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Rashba-like spin splitting around non-time-reversal-invariant momenta
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The ubiquitous Rashba spin splitting occurring around time-reversal-invariant momenta (TRIM) reflects the
fundamental interplay between spin-orbit coupling (SOC) and crystalline symmetry. Unexpectedly, recent mea-
surements reveal novel Rashba spin splitting around the momenta lacking time-reversal symmetry (non-TRIM),
whose mechanism remains elusive. Here, we theoretically elucidate the microscopic origin of Rashba spin
splitting around non-TRIM and identify the design principles for its appearance. Conventionally, a Zeeman-like
spin splitting dominates around non-TRIM due to the broken time-reversal symmetry and diminishes the
Rashba-like features. Our results show that the Bloch wave function with specific orbital representation at certain
non-TRIM could eliminate the first-order SOC effect. As a result, the corresponding little group hosts a type of
quasisymmetry that commutes with the dominating SOC Hamiltonian, leading to a tiny SOC gap and helical
spin texture. Furthermore, such a quasi-symmetry-induced tiny gap could manifest large Berry curvature, which
is desirable for various topological applications. Our work expands the concept of Rashba physics beyond
the conventional TRIM scenario, paving an avenue for designing novel spin-splitting materials through the

cooperation of symmetry and orbital engineering.

DOI: 10.1103/PhysRevB.107.235138

I. INTRODUCTION

One of the central phenomena of spin-orbit coupling
(SOC) in nonmagnetic crystals without inversion symmetry
is the spin splitting (SS), i.e., energy separation of the spins
with opposite directions, as demonstrated by Dresselhaus [1]
and Rashba [2]. The resultant spin-polarized energy bands
manifest various spin textures, i.e., the expectation value of
the spin operators on a Bloch state, in momentum space.
Depending on the specific wave vector Ko, the SS around the
ko point may exhibit different types of spin textures such as
Rashba, Dresselhaus, Zeeman, Weyl, persistent, and so on
[1-5], giving rise to fertile possibilities for next-generation
spintronics. For example, Rashba SS manifesting a helical
spin texture has aroused considerable interest due to its funda-
mental interest and promising applications [6,7] such as spin
field effect transistors [8,9], Edelstein effect (charge-to-spin
conversion) [10], and topological superconductivity [11,12].
Equal contributions of Rashba and Dresselhaus SOC result
in a unidirectional spin-orbit field and the so-called persistent
spin texture [13—17], which preserves a hidden SU(2) sym-
metry rendering an ultimately infinite spin lifetime [13,14].
Weyl-type spin texture reveals a hedgehog spin configuration,
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which is reminiscent of a magnetic monopole in momentum
space [18-20].

From the symmetry point of view, the SS occurring around
a specific wave vector K is dictated by the little group of k.
More importantly, the time-reversal symmetry 7 of the little
group also plays an essential role in determining the spin-
texture types [6,7]. For example, Rashba SS (or Dresselhaus
SS) occurs at kj that is a time-reversal invariant momentum
(TRIM) [6], where the doubly degeneracy at k is protected by
Kramers theorem [AE (ko) = 0; see Fig. 1(a)]. In sharp con-
trast, Zeeman-type SS [3,21,22] happens at non-TRIM with
AE(kgp) > 0, as shown in Fig. 1(b). It is generally expected
that the Zeeman-like SOC features will diminish the Rashba-
like features around non-TRIM. These features establish the
current textbook Gestalt underlying our understanding of SS’s
in nonmagnetic materials.

Interestingly, recent studies have shown unconventional
Rashba SS appearing at the non-TRIM [23-26], implying
that time-reversal symmetry of the little group may not be
a necessary condition for Rashba SS [23]. For example,
based on the spin- and angle-resolved photoelectron spec-
troscopy (ARPES) measurements, Rashba SS was reported
around the non-TRIM K point (little group C;, symmetry)
of the Bi monolayer absorbed on an Si(111) surface, i.e., 8-
Bi/Si(11 1)-+/3 x +/3 surface [23], evidenced by the observed
band’s degeneracy at K within the resolution of ARPES
[AE(kg) ~ 0] and a helical spin texture [see Fig. 1(c)]. The
observed degeneracy was attributed to the fact that the p31m
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FIG. 1. Top: Sketches of SS bands around TRIM (e.g., I') and
non-TRIM (e.g., K), as indicated by vertical dashed lines. Red
and blue colors represent two SS branches for (a) Rashba type,
(b) Zeeman type, and (c) Rashba-Zeeman type. The bands are
Kramers degenerate and SS at the TRIM and non-TRIM, respec-
tively. Bottom: Schematic spin textures at Fermi contours. It is to
be noted that in (b) and (c), there is another non-TRIM point related
by time-reversal symmetry 7 with opposite SS and spin texture.

layer group with little group Cs, of K can produce a two-
dimensional representation to ensure the exact degeneracy of
the splitting bands at non-TRIM [25]. More surprisingly, a
recent spin-resolved ARPES work has shown that Rashba-
type and Zeeman-type SS’s coexist in different bands around
the non-TRIM K point for the Sn/SiC(0001)-1 x 1 surface
[26], where the little group C; of K only has one-dimensional
representation. It was explained that the types of SS are de-
termined by the distinct symmetries of K based on the charge
density distributions of different bands, which is seemingly
inconsistent with the traditional symmetry argument that the
little group symmetry of the same wave vector is unique [32].
Such coincident SS features that require preserved 7 and
broken 7 pose the origin of Rashba SS around non-TRIM as
an open question in understanding the symmetry-related SS.
In this work, using symmetry analysis and density func-
tional theory (DFT) calculations, we reveal the microscopic
mechanism responsible for Rashba-like SS around non-TRIM
and identify the design principles for its occurrence. Exempli-
fied by the Sn/SiC(0001)-1 x 1 surface, we show that despite
broken 7 symmetry at the K point, for certain Cs represen-
tations that eliminate the first-order SOC effect, there exists
a type of spin-rotation quasisymmetry [27,28] that commutes
with the dominant SOC Hamiltonian, but not with the high-
order perturbation term. In Ref. [28], a near-degenerate nodal
plane (tiny gap below 2 meV) in semimetal CoSi is formed
owing to quasisymmetry, which in turn results in the large
Berry curvatures. Similarly, in our work, the realization of
spin-rotation quasisymmetry leads to a tiny SOC gap. As a
result, such quasisymmetry leads to a tiny SOC gap invis-
ible by ARPES as well as helical spin texture [Fig. 1(c)].
Our design principle further provides all the possible little
groups of kg and the corresponding representations that sup-
port Rashba SS around non-TRIM. Our work expands the
concept of Rashba physics beyond the conventional TRIM
scenario, paving an avenue for designing novel spin-splitting

materials through the cooperation of symmetry and orbital
engineering.

II. COMPUTATIONAL METHOD AND DETAILS

Our density functional theory (DFT) calculations were
performed using the plane-wave ultrasoft pseudopotential
method [29], as implemented in QUANTUM ESPRESSO [30]. An
energy cutoff of 544 eV for the plane-wave expansion, gen-
eralized gradient approximation (GGA) [31] for the exchange
and correlation functional, and a 10 x 10 x 1 k-point mesh
for the self-consistent calculations were adopted throughout.
The atomic coordinators were fully relaxed with the force
tolerance of 2.6 meV/A. The Sn/SiC(0001)-1 x 1 surface
consists of monolayer Sn on the top site of 6H-SiC(0001)
with six bilayers and the in-plane lattice was fixed as
3.081 A. The T1/Si(111)-1 x 1 surface consists of monolayer
Tl at the 7} site of the Si(111) substrate with six bilayers and
the in-plane lattice was fixed as 3.840 A. The Bi/Si (111)-
V3 x +/3 surface consists of monolayer Bi at the 7} site of the
Si(111) substrate with three bilayers and the in-plane lattice
was fixed as 6.650 A. For all surface systems, the bottom
surface is saturated with hydrogen atoms and a vacuum region
of 15 A along the z direction is imposed.

III. RASHBA SS AROUND NON-TRIM

We first revisit the Sn/SiC(0001)-1 x 1 surface, which
was recently investigated by spin-resolved ARPES [26], and
elucidate the origin of observed peculiar SS’s. As shown in
Figs. 2(a) and 2(b), the Sn/SiC(0001) surface consists of
monolayer Sn at the top site of the 6H-SiC(0001) substrate
and the crystallographic point group (PG) is Cs, (containing
three vertical mirror planes Mgy, Moio, M119 and one three-
fold rotation axis Cs;). The corresponding space group (SG)
is thus P3m1 and the little group of K is C3. From the DFT
results shown in Fig. 2(d), we observe two completely differ-
ent SS’s around the Fermi level: a sizable SS (157 meV) for
S1 bands, while a negligible SS (2 meV) for S2 bands at the
same non-TRIM K, consistent with the previous measurement
[26]. Spin textures around K for the lower branch of SS bands,
shown in Fig. 2(e), further reveal a Zeeman (Rashba) type
for S1 (S2) bands. Compared with the common Zeeman-type
SS of the S1 band, the Rashba SS of the S2 band around
non-TRIM K is unexpected. Such unconventional Rashba SS
at K was attributed to the C3, symmetry of the charge density
of the S2 band, rather than the little group C; of K [26],
which is somehow puzzling because the PG symmetry is only
wave-vector dependent [32] and PGs of S1 and S2 Bloch
states at K should both be Cs. In the following, we will explain
these results from the perspective of orbital representation and
quasisymmetry.

We start from the general SOC Hamiltonian around the kg
point with little group Gy,, which can be written as [33]

Hsoc = Hy + H(k), ()

where the first (second) term is k independent (k dependent).
H, is the first-order atomic SOC given by AL - S, where L
(S) is the orbital (spin) angular momentum operator and A is
the intra-atomic SOC constant. Since Hy can be obtained by
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FIG. 2. (a),(b) Atomic structure of the Sn/SiC(0001)-1 x 1 surface with top adsorption site, namely, the site above the surface Si atoms,
where M0, Mo10, and M1y denote the mirror planes, while C;, denotes the threefold rotation axis. (c) First Brillouin zone (BZ), where I'
(0,0),M (1/2,0), and K (1/3, 1/3). Dashed lines denote the mirror planes. The reciprocal primitive vectors b, , are given by b, = 27”,% + %y,
b, = % 9, where a is the lattice constant. (d) Band structure with SOC. Inset: Orbital-projected band structure onto Sn-s, p orbitals around K
without SOC. The Fermi level is aligned to zero, as indicated by the dashed lines. (e) Spin textures around K for the lower branch of S1 and S2

bands as highlighted by red boxes in (d). The in-plane spin components s, and s, are shown by arrows, while the out-of-plane spin component

s, 1s indicated by color.

calculating the expectation value of the L operator on a given
Bloch function uk(r), namely, Hy ~ (ux|L|uy), it is expected
to be sizable when the expectation value of L is large and not
quenched [33]. The k-dependent term H (k) can be written as
H (k) = (k) - o [40], where the wave vector k is measured
from Ko and ¢ = (o, 0y, 0;) are the Pauli matrices operating
on the spin eigenstates | + %). As shall be discussed, H (k)
is determined by G,. In general, the type of SS around the
ko point is depicted by Eq. (1). For TRIM ko, Hj is zero and
the type of SS is depicted by H (k). For non-TRIM kg, when
H, dominates over H(k), the SS around Kk is the Zeeman
type characterized with parabolalike bands. For non-TRIM k),
when the SU(2) quasisymmetry is present (as shall be shown
next) and the Rashba term o (k.0 — k,0,) in H (k) dominates
over other terms, the gap at Ky is tiny and such SS is defined
as the Rashba-like type. As seen from Fig. 1(c), Rashba-like
SS is characterized by the W-shaped band crossing and helical
spin texture.

For the case of the Sn/SiC(0001)-1 x 1 surface, the little
group of K is C3, which has three one-dimensional irreducible
representations [32]. Based on the symmetry analysis and
orbital projection from DFT, we construct the symmetry-
adapted basis functions for S1 (E representation) and S2
bands (A representation) as follows:

1
NG

where p denotes the atomic orbitals of Sn, and 7 = +£1
is the valley index and the two valleys are related by 7.
Specifically, the S1 and S2 Bloch states at K belong to E
and A representations, respectively [without SOC; inset of
Fig. 2(d)]. From Eq. (1), we can obtain (¢4|AL - S|¢4) =0
and (¢g|AL - S|¢}) = Ato;, indicating that the gap of the
S2 band at K is opened by the higher-order effect of SOC,
but the gap of the S1 band is opened by the first-order
one.

o5) = (tlps) +ilpy)),  lpa) =1p), ()

Beyond the orbital representation, the reason for the tiny
gap of 2 meV for the S2 band at K compared with that of
the S1 band (157 meV) is the protection of quasisymmetry
[27,28]. Counting the spin degree of freedom, without SOC
the little group of K is C3 ® SU(2) [34], where the spin-
rotation group SU(2) is generated by spin rotation along three
axes Uy(¢) (@ =x,y,z and ¢ is infinitesimal angle). The
SU(2) symmetry ensures the double degeneracy of the energy
bands at any momenta. With SOC, the symmetry of K is
then lowered to the double group C¥ as the spin rotations
are fully coupled to the spatial rotations. The spin degen-
eracy of both A and E representations of the single group
will split due to the spin-up and -down channels carrying
different representations of the double group. One can verify
that the general Hy o o, does not commute with spin rotation
U, y(¢) = exp(—i¢oy ,/2); then the spin rotation along the
in-plane axis is not the symmetry of any Bloch state at K.
However, if integrating out the remote bands near the Fermi
energy and projecting the atomic SOC down to the A or E
representation, we obtain the effective atomic SOC term up to
the first order for A and E representations, which is Hé M —9
and HOE(I) = Ao, respectively. Distinct from the case of E
representation with [H(‘)E (l), U..y(¢)] # 0, the first-order SOC
term of A representation commutes with the in-plane spin ro-
tation [H(/)“1 , Uy y(¢)] = 0, while the commutation becomes
nonzero for the second-order term Hé‘ @ A2az. Hence, the
spin-rotation quasisymmetry U, ,(¢) of the first-order SOC
term of A representation combined with the spin-rotation
along the z axis generate a SU(2) quasisymmetry, which pro-
tects the near degeneracy at K of AE(K) =~ 0.

For a more transparent demonstration, based on the above
analysis of orbital representation and quasisymmetry, we ex-
press Hy as

A
Ho = Zt(u+ Doz, 3
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TABLE I. The little group Gk of the K point and symmetry-
allowed SOC terms H (k) (linear order in k measured from K) for
different PGs and SGs without inversion symmetry. Trigonal crystal
system contains the PGs C;, D3, and Cj,, while the hexagonal one
contains the PGs Cg, Dg, and Cg,. The second column represents
the representations with negligible atomic SOC, while the symmetry-
adapted basis functions are given in parentheses. For H (k), R and W
represent the Rashba SOC k.o, — k,0, and Weyl SOC k.o, + k0,
respectively, while R+W represents the coexistence of Rashba and
Weyl SOCs.
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where u = +1 (—1) for E (A) representation. Constrained by
the PG C;, the k-dependent term H (k) contains the Rashba-
and Weyl-type SOC (see Table I, discussed later). Unlike
the distinct order effects dominating the completely different
gaps at K of S1 and S2 bands, the first-order effect of the
k-dependent SOC term is the leading order for both A and
E representations for finite k around K. Thus, H (k) of both
representations break in-plane spin rotation entirely, leading
to a first-order SS around K. Therefore, the SOC Hamiltonian
around K up to linear order in k for the Sn/SiC(0001)-1 x 1
surface reads

A
Hrwz = ET(M + Do, + a(kioy — kyoy) + B(kioy + kyoy),
@

where the first term is the Zeeman (Z) SOC, the second and
third terms represent the Rashba (R) and Weyl (W) types
SOC, respectively, and @ and § are independent SOC param-
eters. With the sharp contrast between the leading order of
Hy and H(k), the S2 band of A representation produces the
unconventional SS at non-TRIM K, since the Rashba-Weyl
term dominates over the tiny Zeeman term protected by SU(2)
quasisymmetry. This also accounts for the observed in-plane
helical spin texture around the K point for S2 bands [see
Fig. 2(d)] and the tiny gap of 2 meV in general is invisible
from the ARPES measurements due to the energy resolution
[26]. Conversely, a Zeeman SS dominates around K for S1
bands because the first-order effect of atomic SOC does not
vanish for E representation, and the spin texture is mainly
out of plane. Therefore, although pure spin rotation is ap-
parently not an exact symmetry of the system with SOC, the
existence of SU(2) quasisymmetry for certain representations
still manifests approximate degeneracy at non-TRIM and thus
Rashba-like SS.

To further confirm our symmetry analysis, we revisit
another example, namely, a T1/Si(111)-1 x 1 surface, as
shown in Fig. 3(a), which is composed of monolayer TI at

FIG. 3. (a) Atomic structure of the TI/Si(111)-1 x 1 surface
with the 7, adsorption site, namely, the site above the second-layer
atoms from the surface. (b) Band structure with SOC. Inset: Orbital-
projected band structure onto Tl-s, p orbitals around K without SOC.
(c) Spin textures around K for the lower branch of the S1 and S2
bands as highlighted by red boxes in (b).

the 7, site of the Si(111) substrate. A sizable Zeeman-type
SS at the K point has been reported by spin-resolved ARPES
measurements [35]. The crystallographic PG and SG for
the T1/Si(111)-1 x 1 surface are Cs, and P3m1, respectively,
which are the same as that of the Sn/SiC(0001)-1 x 1 surface.
As seen from Fig. 3(b), S1 bands composed mainly of a Tl-s,
p. orbital (A representation) reveal a tiny SS (6 meV),
while S2 bands composed mainly of Tl-p, p, orbitals (E
representation) exhibit a sizable SS (229 meV) at K. The
spin textures shown in Fig. 3(c) also exhibit a pure Zeeman
type for S2 bands and a Rashba-Zeeman type for S1 bands.
We note that the sizable Zeeman-type SS of over 100 meV
at K was also demonstrated in monolayer transition-metal
dichalcogenides [36], in which the little group of K (Cs;)
forbids the linear k-dependent SOC. Thus, monolayer tran-
sition metal dichalcogenides sustain the pure Zeeman-type
SS around the K point. Furthermore, the Sn/SiC(0001)-1 x 1
and TI/Si(111)-1 x 1 surfaces are metallic systems with
sizable SS’s around the Fermi levels. Thus, one can explore
the spin-transport properties such as current-induced spin
polarization [37] and spin Hall effect, as recently explored for
the Pb/SiC(0001)-1 x 1 surface system [38].

IV. DESIGN PRINCIPLES

Next, we will perform a general symmetry analysis and
establish the design principle for the Rashba-like SS around
non-TRIM. As demonstrated in Eq. (1), the SOC Hamiltonian
contains the atomic and k-dependent terms. The absence
of the atomic term H; relies on certain representations
and atomic orbital components. The k-dependent term
H(k) =R(K) -0 can be determined from the following
symmetry constraints [39,40]:

Q(k) = det(g)g~' R(gk), o)

where the symmetry operation g€ G, and det(g) = +1
(—1) for proper (improper) rotations. By using the method
of invariants [39-43], we calculated (k) (linear order
in k) around non-TRIM K for different PGs and SGs, as
listed in Table I. Part of them have also been reported by
previous work [4,40]. Here we consider the trigonal and
hexagonal crystal systems and limit our consideration to two
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dimensions and symmorphic SGs. It is to be noticed that
R and W represent the Rashba SOC k.0, — k,0, and Weyl
SOC k.o + kyoy, respectively, while R + W represents the
coexistence of Rashba and Weyl SOCs. We first note that the
wave vector PG is SG dependent—for example, the PG at
K is C3 (D3) for SG P312 (P321). This suggests that only
crystallographic PG is insufficient to describe the electronic
properties and spin structures in momentum space. On the
other hand, although the similar symmetry analysis based on
invariant theory has also been demonstrated by previous work
[4,40], most previous studies focus on the k-dependent SOC
H (k) around Kk, [4,40], which is directly determined by the
little group Gy, . In the case of non-TRIM K, this is just part
of the picture and the whole picture should also consider the
atomic SOC Hy, which is representation dependent.

We now move to the establishment of the design princi-
ple for the Rashba-like SS around non-TRIM. As mentioned
earlier, Rashba SS is characterized by two distinct features
[2,6,7]: approximate degeneracy and helical spin textures, as
shown in Fig. 1(c). To satisfy the approximate degeneracy at
non-TRIM, the atomic SOC ([first term in Eq. (1)] should be
negligible, suggesting that the Bloch state belongs to a certain
representation as listed in the second column of Table I, e.g.,
A representation for PG C;. To satisfy the helical spin textures
around the ko point, the ideal case is that only the Rashba
term a(k.0, — kyo,) exists in H(k) of Eq. (1), suggesting
that the little group Gy, should be Cs, [44], Cy,, [45-47], De,
and Cg, [48]. From Table I, only SGs P31m and P6mm have
PG G;, at the non-TRIM K, which sustains the helical spin
textures. Thus, for trigonal and hexagonal crystal systems, the
combination of SG P31m or Pémm and the Bloch state with
A representation sustains the Rashba-like SS around the K
point. Generally, the Zeeman-like term dominates around the
non-TRIM [3,21,22] because a sizable Zeeman SOC over-
whelms the Rashba-like features. However, as demonstrated
in this work, the quasisymmetry for certain orbital representa-
tion leads to a tiny Zeeman-like gap, such that W-shaped band
crossing and helical spin texture features are still dominant.

To confirm this, we revisit the Bi/Si(lll)-ﬁ x /3 sur-
face system, as shown in Fig. 4(a), which consists of
monolayer Bi at the 7 site of the Si(111) substrate [24].
The SG is P31m and the PG of K is thus Cs,. According to
Table I, the linear SOC Hamiltonian is Rashba type, while
the atomic SOC is representation dependent. This is exactly
in accordance with our DFT results. As seen from Fig. 4(b),
the bands (red boxes) composed mainly of Bi-s, p, orbitals
(A representation, inset) reveal a Rashba-type band crossing
around K. In addition, the calculated spin textures shown in
Fig. 4(c) exhibit a perfect helical type. Therefore, the forma-
tion of Rashba-like SS around non-TRIM requires the selected
little group symmetry as well as the orbital representation.
Such principles also apply to the recently reported quantum
spin Hall candidate, i.e., bismuthene on SiC substrate [49],
where similar spin-splitting dispersion is observed around the
K point.

V. DISCUSSION AND SUMMARY

Having discussed the mechanism and design principles,
we next move to the possible applications of Rashba-like
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FIG. 4. (a) Top view of the Bi/Si(111)-v/3 x +/3 surface with
the T, adsorption site, namely, the site above the second-layer atoms
from the surface. (b) Band structure with SOC. Inset: Orbital-
projected band structure onto Bi-s, p orbitals around K without
SOC. (c) Spin textures around K for the lower branch of bands as
highlighted by red boxes in (c).

SS around non-TRIM. One example is the large Berry cur-
vature induced by the quasi-symmetry-protected tiny SOC
gap [27,50]. It is to be noted that the idea of a quasi-
symmetry-protected tiny gap responsible for large Berry
curvatures has been demonstrated in the semimetal CoSi
[27,28]. To explicitly illustrate this, we use the Rashba-
Zeeman (RZ) SOC Hamiltonian, namely, Hpz = a(k.0, —
kyo.) + AE [20,, where AE quantifies the tiny gap for the
Rashba-like SS. One can calculate the Berry curvature £ as
[50]

N AEo?
Q==+ .
: 4(a2k? + AE2/4)32

In the case of conventional Rashba SS with AE = 0 at TRIM,
Berry curvatures around TRIM vanish due to the combination
of time-reversal symmetry and continuous rotation symmetry
about the z axis [50]. In sharp contrast, the Rashba-like SS
around non-TRIM reveals large Berry curvatures due to the
quasi-symmetry-protected tiny gap AE, as seen from Q(k =
0) o« 1/AE?. Noteworthy is the fact that the Berry curvatures
are opposite between two non-TRIM points related by time-
reversal symmetry and the integral of the Berry curvature
responsible for the anomalous Hall effect is thus zero. One
could explore the valley Hall effect when the two non-TRIM
points K and —K can be regarded as valleys from band disper-
sion [36,50]. In addition, it is instructive to compare the large
Berry curvature between the Rashba-Zeeman and Weyl node.
As seen from Table II, the Berry curvature for the 3D Weyl
node diverges and reveals a hedgehog configuration around
the node. In contrast, the Berry curvature for Rashba-Zeeman
is finite at non-TRIM.

We also note that under a built-in electric field, the dis-
tribution of the Berry curvature in spatial inversion broken
systems may lead to exotic phenomena such as the Magnus
Hall effect [51], Magnus Nernst/thermal Hall effect [52], and
Magnus spin Nernst/thermal effect [53]. More importantly,
it is recently reported that in gapped Rashba systems, both
the Magnus electronic, spin, and spin Nernst conductivities
produce a higher peak as the gap gets smaller [53]. Thus,

(6)
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TABLE II. Comparison of Hamiltonian and Berry curvature 2
between different models. v is the Fermi velocity.

Model Hamiltonian Q
Rashba a(kcoy — kyoy)

Rashba-Zeeman a(keoy, — kyoy) + AE /20, Eq. (6)
2D Weyl node hv(k.o, + kyo,) 0
3D Weyl node (k.o + ko, + k,0,) :I:ﬁ

the Rashba-like SS around non-TRIM may have benefits over
the Rashba SS around TRIM owing to its tiny gap property
protected by quasisymmetry.

In summary, we have addressed the physical origin
of Rashba-like SS around non-TRIM based on symmetry
analysis and DFT calculations. While at TRIM Kramers the-
orem ensures the double degeneracy of SS bands, the key
feature of such Rashba-like SS around non-TRIM is the
approximate degeneracy with a tiny SOC gap, as protected by
SU(2) quasisymmetry. We further show that the combination

of the little PG and orbital representation are both necessary
conditions for such Rashba-like SS. In addition, we demon-
strate that distinct from conventional Rashba SS defined at
TRIM, Rashba-like SS around non-TRIM hosts a large Berry
curvature, rendering them different material candidates for
anomalous transports. Our work paves an avenue for under-
standing the ubiquitous Rashba physics, shedding light on the
fundamental understanding of the general phenomena of spin
splitting in crystals.
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