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umerous physical effects and the technologies enabled by

them are conditional on the presence of certain symme-

tries in the material that hosts such effects. Examples
include effects predicated on the absence of inversion symmetry
(non-centrosymmetric systems) such as the Dresselhaus effect?,
the Rashba effect?, optical activity in non-chiral molecules3, valley
polarization and its derivative effects?, and valley Hall effect in
two-dimensional (2D) layered structures®. Although centrosym-
metric systems are supposed to lack these effects, there is a large
class of systems whose global crystal symmetry (GCS) is indeed
centrosymmetric, but they consist of individual sectors with non-
centrosymmetric local sector symmetry (LSS) (non-centrosym-
metric site point groups). The term “hidden effect” refers to the
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centrosymmetric compound, which is often confused?0, we
investigate the evolution of the R-1 spin splitting from a R-2 spin
splitting (“R-1 from R-2”) by using the first-principles calcula-
tions on R-2 compounds and placing on it a tiny electric field
that breaks the global inversion symmetry.

An example of R-2 compounds is BaNiS,1% which is a five-
coordinated Ni(ll) structure consisting of puckered 2D layers of
edge-sharing square pyramidal polyhedral and crystalizes in the
tetragonal system, space group P4/nmm. Conductivity and
susceptibility measurements2223 indicate that it is a metallic
Pauli Paramagnet. Our DFT + U calculation {; =3¢V, J=0.95
eV) also predicts a low-temperature anti-ferromagnetic phase
with local Ni moments of £0.7 ug for bulk (£0.6ug for a
monolayer) where the anti-ferromagnetic phase is slightly more
stable than the non-magnetic model by just 43 meV(f.u)—1
for bulk and 28 meV(f.u)~1 for monolayer. These DFT + U
calculations had reported that BaNiS, undergoes a phase
transition from paramagnetic to anti-ferromagnetic as
increasing the usedy, -value from 2 to 3eV. Given the difficulty

of estimating the propery;, -value in the 4, framework and
experimental (conductivity and susceptibility) observation?2.23
of metallic Pauli Paramagnet, in this work we nevertheless
adopt a non-magnetic phase for BaNiS, to avoid the unnecessary
complications from magnetic orders. Our relaxed lattice con-
stants and interatomic distances in the non-magnetic General
Gradient Approximation (GGA) calculation agrees with the
measured result within ~1%2922, In the non-magnetic model,
BaNiS, possesses both inversion symmetry and time-reversal
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sector sz (hereafter, termed gz-Rashba band). We therefore
identify the splitting 6Eag(k) as a consequence of the R-2 effect
quantified by a Rashba parameter ag(R2) = 0.24 VA. The applied
electric field further adds/subtracts the R-1 spin splitting to/from
the R-2 splitting 8Eag(K) of the g.- and gg-Rashba bands,
respectively, along the X — M direction. Figure 3a shows the
corresponding Rashba parameters ag = 0Exg(k — X)/2(k — X),
which exhibits a linear response to Ee: ar Of the s ,-Rashba band
increases and the g s-Rashba band decreases at rates of the same
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Fig. 2b shows DWS is D(s LA, kx_f)) = D(si (B, kx_f)) -
2% for spin-down components of both A and B branches.

Similarly, the wavefunction of the spin-up component of the
branch A is 43% confined, and that of branch B is 57% confined
in sector g, so DWS D(sl/ﬁ(A, kx_f)> :D(sg/ﬁ(B,kx_f)) is
14% for spin-up components. Thus, the wavefunctions of the
X —T bands are essentially delocalized over both inversion-
partner sectors g, and gz Such wavefunction delocalization
naturally leads to a complete compensation of the undergoing
local internal dipole fields within g, by that within g 5, when each
local dipole weighted by its wavefunction amplitudes gives rise to
zero average Rashba parameter ag according to Eq. (3).
. |

Uni “cation of R-1 and R-2 into a single theoretical framework.
The smooth “R-1 from R-2” evolution (Fig. 3a) suggests that
when applying an external electric field E, to an R-2 system, the
electric field E(r) acting on electrons is a superposition of E,; and
the internal local dipole (dp) electric fields Eqp(r),

E(r) = Edp(r) + Eext (4)

Thus, both R-1 and R-2 spin splitting have a common
fundamental source being the dipole electric fields of the local
sectors rather than from the global crystal asymmetry per se. Such
local dipole electric field “lives” within individual local sectors.
The fundamental difference between R-1 and R-2 effects is that in
R-2 the spin splitting is hidden by the overlapping energy bands
arising from two inversion-partner sectors, whereas in the R-1
case such overlap is forbidden by the global inversion asymmetry.

Figure le also shows that the applied electric field lifts the
spin degeneracy of the bands along X — T direction and raises ag
linearly from zero at E.,; =0 to saturation at |Eey| =10 mV A-1
at an odd large rate. This behavior is in striking contrast to the

linear field dependence of the bands along X — M direction
(see Fig. 3a). Such unusual field dependence of ag confirms again
that the R-2 spin splitting evolves smoothly to the R-1 spin
splitting upon the breaking of the global inversion symmetry,
regarding the bands along X — T direction have vanishing R-2
spin splitting with ag(R2) =0 in the absence of an external field.
Upon application of electric field, the delocalized wavefunctions
of the X —T bands become gradually segregated on one of
two inversion-partner sectors as a result of Stark effect2o,
Subsequently, Fig. 3c shows that the applied field amplifies
substantially the DWS (Eq. (1)) of the spin-up component of both
branches from 14% to >80% as the magnitude of E, increases
from 0 to 50mV A-1 However, D(¢y) is barely changed
once Eqq>50mV A1 (saturation field). It is noteworthy that
DWS of the corresponding spin-down components is not shown
but has a similar response to the applied electric field. It is
straightforward to learn that the internal electric dipole fields
acting on these bands become uncompensated as their wavefunc-
tions change into segregation on a single sector, evoking the R-2
effect with its strength highly related to D(¢y) according to
Eq. (3). The rapid amplification of D(gy) by the applied electric
field explains that the (unusual) rapid rise of ag for those bands
along X — T direction is mainly due to the enhancement of the
wavefunction segregation rather than to the increase of the total
electric dipole field.

When [Eex reaches ~25 mV A—1, ag of both high- and low-
energy doublets become linear field-dependent but in rates of
opposite signs, which is in a similar field dependence as that along
X — M direction. Figure 3c shows that the response of D(gy) of
the X — M bands to Ee is, however, barely modified by the
external field, indicating those states remain fully localized on one
of two inversion-partner sectors. The linear change of ag along
X — M direction as shown in Fig. 3a thus arises entirely from the
external field induced asymmetry, i.e., in Eq. (3) the change ag is
solely arising from the electric field. The calculated Rashba
parameter of the R-2 spin splitting can be explained regarding the
model of the R-1 spin splitting (Eqg. (3)), indicating a unified
theoretical view for both R-1 and R-2 effects in bulk systems.
Specifically, the effective electric field that promotes either R-1
and/or R-2 Rashba effects is a superposition of the applied
external electric field plus the internal local electric fields
originating from the dipoles of the individual local sectors,
weighted by the wavefunction amplitude on the corresponding
sectors.

We also apply this unifying theoretical framework to a non-
layered R-1 example, the a-SnTeS or similarly the a-GeTe (a
standard ferroelectric bulk R-1 compound predicted in 201326
and experimentally confirmed in 20162728), where one can
identify two inversion-partner sectors and the corresponding
wavefunction becomes segregated due to the lack of inversion
symmetry in the rhombohedral phase (details see Supplementary
Note 1). According to the unified model described by Eqg. (3),
such wavefunction segregation gives a residual dipole field felt by
band states and thus give rise to a finite Rashba spin splitting,
similar to that of R-2 spin splitting in BaNiS,. As displacing the
Te atom from Sn along [111] direction, the a-GeTe will undergo a
phase transition from non-centrosymmetric rhombohedral phase
to centrosymmetric rocksalt phase. We demonstrate that in the
centrosymmetric rocksalt phase wavefunctions are evenly dis-
tributed among two inversion-partner sectors, leading to a perfect
compensation of the local dipole fields and thus vanishing Rashba
effect in the centrosymmetric rocksalt phase according to Eq. (3).

Design principles for increasing the strength of the R-2 effect.
R-2 materials® are defined by having global inversion symmetry
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and two recognizable inversion-partner sectors with polar site
point group symmetries. Designing R-2 materials possessing large
hidden spin splitting and hence strong local spin polarization can
benefit from two additional design principles:
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