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The spin-orbital polarization of superconducting excitations in momentum space is shown to
provide distinctive 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 multi-orbital character of the superconducting state allows 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 be also employed to assess the character of the superconducting state.

Introduction. — The Rashba spin-orbit (SO) cou-
pling ﬂ, E] is the manifestation of a fundamental relativis-
tic effect due to structural inversion symmetry breaking
(ISB) that leads to spin-momentum locking with lifting
of spin degeneracy and remarkable phenomena such as
non-standard magnetic textures B, @], spin Hall E and
topological spin Hall [6], Edelstein effects [7], etc. [§].

Recently, it has been realized that spin-momentum
locking can also occur from the ISB driven orbital po-
larization 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 tex-
tures and orbital dependent spin-vector via the SO cou-
pling M} 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,
ie. 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 @,
] the presence of non-degenerate spin- and orbital po-
larized electronic states is generally expected to lead
to unconventional pairing, with the occurrence of spin-
triplet order parameters and singlet-triplet spin mix-
ing M, non-standard surface states ﬂﬁ, @], as well
as topological phases ﬂﬁ—@]

Experimental direct probes by using angle- and spin-
orbital resolved photoemission spectroscopy in the nor-
mal [36-39] and superconducting (SC) phase [40] can
be extremely useful for establishing the nature of the SC
state and the underlying degree of spin-orbital entangle-
ment or the occurrence of competing orders. Along this
line it would be highly desirable to have distinctive de-

tectable signatures associated with the spin-orbital polar-
izations to single out the nature of the SC phase. Sym-
metry 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 ferromagnetic semiconductor/s-
wave superconductor heterostructure assuming that both
time- and inversion-symmetry are broken ﬂj On the
other hand, the fundamental interrelation between chiral
spin-orbital textures in reciprocal space and unconven-
tional pairing solely due to ISB has not been yet fully
established.

In this Letter we focus on the class of low-dimensional
superconductors with time-reversal (TR) and broken in-
version symmetry. The aim is to assess how the spin-
orbital texture of the SC excitations can unveil the na-
ture of the SC state and, eventually, its topological char-
acter. 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. A fundamental issue emerges in nodal topo-
logical superconductors when considering the occurrence
of spin-winding around the nodal points. To face this
problem on a general ground we employ a prototypi-
cal electronic system with atomic SO and orbital-Rashba
coupling, whose spin-orbital textures can manifest de-
viations from the typical ones due to the spin-Rashba
coupling and can manifest topological SC phases with
orbital-driven pairing. We find that at the nodal points
topological transitions for the spin-winding can occur due
to the emergence of vanishing spin amplitude lines con-
necting the nodal points. This outcome sets the fun-
damental interplay between chiral and spin- or orbital
winding in nodal superconductors with ISB.

Topological spin-texture: single orbital model descrip-
tion. — We start by introducing a minimal model that
can describe the spin-texture of the SC state due to
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FIG. 1. (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 < kr, with kr being the Fermi wave vector. 64 is
the polar angle between g- and d-vector and ¢4 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 (electron-like) and smaller (hole-like) than
the Fermi vector in the SC state. |¢4) (J¢—)) corresponds to
the eigenstate for k > kr (k < kr). Here, S¢ for k > ky is
collinear to g. (c) Spin orientations of the excited states above
and below the Fermi level at 4 = 0, 7/4,7/2,37 /4, and 7. (d)
Orientation of the g-vector and spin-vector for a Rashba-type
spin-momentum coupling, and d-vector orientation for the By
representation of the point group Ca4, on the Fermi surface
(black solid line). (e) 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 and p/t =
0.25. Black solid line indicates the Fermi surface in the normal
state and white circle is for the position of the nodal point.
(f) Schematic illustration of the winding spin-texture of (e)
around the point node with spin-winding number Wg = +1.

the interplay of inversion asymmetric SO coupling and
spin-triplet pairing. Due to ISB the pairing has mixture
of spin-triplet and singlet components. Since the spin-
singlet pairing does not affect the spin-texture, the cen-
tral focus is on the consequences of the spin-triplet pair
potential. Let us then consider a physical scenario where
the SC state is described by a d-vector for the spin-triplet
Cooper pairs with a generic orientation, compatible with
the crystal symmetry, with respect to the g-vector setting
the spin-momentum locking of the electronic states [Fig.
[[la)]. Then, the electronic description can be expressed
by the following Hamiltonian:

A(k)
A 1
Koo — ht(—k)> W
where o and A(k) = i6, [+ 6 -d(k)] denote the chemical

potential, and the singlet (1)) and triplet order parame-
ters (d), and h is the normal state term

— 6o + h(k)

e = ( Al(k)

(k) =e(k)oo + Ag(k) - &, (2)
g(k) = (9:(k), gy(k), g-(k)), (3)

with (k) and g being the kinetic energy and inversion
asymmetry coupling, while A denotes the strength of
the ISB potential, and &; (i = 0,z,y,2) 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 configurations as Ay + — A | = —2d,(k),
Arr+ Ay = 2idy(k), and Ay + Ay = 2d,(k). If
the d- and g-vectors are misaligned by an angle 64 [Fig.
[@(a)], then the electron spin orientation corresponding to
the excitations close to the Fermi level (kp) will manifest
a distinctive pattern [Fig. [Ib)]. Indeed, by means of
perturbation theory, we can show (see Supplemental
Material [42]) that for k& > kp the spin orientation is
collinear to the g-vector while it gets rotated by an
angle 26, for k < kr. 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. [c)]. Taking into account the configuration in
Fig. [(a), one can generally demonstrate [42] that
the spin orientation for the excited state [|¢) at
k > kp is collinear to the g-vector, while for |¢)_) at
k < kp it depends on the angles 6; and ¢4. Indeed,
if we define §¢ = (y_|S¢|¢p_) with v = zy7 the
5

spin-vector for k < kp is given by [s¢ 8¢ 8¢ |

[as cos @q 8in 204, as sin ¢g sin 204, as cos 20,4, where

S{_ ;4. is the electron component of the spin operator

Se = N+ 7]® S; by projection via the particle-hole
operator 73, and a, is an amplitude depending on the
energy distance of the excited state from the Fermi level
and the strength of the superconducting pairing @] 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, ie. 6; = m/2, the spin
polarization is anti-parallel 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.

| ~

We confirm such behavior by explicitly determining the
spin-polarization for various spin-triplet pairing states.
Then we look for the spin-windings in the zy-plane. In
order to obtain the spin-vector in the zy-plane, that is,
(1h+|S¢|1h+) = 0, both d- and g-vectors are in the zy-
plane. Indeed, when computing the spin-texture for a
Rashba-type g-vector and a d-vector belonging to the B
representation of the Cy, point group that are given by
g = (—sin(ky),sin(k;),0) and d = (sin(k,),sin(k;),0)
[Fig. [d)], we obtain the orientation of the spin-
polarization [Fig. [(e)] in the BZ and there is a two-
dimensional spin-winding around the nodal points along
the diagonal of the BZ [Fig. [f)]. Here, we define
the spin-winding number as Wy = 5= §, 63" (k) with
the integral route C' and the direction of spin-texture
057" (k) = arg[(¢ () |S5lv () +i(thy ()| Sy ()] for
k > kp(k < kp). Due to the angular relation of d-
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FIG. 2. (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. 0s(k), OL(k), 0r denote the angle of the spin-,
orbital- vectors and momentum k measured with respect to
the z-axis. (b),(f),(h) denote the relative angle between the
spin and orbital polarization for the bands 1,3,5. (c),(g),(i)
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 re-
maining 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.

and g-vectors at each k point as shown in Fig. [d{c),
the spin polarization can wind around the nodal point
with Ws = +1 [Fig. [f)]. 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 or-
der terms in the inversion asymmetric coupling of the
type (sink)? or (sink)®, we find that the spin-winding is
robust and it is not affected by the modification of the
g-vector ﬂﬂ] Likewise, we also obtain the spin-windings
for the Bs representation with nodal points on the x and
y-axis.

Spin-orbital texture in multi-orbital electronic systems.
— In order to deepen the relation between spin-winding
and nodal excitations beyond the single orbital descrip-
tion, we consider a multi-orbital model that includes both
an OR term and the atomic SO coupling. The model
Hamiltonian in the normal state [43] can be generally
expressed in the basis [(1,1) ® (dy:, dzz, dey)] as

H(k) = 60 @ [fo(k)L2 + f,(k)L] + f2(k)L2]
Ao - L+ Anéo ® {gm(k)f;z n gy(k)iy} Y

with f,(k) = [—ey.(k) + c.o(k) + cay(k)], while the
other components are obtained by permuting the (z,y, z)
indices, and &,,(k) = 2t1(1 — cosky) + 2t3(1 — cosky),
€0 = Ey2(Y = ), Egy(k) = dta—2t2(cos ky+cos ky)+Ay.
Here, 6 and L are matrices associated with spin 1 /2 and
the effective L = 1 orbital angular momentum in the

projected (dy ., d.s, dgy) sector. We consider representa-
tive hopping amplitudes, i.e. t;1 =t = 0.10, t5 = t, and
ts = 0.10¢t and A¢/t = —0.50 for the crystal field poten-
tial, which are typical values encountered in the atomistic
description of the electronic structure of 3d-bands in ox-
ides. 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 A/t [Fig. Bl(a)] so to tune the hi-
erarchy 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. 2]
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 mo-
mentum locking. Firstly, due to the symmetry of the
model Hamiltonian, the ISB leads to planar nonvanish-
ing spin and orbital polarizations at any given k except
for the high symmetry points @] with a relative angle,
01.(k) — 0s(k), that is about uniformly collinear in the
BZ for the lowest occupied bands (i.e. 1,2) [Fig. E(b)].
Here, 6s(k) (01,(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 [Fig. BI(d)(f)]. Such be-
havior is also encountered in the relative orientation of
the spin polarization with respect to the direction of the
momentum k set by the angle 6. The spin is perpendic-
ular to the momentum (i.e. ds(k) — O ~ +m/2) only for
the lowest occupied bands (i.e. 1,2) [Fig. Blc)]. On the
contrary, the remaining electronic states exhibit a non-
isotropic spin-momentum pattern that can be accounted
by the presence of higher than linear order in the direct
g-vector spin-momentum coupling [Fig. Zle)(g)]. This is
a general behavior which is characteristic of the interplay
between the OR and the atomic SO coupling.
Topological spin-winding in nodal topological supercon-
ductors. — We evaluate how the spin-texture changes in
the SC state by focusing on the occurrence and evolution
of spin-winding numbers Wy around the nodal points.
Such feature sets the most striking changeover from the
normal to the superconducting phase because the nor-
mal state does not exhibit local spin-winding close to
the point nodes position. To do that we consider an
inter-orbital spin-triplet/orbital-singlet/s-wave SC state
belonging to the B; representation of the Cy, point group
symmetry [44]. The spin-winding can be defined because
the z-component of the spin-texture is zero for this Bj
representation. Such configuration is well suited for our
purposes because it is known M] to be energetically fa-
vorable in a wide range of parameters and that, for this
symmetry channel, the superconductor is topologically
nontrivial exhibiting nodal points along the diagonal of
the BZ [Fig. BYa)]. Then, to single out the changeover
of the SC spin-texture from that in the normal state we
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FIG. 3. Spin-texture of the lowest excited states correspond-
ing to the inter-orbital By superconducting phase (a) and cor-
responding spin-pattern in the normal state including the hole
branch (b) at Ajs/t = 0.20 and Aso/t = 0.10. White cir-
cle 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.
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FIG. 4. (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. Small circle denotes the nodal point.
(c)-(e) schematically indicate the global rearrangement of the
spin-winding numbers Ws with the occurrence at the criti-
cal amplitude of the chemical potential (uc) of lines of zero
spin-amplitude (green dotted line) connecting the TR corre-
sponding 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).

determine both patterns as reported in Fig. Blb). Re-
markably, its investigation for the multi-orbital topolog-
ical superconductor reveals that the spin-winding is 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 ﬂﬂ] have the same spin-winding numbers as
those in the single-orbital model [Fig. Bl(c)-(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 complex topological structure
of the spin-winding in the BZ [Fig. Ble)-(h)]. The ob-
tained results clarify a fundamental question on the way
the spin-winding around the nodal points can vary un-
dergoing a topological transition and, in turn, affect 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 @—@, ], then these two nodal
points have opposite spin-winding numbers and the spin-
winding is also expected to disappear due to nodes anni-
hilation 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
multi-orbital superconductor allowed to uncover a novel
path for topological transition of the spin-winding. For
the band 6 corresponding to the highest occupied one, as
we demonstrate in Fig. [ the spin-winding numbers for
a given branch of the excitation spectra can be removed
by tuning the chemical potential [see Figs. Hla)-(b)] and
the transition occurs when a configuration with zero spin
amplitude can be obtained in the excitation states [Fig.
[(d)]. This type of local topological transition is basically
accompanied by a global change of the topological spin-
winding numbers as sketched in Fig. @ (d). The presence
of multi-orbital components in the superconductor is a
fundamental requisite to achieve a quenching of the spin-
momentum amplitude due to contributions of inequiva-
lent orbital states. We point out that the orbital texture,
due to the orbital singlet nature of the superconducting
state, does not exhibit any orbital winding around the
nodal point. Although the analysis is focused on the role
of spin-triplet pairing, by analogy one would get simi-
lar signatures when considering orbital-triplet with spin-
singlet configurations.

Conclusions. — We demonstrated that the spin-orbital
texture of non-centrosymmetric superconductors with
TR symmetry can unveil fundamental aspects of the pair-
ing state. A mismatch of the spin (orbital) polarizations
from the normal to the superconducting state can set
the hallmarks of the presence of non-trivial spin- (or-
bital) triplet vectors. Remarkably, for pairing configu-
rations having nodal excitations we expect to observe a
local spin- (or orbital) winding which can undergo topo-
logical 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. Our findings are experimentally accessi-
ble due to the recent advancements of the application of
circularly-polarized spin- and angle-resolved photoemis-



sion spectroscopy. Indeed, the combination of orbital-
selectivity of circularly polarized light with spin detection
can allow for direct and independent access to the spin-
and orbital vectors throughout the BZ and consequently
assess the unconventional nature of low-dimensional non-
centrosymmetric SC states.
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In the Supplemental Material we provide the details of the determination via perturbation theory
of the general orientation of the spin-polarization for the lowest energy excitations in the supercon-
ducting state in terms of the relative alignment between the spin-triplet d-vector and the inversion
asymmetry g-vector coupling. Furthermore, we derive the single-orbital Rashba-type description
from the multi-orbital electronic model including the atomic spin-orbit and orbital Rashba cou-
plings. Finally, we determine the spin-texture for the single-orbital model with spin-triplet pairing
and cubic or fifth order terms in the spin-momentum coupling to assess the robustness of the spin-
winding around the nodal points of the superconducting spectrum.

I. SPIN POLARIZATION BY PERTURBATION
THEORY IN THE SINGLE ORBITAL MODEL
WITH SPIN-TRIPLET PAIRING AND
INVERSION SYMMETRY BREAKING

We investigate the electron component of the spin po-
larization of the superconducting excited states assum-
ing a single-orbital model in the presence of an inversion
asymmetric potential. The analyis is performed by means
of perturbation theory. In the normal state, the Hamil-
tonian with the inversion symmetry breaking along the
z-direction is given by

h(k) = e(k)60 + Ag - &, (1)
9(k) = (9:(k), 9y (k), g:(K)). (2)

Here, (k) and g(k) denote the kinetic energy of the
electron and the inversion asymmetric g-vector coupling
whose strength is A. Moreover, &; (i = 0,z,y, z) are the
Pauli matrices in spin space.

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

Ey =¢( )iA\/gm( )+ gi(k),
cos 3 I-) = —e % sin%
“"sm o cosg ’

9:(k) + g5(k), and

sing = gy(k)/\/92(k) + g2(k). It is immediate to ver-

with 8 = 7/2, cos¢p = g.(k)/

ify that the expectation values of the spin operators are

given by
(8l = 2B
(k) + g2(k)
(£18,12) = 28 __
(k) + g2(k)
<:|:|S’z|:l:> =0,

where S’i:z,y,z 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 gen-
erally non-vanishing. The planar structure of the spin
polarization is a general consequence of the symmetry
property of the model Hamiltonian. If the transforma-
tion S, — —S, is a symmetry for the quantum system
upon examination, then, due the absence of degeneracy
at any (kg, 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.

In the superconducting state we consider the
Bogoliubov-de Gennes (BdG) Hamiltonian constructed

from fL(k) and including both spin-singlet and triplet
pairings as follows

N _(—ubo + h(k) A(k)
o) = (" By i, St a)
AGK) = i) + & (R, @

with the chemical potential u. Here, for convenience and
clarity of computation we assume that g has a generic
orienation in the spin-space, A(k) denotes the gap func-
tion, with v (k) being the spin-singlet pairing, and d(k)
the spin-triplet order parameter. Starting from this BdG
Hamiltonian, one can introduce the electron component
of the spin polarization within the zy-plane for the m-th
excited state of the superconducting spectrum by means
of the following relation

63°™ |51 Wm) + (W,

= arg[(¥,, |S’;|\Ijm>]7 (5)


http://arxiv.org/abs/1903.12379v1

where |W;,) is the m-th eigenstate of the spectrum of
the BAG Hamiltonian and S¢_, .y, are the spin operators
projected onto the electron space:

14 73] ®S;, (6)
5 ) (7

with the Pauli matrix 753 in Nambu space.

In order to extract the general behavior of the spin po-
larization of the superconducting excited state, we em-
ploy a perturbation approach. We consider the BdG
Hamiltonian within the first order perturbation,

S¢ =

K2

T3 =

/\1\3“—‘

H=Hy+ H, (8)
H|T,) = E,|T,), 9)
Ho|U0) = ¢, |0(). (10)

Here, 7:[, flo, and H’ correspond to the total, the un-
perturbed, and the perturbing Hamiltonian, respectively.
E, and |U,) (¢, and |\II$ZO)>) are the eigenvalue and the
corresponding eigenstate of the total Hamiltonian H (the
unperturbed Hamiltonian ﬁo). We assume for conve-
nience of computation that the g-vector is parallel to
the z-axis (g(k) = (0,0,¢9.(k))) and consider only the
spin-triplet pairing () = 0). Then, the unperturbed and
perturbed terms of the Hamiltonian at a given k are ex-
pressed by

H() = —/La'() ®7A'3 + <h(k) 2 0 ) 5

0 —ht(—k)
- ~ (e(k) + Ag.(k) 0
““—( 0 d@—A%®D’

=l )

Ay [(Ara(k) Ag (k)
“@‘(Am@>AM@D'

The gap function components for the various spin-triplet
configurations are described by the d-vector,

A1 (k) = —dy (k) +idy (k),
Ay (k) = A¢ +(k) = d.(k),
A¢7¢(/€) = dm(k) + Zdy(k).

For the spin-triplet pairing the d-vector is expressed
through the odd-function F'(k) in the reciprocal space as

d(k) = (dz(k), dy(k), d- (k)
n|Ao| F (k)
= (sin 8, cos ¢g, sin 04 sin ¢4, cos 04)|Ao|F (), (11)

and the gap amplitude |Ag| sets the pairing strength.
The eigenstate |\If§0)> (|\If§,0)>) corresponds to |e, 1) (|h, T

2

)), and |\Ifé0)> (|\I!£10))) is related to |e, ) (|h,])), respec-
tively. The eigenvalues and the corresponding eigenstates
of the unperturbed Hamiltonian Hj are given by

e1(k) = —ea(k) = (k) + Ag=(k),
e2(k) = —e3(k) = e(k) — Ag=(k),

v = (%) = (%)
= (5) w0=(5).

Here, a4+ and B denote the eigenstates of h(k) and
_ﬁt(_k)a

ioien @) ot ()

For the electron-like band, the perturbation within the
first order is zero. It means that the spin polarization
for the electron-like band is not modified within the first
order perturbation in |Ag|. On the other hand, since
the eigenvalues and the corresponding eigenstates for the
hole-like band change within the first order correction,
the spin orientation of the excited state for the hole-like
band acquires a non-trivial pattern. Thus, we focus on
the hole-like branch of the excited state to investigate
the spin texture and we extract the electron component
of the spin-polarization for the first excited state of the
spectrum. Then, since the spin-singlet component is not
affecting the spin-polarization one can set ¢» = 0 for con-
venience and clarity of the results presentation. The

eigenstates within the first order perturbation |\11511:)37 4)

(19,) = [Ty + 1wy +

) — - &l ABy (d+)

-+ ) are given by

2 e(R)] \ 0
L Ap a
_2Fu+d$%A%%ﬂ<0)
A &
“mﬂﬂf@ﬂ<5) A
C2[—p e :)T Ag. (k) <a0 )
C2l—p+ 5+ Ai—Agz ( A0+>
&' ABL 4
_2Fuii%ﬂ(0>
_ Aty Gy
2Fu+d@+A%%ﬂ(0>

Then, we can calculate the expectation values of the spin
operators for the hole-branch of the first excited state of

wi7) =




the BdG spectrum within the first order perturbation.
For [(¥3) and |(¥4) we have

(W3] S¢[W3)
_ 1Al e
BT
1AL 1 ot é

+ : al S;a_

Al—p+e(k) — Ag-(k)]?
+ Srpout at S

A[—p+e(k)][-p+e(k) — Ag-(k)]

ArtALs t g

+ - . al S;a , 12

on T e Pn T e(h) = Ao (12)
(W,]S¢|Wy)

| At At &
A=+ (k) + Ag ()2 7
Ayl s

L T

A=t e
+ DLty ol Siar-

A[—p+e(k)][-p+e(k) + Ag. (k)] T

AT A N

+ L ol Siay.  (13)

A[=p+e(k)l[-p + (k) + Ag= (k)]

Here, &LS’Z-&JF and related terms denote the expectation
values of the spin operators in the normal state,

al S,ap =0, alS,a, =0,
alS.an = %

at S,a_ =0, at S,a_ =0,
al S.a = %

T
a1 Sa- = o, a+Sya_——§,
. . 1
al S.a_ =0, dT_Smm:E,

~ ) ~
aisya+:5, al S.a,.=0.

Moreover, the d-vector given in Eq. (I1]) can be expressed
in terms of the relative angle with respect to the g-vector
providing the following quantities,

A1 = A L1P = |AoP[F(k)]? sin® 0,
A4 [P = [Ap 4P = [AgP[F (k)] cos® O,
AL AL = —|Ao2[F(k)]?€'®4 sin By cos By,
AT Ay = [Ao|P[F(k)]Pe™ "% sin 04 cos 4.

Hence, the expectation values of the spin operators pro-
jected onto the electron space for the hole-like branch of

the first excited state are given by

(3|S5 W3)
_ |Ao2[F (k)] €OS (g sin Oy cos Oy
2 2t el nt <h) — Aga (0]
(14)
(5|95 Ws)
_ |Ao2[F (k) sin ¢g sin 04 cos 4
2 v el nt <h) — Aga (0]
(15)
(U3]5¢|Ws)
_ [BoPER)?
2
sin® 64 cos? 0
nr =P Ture®—agop) 10
(W4]SE|Dy)
_ |Ao2[F(k))? €OS (g sin Oy cos Oy
2 2[—p+e(k)][—p + (k) + Mg (k)]
(17)
(Wa|S5|Wy)
_ |Ao2[F(k))? sin ¢g sin 04 cos 4
2 2[~p+e(k)][~p + (k) + Ag= (k)]
(18)
(Wa]SE|Wy)
_ _|AdPIFR)
2
sin® 04 cos? 0y
Tate®P A ureh+agmp)

If | — p+e(k)| > |Ag.(k)|, we can approximate the above
reported expectation values as

o |Ao|?[F (k)] cos ¢g sin 26,

(W3] SE|W3) S e (20)
R e -
(walSefu) ~ SLOE_conBa (o
(0S5l ~ [T condu sy
(0l ~ [SoLLEORSOT S - )
(vl Scfu) ~ LoDz

At this stage, one can evaluate the character of the spin
texture from these expectation values of the spin opera-
tors. As pointed out in the main text, the relative direc-
tion of d-vector and g-vector is described by ¢4 and 6,



and the electron component of the spin polarization for
the hole-like branch of the excited state depends on ¢q4
and 204. This result indicates that the spin texture for
the hole-like branch of the excited state lies in the plane
marked by the d- and g-vectors and its direction is de-
termined by the relative angle 6; between d-vector and
g-vector. By a suitable rotation of the spin-coordinate,
we can deduce the spin texture where d-vector and g-
vector lies on xy-plane.

On the Fermi surface, |e, 1) and |h, ) (Je,}) and |h, 1))
are two-fold degenerate. We solve the BAG Hamiltonian
on the Fermi surface in the basis (Je 1), e 1), |k 1), |k ])),

0 0 Ay Dy
A | 0 e(kr) ALy Ay
H(kr) = s AL, —es(ke) 0 | (26)
Aty ALy 0 0

where kp is the Fermi wave vector. We pick up the basis
(le 1), |k 1)) in this Hamiltonian and obtain the Hamilto-
nian projected onto the basis (e 1), |k |)) near the Fermi
level,

i) = (o0 %), (21)
T
with Ay | = |Ag|cosBy. Then the eigenvalues are given
by
Ey = +|Ag]| cos by, (28)

and the corresponding eigenstates in the basis (|e 1), |e |
), 1), b 1)) are given by

e ). o). - ()

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

- 1.4 o
(HIS5|+) = Fak Siay,
that is,

(+|SE4) = (+|S¢|+) = 0,
1

(+52+) = gal Saas = 7.

N | —

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

In the single orbital model with Rashba-type spin-orbit
coupling g(k) = (sink,, —sink,, 0), the spin texture in
the normal state rotates on the Fermi surface and it is de-
termined by the g-vector. In the superconducting state,
we obtain the spin texture projected onto the electron
space at the first excited state and it winds around the
point node with the winding number Wg. We call this
behavior topological spin winding texture. This topolog-
ical spin winding texture 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 for a
superconducting state with d,>_,» + f-wave pairing sym-
metry, that is, 85 = 0,7, then, the spin texture for the
hole-like branch of the excited state has the same direc-
tion 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. There-
fore, as a general remark, the presence of point nodes
does not guarantee the occurrence of a topological spin
texture that instead requires a 6, amplitude that deviates
from 0 to 7.

A. Spin polarization in the presence of spin-singlet
pairing

In the previous section, we have considered only spin-
triplet pairing. Here, we 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.
We consider the following gap function,

A =rAg + (1- TS)AT.

Here, rs denotes the relative ratio between spin-singlet
and spin-triplet pairing amplitudes, and the gap function
Ags (Ar) corresponds to the spin-singlet (spin-triplet)
pairing. One can easily verify that the spin texture pro-
jected onto the electron space in the superconducting
state also winds around the point node if the spin-singlet
pairing exists.

B. Spin-winding for the B: representation in the
point group Cu,

We have demonstrated the spin-winding for the B; rep-
resentation in the point group Cg4, in the main text. In
this subsection, we mention the spin-winding for the Bo
representation with nodal points on the k, and k,-axis.
The d-vector for the By representation is given by

d(k) = (sink,, —sink,, 0).

Since this d-vector is obtained by the m/4-rotation of the
B; representation d-vector at each k point, we obtain the
same spin-winding along the k£, and k,-axis for the By
representation.

II. DERIVATION OF SINGLE ORBITAL
EFFECTIVE DESCRIPTION FROM THE
THREE-ORBITAL MODEL WITH ATOMIC
SPIN-ORBIT AND ORBITAL RASHBA
COUPLINGS

In this section, we construct the effective single orbital
low-energy description near the I' point starting from the



three-orbital model which describes a two-dimensional
non-centrosymmetric electronic system with tetragonal
symmetry including the atomic spin-orbit and the orbital
Rashba coupling. The aim is to compare the spin polar-
ization obtained in the single orbital model with that of
the full multi-orbital model. The Hamiltonian in the ba-
sis [(1,4) ® (dyz, sz, dyy)] for the normal state! is given
by

H(k) = —péo ® Lo + 60 @ £(k)
+ Aso Z a’i®ii

i=x,y,2

+ 80009 [9:(R)La + g, ()L, . (29)

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

ey-(k) 0 0
k)= 0 eak) 0 |,
0 0 caylk)

and the kinetic energy for each orbital is given by

eyz(k) = 2t1(1 — cosky) + 2t3(1 — cos k),
€.0(k) = 2t1(1 — cosky) + 2t3(1 — cos ky),
Exy(k) = 4ta — 2ta(cosky + cosky) + Ay,

where t; =t = 0.10, t; = t, and t3 = 0.10¢ are the hop-
ping integral with representative amplitudes, A; is the
crystal field potential associated with the breaking of the
cubic symmetry. Aso and Ajs are the spin-orbit coupling
constant and the inversion symmetry breaking terms, re-
spectively. L; (i = z,y,z) in the basis (dy.,d.q, dsy)
denotes the orbital angular momentum operator which
is projection of the L = 2 angular momentum operator
onto the t,, subspace,

A 00 0\ 00 —i\ 0 i0
L.=|0 0 i|,Ly,=[00 0|, L.=|-i00],
0 —i 0 i 00 000

and Lo is a 3 x 3 identity matrix. In this system, there
are six nondegenerated bands at Ago # 0 and Ajs # 0.
We define the index n of the bands labelling the configu-
rations from the lowest energy (i.e. m = 1) to the highest
one (i.e. n =6).

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

Hpac = <HA(’:) —ﬁﬁ—k}) . (30)

Here, the superconducting order parameter associated
with orbitals a and 8 can be classified as an isotropic
(s-wave) spin-triplet /orbital-singlet d(®#)-vector and s-
wave spin-singlet /orbital-triplet with amplitude (@B or

as a mixing of both configurations. With these assump-
tions, one can generally describe the isotropic order pa-
rameter with spin-singlet and triplet components as

Aup = (%T,m 4%&) ,
' Aaypr Aaypy

i, [¢<a,6> +6- d(a,m} :

with o and g standing for the orbital index, and having
for each channel three possible orbital flavors. Further-
more, owing to the selected tetragonal crystal symmetry,
one can achieve three different types of inter-orbital pair-
ings. The spin-singlet configurations are orbital triplets
and can be described by a symmetric superposition of op-
posite spin states in different orbitals. On the other hand,
spin-triplet components can be expressed by means of the
following d-vectors:

d@vwz) (dgtw%yZ) dy(Jwy,yZ), dgwy7y2)) ,

)

)

d(xy,zx) _ (dgxy,zx) dq(Jzy,zz), dgxy,zx)) ,

d(yz,zm) _ (d(xyz,zw)7 d?(jyz,zw)7 diyz,zm)) )

In the Supplemental Material, we consider the interor-
bital local pairings for the A; and B; representations in
the point group Cg,2.

To obtain the effective single orbital model for the nor-
mal 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=10Hy+H, (31)
Hy = &(k), (32)
f:f, = Aso Z 0; ® i/i (33)

1=T,Y,2
+ Aisbo ® {gw(kz)ﬁm + gy(k)liy} : (34)

Importantly, due to the two-dimensional confinement,
the dg,-orbital is generally well separated from the
(dss, dyz)-orbitals by the crystal field potential Ay. In
the normal state of ﬁo, the dg4-orbital has the lowest
energy among the three orbitals and the energy of the
dyy-orbital is —A; lower than d,. and d.,-orbitals. We
can consider the following process |zy, 1) — |2y, ) within
the second order perturbation,

<Iya\l/ |H,|yZaT><yZaT |IA{/|$ZJ7T> . i)\SOAiS sin kz

Ey. — Eqy Ay 7

(o, L [ H Jyz, Dz, 4 [H ey, 1) idsoAissink,
Ey. — Eyy Ay 7

(zy, L |H |zz, 1) (22,1 |H |2y, 1) _ AsoAjssinky,
- E.p — Euy T A
ay,d \H |z, )z, | |H |2y, 1) _ _ As0Ajssinky
E.o — Eqy Ay 7



with E,, = —A; and F,, = 0. Likewise, we can consider
the following process |zy, ) — |ry, 1) within the second
order perturbation,

(wy, ? [H |yz, ) (yz b [H |2y, 4) _ idsolissink,

Eyz - Ezy At ,
_ <$y7T |ﬁl|ysz><ysz |H,|Iya\l/> _ _i)\SOAiS sin kx
E,. - E.y Ay ,
oyt | H |z, )z, L | H wy, d) _ Asolissinky
sz - Exy At ’
(ay 1 |H |z 1) (et | H |2y, d) _ AsoAissink,
Ez;E - E;Ey At ,

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

won _ (err(k) e (k)
hk) = (s¢,¢<k> mk)) ’

= Ezy(k)ab + AR[gx(k)&x + gy(k)&y]a
g(k) = (sink,, —sink,, 0),

with Ap = —2As0Ais/A¢. Then, the elements of the
Hamiltonian in the effective model €| 1+(k) and e (k)
are derived as

(wy, L |1H'|l,0) {1, 0|H |y, 1)
eplk)=— > 5 R
l#xy,o ! Yy
= Ag[sink, — isin k],
xy, T H l,o l,afl/ xy,
)= Y (T o) ol e

l#xy,0 El a Ezy

= Ag[sink, + isin k],

where | = yz, zx,xy is the index of the d-orbital and
o =T,/ indicate the spin polarizations. On the other
hand, because there are no processes |xy, 1) — |zy, 1) and
|zy, ) — |zy,|) within the second order perturbation,
we obtain

er1(k) =,y (k) = eay(k). (35)

The effective low energy description is then expressed
by a single-orbital model with a Rashba-type spin-orbit
coupling.

In a similar fashion, for the superconducting state one

consider the following perturbation scheme,

. . _,
Hpac = Hgye + Hpaa:

Hlae = <é(§) _g(o_k;)) )
Hpac = <H§O . 1?@0) * (HiB(k) —ﬁ;:)(—m)

0 A
(& 0):
Hso =Xso Y 6@ L,

I=x,Y,Z

ﬁis(k) = AjsGo ® [Qw(k)i’w + gy(k)f’y :

The energy of |yz, 0, h) and |zz, o, h) states is —A; lower
than that of |zy, o, h) state. Here o =1, denotes the spin
of the electron and hole. The effective BAG Hamiltonian
from the three-orbital model is given by

This effective Hamiltonian can be obtained by the fol-
lowing processes within the second order perturbation,

_ <Iy5 Tv e|IA{],3dG,|yZv Ta h> <yZ, Tv h’|f{£3d(}|xy7 Ta h>

Eyz,h - Ewu
_ iAisAxyT,sz sin kx
Ay ’
_ <:Ey7 Ta 6|H]/3dG|y27 Tu €> <y27 Tu elH}/?)dG'xya Tu h>
Eyz,e - E:Ey
_ iAisAmy¢7yz¢ sin km
Ay ’
_ <:Ey7 Ta 6|H],3dG|Z:E7 Ta h> <Z‘T7 T? thédGL/I:y? Tu h>
Eyz,h - Ezy
_ iAisAxyT,sz sin ky
Ay ’
_ <Iya Tv e|I{],3';1C4|Z:Ea Tv €> <Z$, Ta 6|H}l3dG|xy7 Ta h>
Eyz,e - E;Ey
_ iAisAmyT7z;ET sin ky
Ay ’



_ <:Ey7 \In e|ﬁ];>dG|y27 qu h> (yz, \In h|‘ﬁ£3dG|$y7 Tv h) _ <:Ey7 Ta e|ﬁ];>dG|y27 Tu h> <yzu Ta h|‘ﬁ£3dG|xy7 J/u h>

Eyz,h - Ezy Eyz,h - Ezy
_ As0Baylyzy _ As0Aaytyat
Ay ’ Ay ’
_ <Iya~l/7€|H],3dG|yzv\l/ae><yzv\l/ae|H}l3dG|'rvaa h> _ (a:y,T,6|H],3dG|yz,¢,e)(yz,¢,8|H}l3dG|xy,¢, h>
Eyz,e - Ewy Eyz,e - E;Ey
_ )\SOAwyT,sz _ _/\SOAmy\L,yz\L
—A, AV 7
_ {wy, 4 e|Hpyglza, 4, h) (z2, 4, b Hpggley, 1, h) _ {wy, 1 elHpyglza, 1, h) (z2, 1, b Hpggley, 4 b)
Ezz,h - Exy Ezz,h - Exy
_ i/\SOAmy\L,zmi _ i/\SOAmyT,zmT
Ay ’ Ay ’
_ <thl/7€|f{],3dG|ZIa\l/7 6><Z.§C,\l/,8|ﬁéd(}|$y,/l\, h> _ <Iy,T,€|IA{];)dG|ZI,\L, €><Z'r7\l/ae|f{£3d(}|'ry7\l/a h>
Ezm,e - Ewy Ezm,e - Ewy
_ _i)\SOAzyT,zzT _ iASOAxy\L,yz\L
Ay ’ —Ay ’
_ <thl/7€|IA{],3dG|yZ7\l/ae><yzv\l/ae|f{£3d(}|'ry7/l\a h> o <IyaT7e|f{],3dG|yZ7Tae><yzv/l\ae|f{£3d(}|'ry7\l/a h>
Eyz,e - Ewy Eyz,e - E;Ey
- _iAisAzyT,yzi sin kz - iAisAzyi,sz sin kz
Ay ’ - A ’
_ <:Ey7\lme|H]/3dG|y27Tu h><yzuT7h|H;3dG|$yuT7 h) _ <:Ey7Tae|H]/3dG|yza~Lu h><y27¢7h|H}/3dG|$y7¢, h>
Eyz,h - Ewy Eyz,h - Ewy
- iAisAmymy,w sin km _ Z'AisAmyJ”sz sin km
= _At ) — At 5
_ (ay, 4 el Hpaglzw, b, €)(zx, | e| Hpqagley, 1, h) _ (ey. b elHpgglza, 1 )z 1, e| Hpggley, L. h)
Ezz,e - Ezy Ezz,e - Ezy
- _iAisAzyT,zzi sin ky . iAisAzyi,zzT sin k,,
Ay ’ N Ay ’
_ <Iya\lfve|ﬁ],3dG|ZIaT7h><ZIaT7h|f{}l3dG|'rvaa h> _ <IyaT7€|f{],3dG|ZIML7 h’><zxa~l/7h|f{}l3d(}|xyv\l/a h>
Ezw,h - E;Ey Ezw,h - E;Ey

_iAisAwyT,zw,L sin ky o _iAisAwy,L,sz sin km
Ay ’ Ay ’




_ <:Ey7 \Iza e|ﬁ];>dG|y27 qu h> (yz, \Iza h|‘ﬁ£3dG|$y7 \I/7 h>

Eyz,h - Ezy
_ ’L'AisAxy¢7yz¢ sin kx
Ay ’
_ <Iya J/v e|I{],3v;1Gr|yZv \l/a 6> <yZ, \l/a 6|H}l3dG|'ry7 \l/a h>
Eyz,e - Eﬂcy
_ iAisAmy¢7yZ¢ sin km
Ay ’
_ <:Ey7 \La 6|H]/3dG|Z:E7 \La h> <Z‘T7 \I/? thédGL/I:y? J/u h>
Ezz,h - Exy
_ iAisAmy¢,zm¢ sin km
Ay ’
_ <Iy5 J/v e|I{],3dG,|Z:Ea J/v €> <Z$, \l/a 6|H£3dG|'ry7 \l/a h>
Ezm,e - Ewu
_ iAisAacy¢,zac¢ sin kx
Ay ’

with Eyth = EZLEJL = A; and EyZ,e = Ezm,e = —As.
Then, we obtain the elements of the BdG Hamiltonian

in the effective single-orbital description for the d;,-band
Aty Agys Appy and Ay,

App

)

- ¥

l#xy, 0,7
2iAjg
Ay

{wy, 1 el Hpqgalls 0, ) (L 0, 7| Hpggloy, T )
El,‘r - Ezy

[Azyt,yzt Sinky + Agyp 2t sinky ],

AVIES

- ¥

l#xy, 0,1
_ AS T
= Al T AL

<Iya J/v e|IA{],3dG,|lv g, T> <la g, T|ﬁ£3d(} |Iya Tv h>
El,‘r - Ewu

1ASO

S
Alr=="x, [Azyt gzt + Dyl yzy

+ 18yt 22t — 1Bgy), 2z,

21\ . .
Arfﬁ = A, [Azyt,yzi sinke + Agyt, oy sinky| .
Aty
_ Z <£Cy,T,e|H],3dg|l,0,T><l,U,T|H£;dG|£Cy,\L, h>
l#xy, 0,7 EI’T B Ezy
_ S T
=A%+ A%,
S 1As0O
AT 1= T[AwyT,yZT + Auylyzl
t
+ iDoyt,zat — 1Bayy zay],
2i\ig . .
Af, = A, [Azyy,yzt sinke + Aoy, zor sinky]

Ay

s

- ¥

l#xy, 0,7
2iAjg
Ay

(wy, 4, e|Hpaglls 0, 7)(l, 0, 7| Hpag |7y, . h)
El,‘r - E;Ey

[Agyyyzy sinky + Agy) 2o) sinky],

where 7 = e, h 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 interorbital pairing in the three-orbital model is de-
scribed by

w(wy,yZ) — 2/,(avvaI) — w(yz,zw) =0,
d(yz,zz) _ 07
dimy,yz) _ dgxy,zx) _ dglzy,zz) _ d(mzy,yz) =0,
dimy,zm) _ démy,yz)
Then, the gap function in the effective model is

ATvT = |Ag|(— sin ky + 7sin kx),

Ary =411 =0,

A= |Ag|(sin ky +isinky),
with |AT| = [2iA0]d{™¥*)|/A,. Hence, we can obtain

the d-vector for the B; representation in the effective
model:

1 .
do(k) = 5[Ay) — Ag] = [Ag ] sinky,

1 .
dy(k) = 2= [Apr + AL = [Ag]sin ks,
d.(k)=Af, =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,

Aty = |A|(sink, +isink,),
T T
Apy =242 =0,
AR =-A%; =145,
Ay = |AF|(—sink, +isink,),
Adsodyr?
Ay ’

from the following interorbital pairing,

|AS] =

P@vv2) = g(ey.22) — vzz2) —
d(xyz,z;ﬂ) _ déyzvﬂﬂ) — O,

dimy,yz) _ dgxy,zx) _ dglzyzz) _ d(mzy,yz) =0,

dgyz,zm) _ _dizw,yz),
dimy,zm) _ _dy(fy,yz)'



Therefore, the pairings for the A; representation in the
effective single-orbital model are

=A% =|Af],
1 .
d.(k) = §[Am — App] = —|Af ]| sinky,

1 .
dy(k) = 5 [Ary + Ayl = |Ag |sin ks,
d.(k)= A =0.

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

For the B representation with point nodes in the diag-
onal direction, the spin texture lies in the xy-plane and
the topological spin texture appears around the point
node in the effective single orbital model. It means that
the topological spin winding texture for the lowest bands
1 and 2 in the three-orbital model can be well described
by the single orbital model. On the other hand, for the
A, representation with the fully gapped state, the spin
texture is defined in xy-plane, however, topological spin
texture does not appear because d-vector is parallel to
g-vector in the BZ.

III. SPIN-ORBITAL TEXTURE IN THE
THREE-ORBITAL MODEL

In this section, we study the spin-orbital texture in
the normal state and the electron projection of the spin
polarization in the superconducting state for the three-
orbital model in the reciprocal space. Similar to the spin
texture, we define the orbital texture by the expectation
values of the angular momentum operators.

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.
Then, in order to determine the spin-orbital polariza-
tions, we calculate the six expectation values of the or-
bital angular momentum operator L; and the spin opera-
tor S; for the corresponding eigenstates. The spin-orbital
polarization can be expressed in a compact notation as

(6 (K)|Alpn (K)),

ani’vazﬂgzv‘gya SZ)

<A>nk
A

where |¢,(k)) (n = 1 ~ 6) denotes the eigenstate which
corresponds to the n—th energy band. We can define
the spin-orbital texture when Ago # 0 and Ajs # 0 be-
cause the finite values of Ago and Ajg lift spin degener-
acy. In addition, owing to the crystal symmetry which is
described by the point group Cy, and the time-reversal
symmetry, which is similar to the single orbital model,
(Sz)n.k and (L.)p r become zero in the normal state.
Hence, we can consider the in-plane spin (orbital) tex-
ture in the normal state through the direction of the spin

(orbital) polarization in xy-plane Hén)(k) (9£n)(k)),

05" (k) = arg[ (S )ne + i(Sy)mk)s (36)
0 (k) = arg[(La)n ke + i(Ly)n k). (37)

Moreover, we define the direction of the momentum k as
Or = arglk, + ik,].

In the superconducting state, we focus on the spin tex-
ture projected onto the electron space in the first excited
state. We define the electron component of the spin op-

erator in the three-orbital model as Sf:m/’z as
w1 R A
Si = 51+ 73] © 5 @ Lo, (38)

where Ly is the unit matrix in orbital space. We then
introduce the angle 05! (k) representing the direction of
the spin oprator in the xy-plane as

05C" (k) = arg[(W1(K)|S5 W1 (k) +i(¥1(K)|S5 | W1 (k))),

where |U;(k)) is the eigenstate of the first excited state
in the BAG Hamiltonian.
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FIG. 1. The direction of the electron component of the spin
polarization in the superconducting state for (a)(b)(c) By and
(e) A1 pairing symmetry representations in the three-orbital
model. 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 |Ao|/t = 1.0 x 1072 for (a)
and (e), |Ao|/t = 4.0 x 1072 for (b), and |Ag|/t = 0.10 for(c).
(f) The direction of the spin texture corresponding to the
first excited state in the normal state with Aso/t = 0.10 and
Ajs/t = 0.20.

In Figs. [ (a), (b) and (c), we show how the electron
component of the spin polarization pattern evolves by
tuning the number of point nodes through a variation of
the chemical potential for the superconducting configu-
ration belonging to the By representation. In Fig. [l (e),
the spin texture does not exhibit a topological structure.
We can compare these spin textures with those of the
normal state in Fig. [ (f). Fig. [ (d) is the z-component
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FIG. 2. The direction of the spin texture projected onto the
electron space in the superconducting state in the single band
model (a) with g and dsg, -vectors and (b)(c) with g, g3, g5,
diB,, and dsp, -vectors at Ar = 8.0x1072, and |Ao|/t = 1.0x
1072, Black dotted line is Fermi surface at (a) u/t = —0.25
and (b)(c) p/t = 0.35. (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, rs = 0.0, and f = 1.0 for
(a) and Asr = 0.70, a1 = 1.0, a2 = —1.0, Asg = 1.0, and
f=10.99 for (b) and (c).
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of expectation values of spin in the three-orbital model
for the Ay representation. It becomes nonzero in the BZ
owing to the spin-triplet/orbital-singlet(d,. 1,d.» |) s-
wave pairing. Hence, one can define the topological spin
winding texture for the A; representation only by speci-
fying the axis with respect to which the spin is winding.
On the other hand, we can uniquely define the in-plane
spin winding in the effective single orbital model because
both of d-vector and g-vector lies on xy-plane as shown
in Sect. II.
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IV. SINGLE ORBITAL MODEL WITH HIGHER
ORDER G-VECTOR AND D-VECTOR WITH B,
SYMMETRY

In this section, 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 gz 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

Hgac (k) = (k)60
+ [Arg(k) + Asrgs(k) + Asrgs (k)] - 6
+i6,6 - [(1 = f)dp, (k) + fds, (R)],  (39)
and g-vectors and d-vectors are defined as

)
gs(k) = g5 (k) + g7 (k)
gél)(k) = a1((1 — coskg)sink,, —(1 — cos ky) sin kg, 0),
ggz)(k) = az((1 — cosky) sink,, —(1 — cos k) sin k,;, 0),
gs(k) = (cosk, — cosky)

X ((cosky — 1)sink,, (cosk, — 1) sin kg, 0),
dg, (k) = |Ao|(sin &y, sink;, 0),
dsg, (k) = |Ag|(cosk, — cosky)g.

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

Fig. 2 (a) reports the angular dependence of the elec-
tron component of the spin polarization for the first ex-
cited state of the superconducting spectrum in the single
band model assuming g and dsp,-vectors. Here, we can-
not, define the spin polarization for the hole-like branch
of the excited state due to dsp, = (0,0, 0) in the diagonal
direction. In addition, the spin orientation for the hole-
like band has the same direction as that for the electron-
like band because dsg,-vector is parallel to g-vector in
the BZ. In Figs[2 (b) and (c¢), we show explicitly the re-
sulting spin texture pattern in the superconducting state
with g, g3, 85, diB,, and dsp,-vectors. In these figures,
we set the ratio of dp, and dsp,-vector as f = 0.99. The
result indicates that the spin polarization winds around
the point node only when f is not equal to 1.
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