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Exploring hidden effects that have been overlooked given the nominal global crystal symmetry but are indeed
visible in solid-state materials has been a fascinating subject of research recently. Here, we introduce a hidden
Zeeman-type spin polarization (HZSP) in nonmagnetic bulk crystals with sublattice structures. In the momentum
space of these crystals, the doubly degenerate bands formed in a certain plane can exhibit a uniform spin
configuration with opposite spin orientations perpendicular to this plane, whereas such degenerate states are
spatially separated in a pair of real-space sectors. Interestingly, we find that HZSP can manifest itself in both
centrosymmetric and noncentrosymmetric materials. We further demonstrate the important role of nonsymmor-
phic twofold screw-rotational symmetry played in the formation of HZSP. Moreover, two representative material
examples, i.e., centrosymmetric WSe2 and noncentrosymmetric BaBi4O7, are identified to show HZSP via
first-principles calculations. Our finding thus not only opens different perspectives for hidden spin polarization
research but also significantly broadens the range of materials towards spintronics applications.
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Introduction. Since the discovery of hidden spin polariza-
tion in centrosymmetric crystals [1], the past few years have
witnessed a surge of interest in condensed matter systems for
both the theoretical and experimental exploration of hidden
physical effects [2–5], which refer to that the said effect
that the global crystal symmetry would seemingly forbid it
indeed exists and can be observed because it arises from
the local site symmetry [6,7]. A variety of hidden effects,
including intrinsic circular polarization [8], hidden orbital
polarization [9], hidden Berry curvature [10], unconventional
superconductor [11,12], layer-valley coupling [13], and the
hidden anomalous Hall effect [14], has been uncovered [15].
These findings not only considerably enrich the material can-
didates for studying the target effects that have been limited
to systems with certain global crystal symmetry before, but
may also provide new design principles for building novel
electrically tunable devices [6,7,15,16].

The spin-orbit interaction plays a key role in many of
the proposed hidden spin effects occurring in centrosymmet-
ric crystals containing inversion-paired asymmetric sectors
(or sublattices) since it entangles the spin and orbital de-
grees of freedom. The spin-orbit interaction in combination
with an asymmetric crystal field causes spin splitting in
solids lacking an inversion center [17,18], thereby producing
an effective momentum-dependent magnetic field �(k) that
couples to spin σ [19,20]. This effect is known as Dressel-
haus spin-orbit coupling (SOC), if the asymmetric crystal
field arises from bulk-inversion asymmetry, or Rashba SOC,
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if the asymmetric crystal field is ascribed to structural in-
version asymmetry in heterostructures or intrinsic electric
dipoles in bulks. Therefore, the crystal space symmetry dic-
tates the specific form of the effective magnetic field as
well as the pattern of the corresponding spin texture. Taking
a [001]-oriented III-V zinc-blende semiconductor quantum
well (QW) with the C2v point group as an example [20,21],
the effective magnetic field of the Dresselhaus effect �D(k)
takes the form of λD(ky, kx ) [see Fig. 1(a)], whereas that
of the Rashba effect �R(k) is written as λR(−ky, kx ),
corresponding to a characteristic helical spin texture [see
Fig. 1(b)]. These chiral spin textures driven by the SOC
have been harnessed to create nonequilibrium spin polariza-
tion and explored for kinds of spintronics applications, such
as spin-Hall conductivity [22,23], spin-galvanic effect [24],
current-induced spin polarization [25], and spin field-effect
transistors [26]. It led to the emergence of a branch of
spintronics—spin-orbitronics [19].

Especially, a persistent spin texture (PST) [27] emerges
in, e.g., III-V zinc-blende QWs if λD = ±λR = λ/2, which
yields a unidirectional effective magnetic field �PST described
by λ(ky, 0) or λ(0, kx ) and guarantees to maintain a uni-
form spin configuration in momentum space [28]. Figure 1(c)
schematically shows that each subband possesses a uniform
spin configuration with spin orientation exactly pointing to
the +y or −y direction as a result of �PST = λ(0, kx ). It
envisions a possibility to realize a spatially periodic mode,
i.e., persistent spin helix (PSH) [29]. The PSH state is pro-
tected by SU(2) spin rotation symmetry and thus is robust
against spin-independent disorder scattering, which is crucial
for achieving a long spin lifetime [30]. However, it has only
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FIG. 1. Spin texture in a QW system with (a) Dresselhaus,
(b) Rashba, and (c) PST configurations. (d) Schematic illustration
of HZSP in momentum space (left panel) and real space (right
panel). The black dashed box in the right panel indicates a unit
cell comprising α and β sectors. The two sectors, corresponding to
the separated real-space distribution of the two degenerate subband
states, are connected by a S2z operation.

been experimentally confirmed in very few semiconductor
QWs [31–34].

Inspired by the discovery of hidden Rashba and Dressel-
haus effects, one may wonder whether the PST could also
exist but be hidden in solid-state materials. More interestingly,
the hidden persistent spin texture (HPST) should be an intrin-
sic property that circumvents the stringent requirements for
achieving λD = ±λR in semiconductor QW systems (e.g., the
precise control of the QW width, the strength of the external
electric field, and the doping level [27]), going beyond the
existing design paradigm of PST.

In this Letter, we uncover the existence of HPST with
an out-of-plane spin configuration, thus dubbed hidden
Zeeman-type spin polarization (HZSP), in bulk crystals
containing sublattices by using a symmetry analysis in con-
junction with density-functional theory (DFT) calculations.
We find that compared with conventional PST for spin-
splitting states, HZSP exhibits a unique spin-sector locking
effect, as schematically shown in Fig. 1(d): The momentum-
independent uniform spin orientations of one spin subband
are compensated completely by the opposite spin orientation
of the remaining spin subband for a spin-degenerate band,
whereas, in real space, opposite spins are spatially segregated
in two paired sectors. We further reveal that such a HZSP is
enforced by a nonsymmorphic twofold screw-rotational op-
eration, i.e., S2z : (x, y, z) → (−x,−y, z + 1

2 ) (here, the screw
axis is taken along z for simplicity), which acts on the sublat-
tice degree of freedom by connecting the α to β sector.

HZSP in centrosymmetric crystals. We first consider the
centrosymmetric systems. Here, both the space inversion sym-
metry P and time-reversal symmetry T are preserved, and
thereby we have (PT )2 = −1 for a spin-half system, ensuring
all bands to be, at least, twofold degenerate in the whole Bril-
louin zone (BZ). The degenerate doublet states at each k point
form a Kramers pair (ψk,�ψk), where � = PT . However,

this joint operation does not impose enough constraint on the
specific form of �(k) to produce an out-of-plane PST for each
local sector, which instead can be enforced additionally by the
nonsymmorphic symmetry S2z. To be specific, S2z combined
with P generates a glide mirror operation, which can produce
the PST in momentum space [35]. More importantly, S2z fur-
ther guarantees the states of energy bands on the BZ surface
(kz = π ) segregated on one of inversion-paired sublattices,
giving rise to the symmetry-protected hidden spin polariza-
tion [6,15]. Therefore, centrosymmetric crystals contain S2z

operations are supposed to exhibit HZSP.
Detailed symmetry analysis. We focus on the kz = π

plane, and any point on this plane is invariant under the
combined operation S2zP , i.e., M̃z : (x, y, z) → (x, y,−z +
1
2 ). Because (S2zP )2 = M̃2

z = −1 at kz = π considering also
the spin space, we can label the doublet (ψk,�ψk) by using
the eigenvalues ±i of M̃z, namely, M̃z|ψ±i

k 〉 = ±i|ψ±i
k 〉 and

M̃z|�ψ±i
k 〉 = ±i|�ψ±i

k 〉. As a result, two conjugated doublets
(ψ+i

k ,�ψ+i
k ) and (ψ−i

k ,�ψ−i
k ) with different M̃z eigenvalues

appear at each point on that plane.
Since M̃z anticommutes with σx and σy in the spin

space [s = h̄
2 〈σ〉, where σ = (σx, σy, σz ) and σx, σy, σz are

Pauli matrices], we have 〈ψ+i
k |σx,y|ψ+i

k 〉 = 〈ψ+i
k |(M̃z )−1σx,y

M̃z|ψ+i
k 〉 = −〈ψ+i

k |σx,y|ψ+i
k 〉, which means 〈ψ+i

k |σx,y|ψ+i
k 〉 =

0. A similar analysis results in 〈�ψ+i
k |σx,y|�ψ+i

k 〉 = 0.
The same conclusion also applies to the other doublet
(ψ−i

k ,�ψ−i
k ). That is to say, the expectation values of spin

operators sx and sy are forced to be zero within each of the
two doublets. In contrast, the z-component spin expectations
(〈sz〉) are finite but with opposite orientations between two
states of each degenerated doublet as ensured by �. In ad-
dition, the combination of S2z and T acting on the real space
enforces the wave-function segregation of such doublet states
in one of the paired sectors linked by S2z [15]. Therefore,
a symmetry-enforced uniform spin configuration pointing to
the z direction locally in each sector is realized on the kz = π

plane, manifesting as a HZSP.
Possible candidates. To explicitly demonstrate the above

point in the case of centrosymmetric systems, we carry out a
DFT calculation on a actual material WSe2 [36]. As illustrated
in Fig. 2(a), it has a van der Waals layered crystal structure in
the space group P63/mmc (No. 194) [42], which contains an
inversion center and a screw axis S2z. In one unit cell, two
sandwich layers, which are related to each other by S2z, are
indicated as the α sector and β sector. Figure 2(b) depicts
the calculated band structure along the high-symmetry lines in
the BZ with SOC included. The material has an indirect band
gap of 0.91 eV with the conduction-band minimum (CBM)
located on the K-	 path, whereas the valence-band maximum
(VBM) is at the 	 point. In addition, each band is doubly
degenerate and no spin splitting is observed.

According to the above analysis, there must exist a HZSP
located at the kz = π plane containing the route A-L-H-A,
as shown by the red shaded surface in Fig. 2(c). Our first-
principles calculation results indeed confirm it [36]. As a
typical example, we plot the two-dimensional (2D) band dis-
persion together with the calculated local spin polarizations
in the vicinity of the H point when kz = π [see Fig. 2(e)].
It clearly shows that each of the two twofold degenerate
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FIG. 2. (a) Crystal structure of centrosymmetric bulk WSe2,
which contains a twofold screw rotation S2z. (b) Band structure in
the presence of SOC. (c) The corresponding BZ, where the kz = π

plane is schematically shown by the red shaded surfaces. (d) Charge
density distribution plotted for states V1, V2, V3, and V4. (e) HZSP
around H indicated by the red box in (b).

band states have finite and opposite spin polarizations, whose
orientations are exactly along the z direction and remain in-
dependent of the momentum. Meanwhile, by examining the
spatial distribution of the two valence-band doublet states
marked by (V1,V2) and (V3,V4) at the H point [see Fig. 2(d)],
one finds the following features: (i) The band states are mainly
distributed in the two Mo atomic layers. (ii) The charge den-
sity distribution of the V1 state is confined in the α sector
whereas for the V2 state it is segregated in the β sector. (iii)
The sector distribution pattern is reversed for the other doublet
states V3 and V4. Therefore, the first-principles calculation
identifies the existence of HZSP in WSe2, consistent with our
symmetry analysis.

It is worth pointing out that the proposed HZSP here shares
similar features as the D-2 effect of NaCaBi in Ref. [1], where
the spin pattern in the vicinity of the band crossing points
is simply shown with a symmetry analysis only in terms of
the site point group performed. The above discussion indi-
cates that HZSP is able to cover the whole plane of the BZ
boundary. In addition, the underlying mechanism is attributed
to the nonsymmorphic operation S2z, which plays a more
important role than the symmorphic one. Interestingly, owing
to the protection of S2z, HZSP can induce intrinsic circular
polarization as high as 100% at the H valley in WSe2, which
is larger than that (70%) at the K valley [8]. In particular, the
circular polarization at H is insensitive to interlayer distance,
demonstrating a potential optoelectronic application based on
HZSP.

HZSP in noncentrosymmetric crystals. Is it possible to
realize HZSP in inversion-asymmetric materials? Now, the
space inversion symmetry P is absent, so that we have to find
a alternative way to guarantee the symmetry-protected double
degeneracy in comparison with centrosymmetric cases. We
find the combination of a S2z with the retained T can meet
this objective despite the broken P . The reason is that the
S2zT operation preserves the k point on the kz = π plane and
(S2zT )2 = −1, which can generate Kramers doublet states
(ψk, �̃ψk), where �̃ = S2zT , and thereby can protect the
states on a whole BZ surface with a twofold degeneracy,
known as nodal surface states [43–45]. On this basis, we
propose that the minimal set of symmetries should include an-
other n-fold rotational operation (n � 3) along the z direction
to enable a HZSP appearing around certain high-symmetry
points (not limited to the time-reversal invariant momentum
point).

Possible candidates. We then illustrate this behavior via
a concrete material example—BaBi4O7. It crystallizes in a
hexagonal structure with space group P63mc (No. 186) [46],
which excludes the inversion center but maintains S2z. Fig-
ure 3(a) shows the crystal structure of BaBi4O7, of which the
unit cell can also be divided into a pair of sectors (referred to
as the α sector and β sector) connected by S2z. The calculated
band structure for BaBi4O7 in the presence of SOC is plotted
in Fig. 3(b). One observes that it is an indirect band-gap
semiconductor with a fundamental band gap of 1.71 eV. As
expected, the absence of P generally lifts the band degeneracy
in the BZ except for the band states on the kz = π plane, e.g.,
along the high-symmetry lines A-L-H-A (see the Supplemen-
tal Material [36] for the band structure without considering
SOC). This is in agreement with the above argument that the
antiunitary symmetry �̃ guarantees a twofold degeneracy on
that plane.

Similar to the case of WSe2, we focus our attention on k
points around the high-symmetry point H . The calculated 2D
band structure and the corresponding sector-decomposed spin
polarization are shown in Fig. 3(c). Interestingly, we do, on the
whole, obtain a HZSP-like pattern with a strongly dominant z
component of the spin vector in the BZ. Moreover, we plot the
charge density distribution of the hole states indicated by V ′

1 ,
V ′

2 , V ′
3 , V ′

4 around the H point in Fig. 3(f), which share similar
features to those of WSe2, further confirming the emergent
HZSP in BaBi4O7. It is noteworthy that such an unexpected
hidden spin pattern in noncentrosymmetric materials has yet
to be reported.

Figures 3(d) and 3(e) illustrate the 2D diagrams of the spin
polarizations for nodal surface doublet states (ψk, �̃ψk) near
the H point, where the sampled centers correspond to the
states V ′

1 and V ′
2 , respectively. In comparison with the HZSP in

centrosymmetric crystals, the main difference lies in that there
is an increasing in-plane spin component as the momentum
moves away from the H point, which cannot be compensated
by its Kramers partner. In contrast, the doublet states have the
same in-plane magnitude and orientation of the spin vector.
This can be easily understood by the antiunitary symmetry �̃

acting on the spin space. In this process, the T first transforms
the spin components from (sx, sy, sz ) to (−sx,−sy,−sz ), and
then S2z transforms (−sx,−sy,−sz ) to (sx, sy,−sz ), leading to
opposite out-of-plane spin components but the same in-plane
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FIG. 3. (a) Crystal structure of noncentrosymmetric BaBi4O7, where the nonsymmorphic S2z is preserved. (b) Band structure for BaBi4O7

with SOC included. (c) HZSP around the H point indicated by the red dashed box in (b). (d), (e) 2D plot of spin patterns for the two highest
occupied doublet states around H . The in-plane spin components sx and sy, are represented by the arrows whereas the out-of-plane spin
component sz is shown by color. (f) Charge density distribution plotted for states V ′

1 , V ′
2 , V ′

3 and V ′
4 .

spin components between ψk and �̃ψk . Additionally, we see
that the in-plane spin components sx,y exhibit a helical spin
texture with a counterclockwise chirality.

Next, we construct an effective k · p Hamiltonian to further
explain the unique spin textures occurring in BaBi4O7. The
symmetry operations in the little group at H include S2zT , C3z,
and additionally M̃x : (x, y, z) → (−x, y, z + 1

2 ), with the fol-
lowing matrix representations [47], S2zT = iτy ⊗ σxK, C3z =
τ0 ⊗ e−i π

3 σz , and M̃x = τy ⊗ σx. Here, τ and σ are Pauli matri-
ces describing the sublattice and spin spaces, respectively, and
K is the complex conjugation. Constrained by these symme-
tries, the effective Hamiltonian to the lowest order expanded
around H is given by

H(k) = α(kyσx − kxσy) + Mτz ⊗ σz − βkzτy ⊗ σ0, (1)

where M, α, and β are constants, and the wave vector k is
referenced with respect to the H point. The band energies
of Eq. (1) read E (k) = ±√

M2 + (αk‖ ± βkz )2, where k‖ =√
k2

x + k2
y .

For kz = 0, the Hamiltonian (1) is reduced to
H(k‖) = α(kyσx − kxσy) + Mτz ⊗ σz. One finds that
there emerge two doublets with degenerate energies
E±(k‖) = ±√

M2 + (αk‖)2, yielding nodal surface states
on the BZ boundary. Furthermore, the Hamiltonian now
can be easily diagonalized in the sublattice space due to its
commutativity with the sector measurement operator τz ⊗ σ0.
We then obtain an equivalent effective magnetic field �(k)
taking the form of (αky,−αkx, ηM ), which has the opposite
sign of the z component for different sectors, i.e., the values
of η = ±1. Accordingly, the expectation values of the spin

operator for the two doublet states are calculated to be

(sx, sy, sz )±η = ± h̄

2
√

M2 + (αk‖)2
(−αky, αkx, ηM ). (2)

Hence, there exists a totally compensated z component of
the spin vector for each doublet exactly at H (when k‖ = 0).
In addition, the in-plane components within each doublet
share the same linear dependence on k‖, suggesting that the
momentum-space averaged spin moment is nonzero for the
in-plane direction when k‖ �= 0. The results are in line with
the DFT calculations. The evaluated parameters by fitting the
calculation results are M = 0.02 eV and α = 0.031 eV Å.
As a result, the in-plane spin components in the vicinity of
the H point are negligible compared with its z component,
exhibiting a nearly HZSP that covers a large portion of the
BZ. The range of kx and ky values in Figs. 3(d) and 3(e) spans
0.04π Å−1 around H , comparable to the values proposed in
BiInO3 with conventional PST (∼0.2 Å−1) [28]. This makes
BaBi4O7 ideal for studying HZSP in noncentrosymmetric ma-
terials.

Discussion. We have uncovered the HZSP in both cen-
trosymmetric and noncentrosymmetric bulk materials, where
the nonsymmorphic symmetry plays a crucial role. As dis-
cussed above, the screw axis has been assumed along z,
thereby displaying a HZSP at kz = π . Similarly, if we have
a screw axis along the direction x or y, a HZSP at kx = π

or ky = π can be realized correspondingly. Notably, the pres-
ence of HZSP discussed in centrosymmetric crystals is solely
determined by symmetry, and its location is fixed at the BZ
boundary plane. For this reason, the essentially symmetry-
enforced HZSP is independent of the specific material,
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making it easier for the exploration of candidate materials by
analyzing the space groups with an inversion center [48].

We propose that the HZSP behavior revealed in WSe2 and
BaBi4O7 can be directly probed via nuclear magnetic reso-
nance (NMR) measurements [49] or spin- and angle-resolved
photoemission spectroscopy [3–5]. The former requires a uni-
form electric field to create a staggered magnetic field pointing
to opposite directions at atomic sites of the S2z-connected
sectors, resulting in the signals from the connected nuclei as
two splitting NMR resonance peaks [49]. The latter works
because a probing beam penetrating the sample is attenuated
with depth, so that the average of spin polarization over depth
is nonzero and thus is observable. Notably, during the pho-
toemission process, the photon energy should be varied to be
able to scan the out-of-plane momentum of the photoelectron,
thereby determining the momentum exactly located at the
BZ boundary [50]. Particularly, our proposed HZSP here is
gauge invariant since the choice of sectors is definite owing

to the nontrivial protection of wave-function segregation by
S2z [6,51].

We may expect interesting properties for states around
HZSP such as the large anisotropic g factor arising from the
characteristic pattern of the effective magnetic field locked
into a unique direction in centrosymmetric crystals. In addi-
tion, for HZSP in noncentrosymmetric materials, an enhanced
mobility along the z direction is also expected because of the
suppressed backscattering from scatterers that preserve the
spin.
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