6, cos 0,
A} Aty = |ArPld(K)[Pe sin 6, cos 0.

Hence, the expectation values of the spin operators projected
onto the electron space for the holelike branch of the first
excited state are given by

013, = _|AT|2|d(k)|2 COS ¢y sin B, cos B, ’ (AS)
* 2 2[—p + e(®)][—p + (k) — Ag (k)]
W[50, — _|AT|2|d(k)|2 sin ¢4 sin 6, cos 6, 7 (A6)
Y 2 2[—p + e()][—p + e(k) — Ag.(k)]
(U131, = |AT|2|d (k)|? [ sin? 6y B cos? 6, } A7)
‘ 2 d—pu+e)?  A—p+ek)— Ag. (k)]
" |AT|?|d (k))? oS ¢y sin 6, cos b,
M) = e S el —n + e(0) + Ag (R (A9
(U801 — |At)?|d (k)| sin ¢ sin 6, cos 6, ’ (A9)
y 2 2[—p+e(®)][—p + (k) + Ag (k)]
50 = — |AT|2|d (k)|? [ sin? 6, B cos? 6, } (AL0)
‘ 2 d—pu+e@))?  Al—p+ek) + Ag.(b))?

If| — w4+ e(k)| > |Ag.(k)|, we obtain the equations (21) and
(22).

2. Derivation of single orbital effective description
from the three-orbital model with atomic spin-orbit
and orbital Rashba couplings

Next, we construct the effective single orbital low-energy
description near the I' point starting from the three-orbital
model which describes a two-dimensional noncentrosymmet-
ric electronic system with tetragonal symmetry including the
atomic spin-orbit and the orbital Rashba coupling. The aim is
to compare the spin polarization obtained in the single orbital
model with that of the full multiorbital model.

To obtain the effective single orbital model for the normal
state electronic structure near the I' point from the three-
orbital model we employ the following perturbation scheme
separating the Hamiltonian in two parts,

H=H,+H, (A11)
1o = 2(k), (A12)
H = so0 Z 6 ®L;
=7,z
+ AisGo ® [sink,L, — sinky,L,]. (A13)

Importantly, due to the two-dimensional confinement, the d,,
orbital is generally well separated from the (d.., dy,) orbitals
by the crystal field potential A,. In the normal state of H,
the d,, orbital has the lowest energy among the three orbitals
and the energy of the d,, orbital is —A; lower than d,. and

(

d,, orbitals. We can consider the following process |xy, 1) —
|xy, | ) within the second order perturbation,

(xy, V|H'lyz, 1) vz, tH [xy, 1)

i)»so Ais sin kx

)

E_vz - Exy At
(A14)
oy LA vz )z VA By, 1) iksoAis sink,
Eyz - Exy At '
(A15)
o A Jzx ) (ex, 1A vy, 1) AsoAssink,
sz - Exy At '
(A16)
o LA 2 D e LAy 1) AsoAgsink,
sz - Exy At ’
(A17)
with Ey, = —A, and E,; = 0. Likewise, we can consider the

following process |xy, |) — |xy, 1) within the second order
perturbation,

(o MA vz, L) 0z VH Iy, 4)  iksoAis sink

Eyz - Exy At

s

(A18)
(v, M lyz, ) vz HH By, 4)  iksoAissinky

Eyz - Exy At

)

(A19)
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G M 2y, ) ex VA ey ) AsoAssink,
E,—E, A, ’
(A20)
o MA e ) {ax MA ly, L) AsoAssink,
sz - Exy At '
(A21)

then, in the subspace spanned by the states |xy, | ), |xy, 1) we
obtain the effective low energy Hamiltonian in the normal
state,

iy = (€100 ET,N‘))

hk) = (sM(k) e L))’ (A22)
= &xy(k)S0 + Arlg:(k)Sy + gy(k)Gy],  (A23)

g(k) = (sink,, —sink,, 0), (A24)

with Arp = —2As0Ais/A,. Then, the elements of the Hamil-
tonian in the effective model ¢ 4 (k) and &4 | (k) are derived
as

Z (xy, LIH'|IL, 0)(l, o |H'|xy, 1)

eyp (k) = —
il E, - E,,
= Agl[sink, — isink,], (A25)
(xy, MH'|l, o) {l,0|H |xy, |)
e )=~ 5 E
l#xy,0 ! xy
= ARr[sink, + isin k], (A26)

where [ = yz, zx, xy are the indices of the d orbitals and o =
1, } indicate the spin polarizations. On the other hand, be-
cause there are no processes |xy, 1) — |xy, 1) and |xy, |) —
|xy, ) within the second order perturbation, we obtain
ST,T(k) = elql(k) = Sxy(k). (A27)
The effective low energy description is then expressed as a
single-orbital model with a Rashba-type spin-orbit coupling.
In a similar fashion, for the superconducting state one
considers the following perturbation scheme,

Ao (&) 0
Hyyg = ( 0 —é(—k))’ (A29)

1so n His(k) 0
0 —Hgo 0 —Al(—k)

R

Hso =1so Y 6:® L, (A31)
i=x,9,2
Hi (k) = Ao ® [sink,L, — sink,L,]. (A32)

The energy of |yz, o, h) and |zx, o, h) states is —A, lower than
that of |xy, o, h) state. Here 0 = 1, | denotes the spin of the

electron and hole. The effective BAG Hamiltonian from the
three-orbital model is given by

Apac = ik A A33
BaG = | 1 i) (A33)
~ A A
A(k) — ( 1 T,¢>’
Ay Ay
_( At AMJFAM) (A34)
- S T
Alrt Ay ALy

This effective Hamiltonian can be obtained by the following
processes within the second order perturbation,

G 1 elBgaglyz, 1 1) vz, 1, BlBggg ey, 1, )

Eyz,h - Exy
_ iAiSAXyZyZT sin kx ’ (A35)
t
. (xy, 1, €|ﬁ1,3d(}|y2, e vz, 1, e|ﬁl’3dG|xy, , h)
Eyz,e - Exy
_ iAiSAxyZsz sin kx ’ (A36)
t
_ (x)’, T: e|ﬁ]/3d(}|zxs Tv h)(Zx, Tv h|ﬁ1/3d(3|xy’ T9 h)
Eyz,h - Exy
iAisAyy sin k,
_ is xyszT y i (A37)
t
b 1 elHygglex, 1, e)(zx, 1, elH g bxy, 1, h)
Eyz,e - Exy
iAisAxys e SNk
— is X)ZJCT y . (A38)
t
_ ('xy7 \L5 E|H]/3dG|yZa ‘L’ h)(}’Z» \Lv h|ﬁ]/3d(}|xya T’ h)
Eyz,h - Exy
—As0Axyiy
_ SOAxyl,)w , (A39)
t
_ <x)’7 \La elﬁéd(;'yza \La €> (yzv \La e|ﬁ]/3d(]|xyv Ta h>
Eyz,e - Exy
AsOAxyty
= 2507wt Z“ZT , (A40)
— Ly
_ (-xy’ \Ls e|ﬁ]/3d(_‘,|zxs ‘1’7 h><zx7 J’v h|ﬁl/3d(}|xy’ T? h)
sz,h - Exy
ilsoQAyy
= 20 b (A41)
A,
o L elHpgglzx, 4 e (ex, |, elHpgglxy, 1, h)
Ez,x,e - Exy
IASO Ay
_ _l SO Ax}T,sz i (A42)
t
b elHgaglyz, 4y @) 0z, s elHgggley, 1, h)
Eyz,e - Exy
—iAis Ayt yzy SINK
_ is xyAT,)zi x ’ (A43)
t
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_ (-xyv \1/1 e|ﬂ]/3dG|yZ1 T9 h) (yZ$ Tv h|ﬂ]/3dG|xy1 Ty h)

Eyz,h - Exy
iAjs Ayt yz) Sink
_ % (A44)
— 8
o b elHggglax, 4o e)(ex, L elHggglxy, 4, )
sz,e - Exy
—iAA sin k,
_ is xyAT,le y , (A45)
t
b s elBpgglzx, 1 ) (x4, Bl Hggg by, 1, k)
sz,h - Exy
IAAL sin k
- _%M, (A46)
t
bt elfggglyz. 4. By vz, b gy lxy. | h)
Ey.n—E
AsoA
— 28080yt (A47)
A
oy elHgaglyz, L, €) vz, L elHpggly, L, )
Eyz,e - Exy
—AsoA
— 1807wyl (A48)
—A,
— (-xya Tv e|H]/3dG|Zx1 T’ h) (Z'x’ T’ h|H}/3dG|x‘y’ \L’ h)
E,n—E
iksoA
— 1808wt (A49)
A,
b b elHpglex, 4o e)(zx, 4 elHfglxy, 4 h)
sz,e - Exy
ihsoA
= 1800wzl (A50)
—A,
b 1, elHggglyz, 1, €) (2, 1 elHggglay, L, h)
Ey..—Ey
i Aig Ayl vor SINK
= _‘% (AS1)
1

J

G 1 elBgaglyz, 4 ) vz, 4 Bl Hggg ey, Lo )

Ey. n — Ey
i Aig Ay sin ky
= ot TR (A52)
t
_ Gy 1 elHpgglex, 1 e) (e, 1 elHpaglxy. 4. )
Eqe— Ey
IAGA, sin ky
__ yZZXT , (A53)
t
b 1 elHgglze 4 h (X, b Al gy, 4 B
E,n—E
[ A Ay e SIN Ky
_ _% , (A54)
t
Gy b elBgglyz b i vz, b Bl L R
E, ,—E
JANTVA sin k;
_ % , (A55)
t
oy b elBuglyz b e oz L el A lxy, L)
Eyz,e - Exy
i Ais Axy sin k;
t
_ Gy elHggglex. Lo by (ex 4 hiHggglry. 4. h)
sz,h - Exy
i Ais Ay sin k,
_ [ZAN )szl , (A5T7)
t
o b elHpgglex Vo e (ex, b elHpglhey 4 )
sz.,e - Exy
_ By o SNk (AS8)
A,

with Ey, , = Exp = Ay and Ey;, = E . . = —A,. Then, we
obtain the elements of the BAG Hamiltonian in the effective
single orbital description for the dy, band A4y, Ay, A4,
and Alai’

(xy, 1, elHy g1, o, T)(1, o, T|Hp s |xy, 1, )

l#xy,0,T EI’T - Exy
2'iAis . .
= Tt[Axymsz S kx + AxyT,sz s ky], (A59)
A‘LT - _ Z (x)% J/ie|H]/3dG|ls o, T)(LO"I'HédGlxy’ T? h)
' El T Exy
l#xy,0,T ’
_ AS T
=AY, +AT, (A60)
s iAso . .
Ay = _T[AXYTJ'ZT + Agyyozl F Byt — 1By ], (A61)
t
T 2l.Ais . .
A%T = _T[AxyT.yZi sinky + Ayyy zx) Sink,]. (A62)
t
Apy=— Z (xy, 1, e|Hgygll, 0, T){l, 0, T|Hpyglxy, |, h)
' El T Exy
l#xy,0,T ’
— AS T
=A} | + AT, (A63)

104524-13



YURI FUKAYA et al.

PHYSICAL REVIEW B 100, 104524 (2019)

l)»so

A?,l = [AUT yzt T+ AXVL vz T leyT wt levL z/rl] (A64)

T 2iAjs . )
Apy = = Bz sinks + Ay gy sinky ], (A65)

t
Ai.l _ _ Z (xy, |, €|H]/3dG|l, o,1){l, o, TIH]’gdG|xy, ¥, h)
EI T Exy
l#xy,0,T ’
2iAj . )

= ——[Ayyy,yzy Sinky + Ay ovy Sinky], (A66)

A

where 7 = e,  is the index of electron and hole space and
superscript S and T are the spin-singlet and spin-triplet pairing
in the (1, | ) sector of the gap function, respectively.

For the B; representation in the point group Cy,, the gap
function in the effective model is

Aty = |AG|(—sink, + isink,), (A67)
Apy=A14 =0, (A68)
Ay, = |Af|(sinky + isink,), (A69)

with |Al| = |2i|AT|d§xy’yZ)|/At. Hence, we can obtain the d
vector for the B representation in the effective model:

1 .
dik) = S[Ay, = Al = |AG| sin,,

1 .
dy(k) = E[AM + Ay 1= |Ag|sink,, (A70)

d.(k)= A% =0.

It corresponds to the base functions of the spin-triplet pairing
for the B, representation in the Cg4, point group. On the other

(

hand, we obtain the gap function in the effective model for the
A, representation,

Apy = |Ag|(sink, + isink,), (A7D)
T
A, =A], =0, (A72)
S
ALy =—A%; = A, (A73)
Ay, =|AG|(=sink, +isinky), (A74)
Arsody ™
|AS| = 50—, (A75)

l

Therefore, the pairings for the A representation in the effec-
tive single orbital model are

¥ = AN—|A3’

d. (k) = 5[AM — Ay4] = —|Ag|sink,,
(A76)
1
d(k) [ATT+A¢¢]—|AO|Slnkx,
d,(k) = Ah =0.

This d vector corresponds to the s+ p wave for the A
representation in the Cy, point group and it is parallel to the g
vector in the BZ.
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