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Observation of plaid-like spin splittingina
noncoplanar antiferromagnet
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Spatial, momentum and energy separation of electronic spins in condensed-matter
systems guides the development of new devices in which spin-polarized current is
generated and manipulated' . Recent attention on a set of previously overlooked
symmetry operations in magnetic materials* leads to the emergence of a new type of
spin splitting, enabling giant and momentum-dependent spin polarization of energy
bands on selected antiferromagnets®'°. Despite the ever-growing theoretical
predictions, the direct spectroscopic proof of such spin splitting is still lacking.
Here we provide solid spectroscopic and computational evidence for the existence
of such materials. In the noncoplanar antiferromagnet manganese ditelluride
(MnTe,), the in-plane components of spin are found to be antisymmetric about the
high-symmetry planes of the Brillouin zone, comprising a plaid-like spin texture in the
antiferromagnetic (AFM) ground state. Such an unconventional spin pattern, further
found to diminish at the high-temperature paramagnetic state, originates from the
intrinsic AFM order instead of spin—-orbit coupling (SOC). Our finding demonstrates
anew type of quadratic spin texture induced by time-reversal breaking, placing
AFM spintronics on a firm basis and paving the way for studying exotic quantum
phenomenain related materials.

Historically, mechanisms for splitting a spin-degenerate energy band
(Fig.1a) include Zeeman interaction”, in ferromagnets, in which elec-
trons with different spins are equally separated in energy regardless
of theirmomenta (Fig. 1b), and Rashba-Dresselhaus interaction'>, in
which the spins split in a momentum-dependent manner in nonmag-
netic crystals lacking inversion symmetry (Fig. 1d). Recently, a new
type of spin splitting induced by the long-range magnetic order has
been predicted in certain antiferromagnets, even when SOC s absent
(Fig.1c). Such proposal enables the choice of light-element materials
for generation of, for example, spin currents™*" and tunnelling mag-
netoresistance effect’®??, substantially widening the scope of AFM
spintronics®?*.,

Instead of the well-studied (magnetic) space groups, the symme-
try operations allowed in these new magnets are fully described by
an enhanced symmetry group called spin space group**~,in which
the decoupling of lattice rotation and spin rotation permits certain
symmetry operations that are excluded by conventional magnetic
space groups, leading to exotic physical phenomenasuch as weak-SOC

Z, topological phases*, chiral Dirac-like fermions®*?*, C-pair spin
valley locking® and anomalous Hall effect’***, The appearance of
AFM-induced spinsplitting is unique in thatits splitting scale depends
on the momentum of the electrons and can be much larger than the
largest known Rashba effect®®. The collinear members of these anti-
ferromagnets are named ‘altermagnets’ in the literature®*, although
suchunconventional spin splitting can also take place in noncollinear
magnets®.

Despite the thriving theoretical studies on these new magnets**°
and transport evidence on one of them™ "%, the direct spectroscopic
proof of such spin splitting itself is lacking. Here, using spin-resolved
and angle-resolved photoemission spectroscopy (SARPES) measure-
ments and theoretical analysis, we demonstrate unambiguously the
existence of this AFM-induced spin-splitting effect on a noncopla-
nar antiferromagnet, MnTe,. By virtue of the state-of-the-art SARPES
facilities**!, we observe that the in-plane components of the spin on
a bulk band are antisymmetric about both horizontal and vertical
high-symmetry planes. Thus, the spin texture forms a plaid patternin
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Fig.1|Different prototypes of spin-splitting effect and DFT calculation
results of MnTe,. a-d, Schematics of the spin-degenerate bands and spin
splittinginduced by the Zeeman effect, AFM order and spin-orbitinteraction
with structuralasymmetry. Blue and red denote opposite spins. e, Crystal
structure of MnTe,. The noncoplanar magnetic configuration of Mnatoms s
indicated by the red arrows. Magnetic moments of about 4.3y are arranged
alongthebulk diagonal direction.f, The first Brillouin zone of MnTe,. The O-A-
B-Cplaneisthe k,=-0.2m/cplane, correspondingto the plane of our ARPES
and SARPES measurements with 21.2-eV photons. g-i, Schematics for the sign
oftheS,, S, and S, polarizationin the three-dimensional Brillouin zone, showing

the three-dimensional Brillouin zone, consistent with our calculations.
Temperature-dependent SARPES measurements further indicate that
the observed spin polarizationis related to the AFM to paramagnetic
transition. Our work uncovers a quadratic spin-splitting effectinduced
by magnetic exchange, distinct from the well-known Zeeman, Rashba
and Dresselhaus scenarios, in terms of the spin texture as well as the
underlying mechanism (Extended Data Table 1).

Calculated spin polarizationin MnTe,

We begin with the essential physical properties of the MnTe, single
crystals (see Methods and Extended Data Fig.1for details). Itis interest-
ingandrare that the crystalline space group, the magnetic space group
andthespinspace group of MnTe,, showninFig.1e, are the same (Pa-3),
indicating that the noncoplanar AFM order and SOC do not break any
spatial symmetries. Because of these groups, MnTe, has neither PT
(spatial inversion followed by time reversal) nor Ury, (unitary spin
inversion followed by fractional translation) symmetry, satisfying the
design principle of the momentum-dependent spin splitting purely
induced by the AFM order*®,

Figure 1f shows the first Brillouin zone of MnTe,, in which we mark
the high-symmetry plane '-X1-M-X and the ARPES-measured, paral-
lel O-A-B-C plane with k,=-0.21/c (see Extended Data Fig. 2 for the
discussion of k,dispersion). Figure 1g—iare schematics of the S,, S, and
S, components of the valence band, in which the blue and red plaids
represent the positive and negative spin polarization component,
respectively. The spin-resolved E-k dispersion and constant-energy
contours (CECs) through density functional theory (DFT) calcula-
tion, in Fig. 1j-1, reveal two main features. First, instead of SOC, the
spin splitting of the itinerant electron is determined by the inhomo-
geneous magnetic field from the AFM order. The DFT-calculated E-k
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plaid-like antisymmetric spin texture across the high-symmetry planes.

Jj, DFT-calculated spin-resolved bands without SOC. Thereis noin-plane spin
polarizationinthe k, =0 (I-X-M-X1) plane, whereas a high level of spin
polarizationisseeninthe O-A-B-C plane.k,l, DFT-calculated spin-resolved
CECatk,=+0.2m/cand atbinding energy F; = 0.45 eV. Magenta arrows,
in-planedirection of the spin; darkness of arrows, magnitude of in-plane spin
polarization; colour of bands, magnitude of the out-of-plane S, polarization.
Clearly, S,isantisymmetric about the k;= 0 and k, = O planes and symmetric
aboutthek,=0plane(a,B,y=x,),2).

dispersion without SOC (Fig. 1j) exhibits a large spin splitting for the
0O-A-B-Cplane, with comparable magnitude to the SOC-included case
(Extended Data Fig. 3a), even though tellurium is expected to have a
pronounced SOC effect on the electronic structure. Second, a unique
plaid-like spin texture with alternating polarizations on each side of
ahigh-symmetry plane is predicted (Fig. 1g-i,k,1). This is because the
four face-centred cubic Mn sublattices with different spin orientations
are connected by three magnetic group mirror symmetries M,, M, and
M.,. The spin component S, is antisymmetric about the k, = 0 plane
and the k, = 0 plane but symmetric about the k. = O plane, owing to M,
(5:=>-5,5,=>S5,5,=>-S,)andM,(S,>-S,,5,=-S,,S,=§,), whereas
the other two components S,and S, have analogous transformations.
The high-symmetry -X1-M-X plane (k, = 0) manifest noin-plane spin
splitting because M, forbids in-plane spin components (Extended Data
Table 2). Therefore, we choose the O-A-B-C plane for the SARPES
measurements.

Spin polarization atafixed k,

We next investigate the spin-polarized bands of MnTe, with system-
atic SARPES measurements in its AFM phase (7=30 K). In the dataset
of Fig. 2, photoelectrons for both spin-resolved and spin-integrated
measurements were excited by aHe lamp with hv=21.2 eV. This photon
energy is found to correspond to k,=-0.21/c, that is, the O-A-B-C
planeinFig.1f. The bands observed by ARPES are bulk electronic states
with substantial k,broadening (see Methods and Extended Data Figs. 2
and 4 for more discussion). As illustrated in Fig. 2b, the measured CEC
has the shape of a cross with arms along the O-A and O-C directions,
consistent with the DFT-calculated bulk bands (Fig. 2¢,d). Itis clear
that the DFT bulk bands are highly spin polarized, within-plane polari-
zation vectors S, (S,) antisymmetric about the O-A (O-C) line. Such
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Fig.2|Plaid-like texture of in-plane spins at k,=-0.2m/c. a, Schematic
setup of the spin-imaging ARPES system (see Methods). b, ARPES-derived,
spin-integrated CECatbindingenergy F; = 0.45eV. c,d, Corresponding
DFT-calculated, S,-resolvedand S-resolved CECs of bulk electronicstates.
The k,-broadening effectis considered by plotting the calculated CECs at
k,=-0.1,-0.2 (widened) and -0.3m/ctogether. Blue (red) colour represents
thelevel of S+ (5,-)/S,* (S,-) polarization (same below). e-j, Fromleft to right:
spin-integrated ARPES band dispersion; DFT-calculated bulk bands; SARPES
band dispersion; spin-resolved EDCs; and spin-integrated ARPES intensity
(green curve), as well as spin polarization (symbols and solid black curve)

unique AFM-induced, plaid-like spin polarizationis confirmed by our
SARPES measurements. To see this, we present the S,-resolved and
§,-resolved E-kimages along Cuts 1-4 labelled in Fig. 2b. Each image
is about +0.22 A (that is, +0.51/a) away from O-A and O-C and thus
expected to have antisymmetric in-plane spin polarization.
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versus binding energy or momentum. SARPES band dispersion is multiplied by
the totalintensity (/,, + /4,) fOr better visualization of spin polarization on the
bands.Red andblue arrows highlight the signs of the spin. The k positions of
spin-resolved EDCs are marked near the curve. Each pointonacurveisan
integrated intensity over a (E, k) range of (20 meV, 0.12 A™M).The spin-integrated
ARPES intensity and spin polarization are integrated within the dashed
rectanglesin SARPES panels. Error bars are defined as the standard deviation
of polarization withintheintegrated region, which reflect the deviation of
polarization from the meanvalue. a.u., arbitrary units.

Figure 2e-j presents spin-integrated, DFT-calculated and SARPES
band dispersion, as well as their spin-resolved energy distribution
curves (EDCs) and the curves of spectral intensity and spin polarization
versus binding energy and momentum, respectively. The full set of raw
data for spin-resolved band dispersion is presented in Extended Data
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Fig.3|Signreversal of the S, polarization at different k, values.

a, DFT-calculated, S,-resolved CECs at k,=—0.21/c (corresponding to 21.2-eV
incident photons, atbinding energy £, = 0.45eV),-0.51/c (66 eV, E; = 0.65 eV)
and 0.5m/c (28and 82 eV, £;=0.65eV). The Land Rdots mark the in-plane
momentaof the polarization curves showninc.b, DFT-derived, S,-resolved -k
dispersionatk,=-0.5m/qa, crossing the Land R points (dashed lines). S, is
antisymmetricabout the k,=0and k,= 0 planes owing to the mirror symmetries

Fig.5.Overall, consistency between the DFT-extracted spin polarization
and that measured by SARPES is reached. A closer look at the SARPES
dataleadsto severalinteresting observations. First, the S,-resolved £E-k
maps along Cuts1and 2 (shown in Fig. 2e,f) exhibit opposite S, polari-
zation, which is caused by the mirror reflection M,: S, = -S,. Also, the
S, polarizationin Cuts1and 2 are opposite at the top and shoulders of
VB1, whichisalso well reproduced by DFT calculations with and without
SOC (Extended DataFig.3).Second, for Cuts 3and 4, the S, polarization
of VBlis antisymmetric about k, = 0 (Fig. 2g,h). Third, the situation for
the spin component S, is opposite. The measured spectra along Cuts
1and 4 (Fig. 2i,j) exhibit a high level of S, polarization that is antisym-
metric about O-C (k, = 0) owing to the mirror reflection M,: S, = -§,,
consistent with the DFT calculations. The same conclusions can also
be drawn with the spin EDCs and polarization curves. Furthermore,
the SARPES data along Cuts 5 and 6 shown in Extended Data Fig. 6
demonstrate that the in-plane spin texture is Dresselhaus-like, with
substantial radial components along the diagonal directions of the
in-plane Brillouin zone. On the basis of such data, we conclude that
momentum-dependent antisymmetric spin splitting with plaid-like
alternating spin texture exists in the noncoplanar antiferromagnet
MnTe, in its magnetic ground state.

Antisymmetric spin components alongk,

After establishing the existence of the spin-polarized bands inthe AFM
phase of MnTe,, a crucial topic is to experimentally differentiate the
observed spintexture from thoseinduced by SOCin the surface states.
The characteristic sign reversal of the spin at opposite out-of-plane
momenta (k, values) would pinpoint the AFM origin of the observed
polarization, as no k, dispersive behaviour of the spin is expected in
any spin-splitting effects originated from surface inversion breaking.
InFig. 3, we show such k,-dependent sign change. We present SARPES
data taken at a synchrotron-based SARPES setup at four different
incident photon energies, corresponding to four different k, values:
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M,andM,.c,Measured S, polarizationat the Land R points,atk,=-0.21/c
(21.2eV),0.5m/c (28 eV),-0.5m/c (66 eV) and 0.51/c (82 eV). Incident lightis LH,
except fortheinset of panel 0.5m/c (28 eV, L), inwhichitis LV. Error barsare
defined the same way asinFig.2.S,is found tobe antisymmetricabout both the
k,=0andthek,=0planes, consistent with DFT calculations. d, Schematics of
S.versusk, (thatis, versus photon energy), showing the characteristic plaid-like
texture.

21.2 eV (k,=-0.21/c), 28 eV (k,= 0.51/c), 66 eV (k,=—-0.51/c) and 82 eV
(k,=0.51/c). Ateach photon energy, polarization curves are measured
atone or two k points, marked as ‘L’ and ‘R’. According to DFT calcula-
tionsonthebulk bands (Fig.3a,b), the sign of S, will reverse across the
high-symmetry planes k,= 0 and k, = 0.Indeed, thisis what we observed
experimentally in Fig. 3c. At the L position, S, is found to reverse sign
between 21.2 eV (S, > 0) and 28 eV (S, < 0) and between 66 eV (S, > 0)
and 82 eV (S, < 0);attheRposition, S, is found to reverse sign between
21.2 eV (S5,<0)and 28 eV (S, > 0). Across the in-plane high-symmetry
planeofk,=0,S,isalsofoundtoreversesign betweenthe Land R points
atboth21.2 eVand 28 eV, further verifying the antisymmetric plaid-like
feature within a certain k, plane.

To eliminate the effect of possible matrix elements associated with
different light polarizations, we measured the S, polarization at the L
point at hv =28 eV under two different incident beam polarizations,
linearly polarized horizontally (LH) and linearly polarized vertically
(LV), whichadds up to an unpolarized situation (see Methods for more
discussion). Both curves give S, < 0 for most of the binding energies.
Therefore, we argue that the measured polarization reflects the intrinsic
spinofthe band. The k,-dependent spin polarization is summarizedin
Fig. 3d. We mark the measured sign of S, polarizations (colour of the
dots) withinaschematic k,-k, frame, in which the plaid-like background
represents the calculated sign of S,. The consistency consolidates that
the plaid-like spin texture is also observed along the out-of-plane
momentum direction.

Temperature dependence

To verify the magnetic origin of such spin splitting, another critical
piece of evidence is the temperature evolution of spin polarization*.
Temperature changes are not expected to influence the strength of
relativistic SOC, whichis primarily dependent on atomic mass. By con-
trast, for AFM-induced spin splitting, the spin polarizationis expected
to disappear when the system evolves to the paramagnetic state above
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the Néeltemperature Ty (87 K). Our datain Fig.4 support thelatter case.
Figure 4a,b shows the spin-integrated band dispersion along Cut 1at
30Kand 110K, as well as along Cut 3 at 30 K and 150 K. From both the
raw data and the second-derivative result, we notice that the overall
band structure undergoes substantial modification as temperature
rises above Ty, = 87 K (see Extended Data Figs. 7 and 8 for more details).
Notably, such change of bands in the high-T paramagnetic phase is
accompanied with an abrupt decrease of spin polarization. InFig. 4c,d,
we show the temperature-dependent S,-polarization curves along Cuts
land3.Itisapparentthatsignatures of S, polarization almost vanishes
athigh temperatures, in sharp contrast to the curves at 30 K, at which
sign-changing S,components are seen for different binding energies/
in-plane momenta.

Further evidence is presented in Extended Data Fig. 9, in which we
plot the evolution of spin splitting along Cut 5 across Ty, as well as
SARPES E-kimages along Cut 1at 30 K and 60 K. The pair of bands
along Cut 5seemingly splitinmomentum like the Rashba-Dresselhaus
pairs at 30 K is found to merge into a single band at 150 K (Extended
Data Fig. 9a,b), evident for the vanishing of spin splitting above Ty
The same data also give an estimation of the spin-splitting energy
level: about 274 + 40 meV at k= +0.18 A%, This value is comparable
with the largest known ‘giant Rashba splitting’ found in BiTel (ref. 38).
In the SARPES images (Extended Data Fig. 9¢,d), the blue (S, > 0) part
at 30 Kbecomes mix coloured at 60 K, indicative of a decrease in spin
polarization, whereas the overall shape and E-k location of the band
itselfis unchanged. Taken collectively, our data probably identify that
the observed spin-splitting effectinMnTe, isinduced by the AFM order.

Quadratic spin texture

Our experimental results—the sign reversal of spinacross k, = O (Fig.3)
and the decrease of polarization across Ty (Fig. 4)—serve as evidence
for an AFM-induced spin splitting in MnTe,. We now discuss more

deeply the uniqueness of the observed plaid-like spin texture com-
pared with the classical spin textures caused by SOC. For simplicity,
we consider systems with inversion symmetry Pin the bulk, such as
MnTe,, inwhich bulk Dresselhaus and Weyl spin splitting are prohibited.
Thus, the SOC-induced spin splitting is associated with P breaking at
the surface. Because SOC does not break time-reversal 7, symmetry
requirements enforce that the spin-splitting k - p Hamiltonian expanded
attime-reversal-invariant momenta only allow odd-order kpolynomi-
als, such as linear/cubic Rashba or Dresselhaus terms. By sharp con-
trast, when considering AFM order as the mechanism of spin splitting,
the existence of Pand breaking of T results in the k - p Hamiltonian at
time-reversal-invariant momenta points having only even-order k poly-
nomials®. In the case of MnTe,, the Hamiltonian expanded near theT
pointiswrittenask,(k,0, + k,0,) (see Methods for details). Such aquad-
ratic spin texture naturally leads to the sign reversal of spinacross k, = 0.

Extended Data Table 1summarizes the critical symmetries, observ-
able characters, the nature of k- p Hamiltonians and spin patterns of the
two distinct spin-splitting phenomena. We note that, althoughat k,> 0
plaid-like and linear Dresselhaus spin splitting share qualitatively the
same in-plane spin patterns, the k, dependence of the former reveals
the nature of an unprecedentedly measured quadratic spin texture,
whichis underlaid by the mechanism of time-reversal breaking.

In summary, our systematic SARPES measurements have demon-
strated the existence of a new type of momentum-dependent spin
splitting induced by the intrinsic AFM order in a noncoplanar antifer-
romagnet, MnTe,. We emphasize that this type of spin splitting in non-
coplanar and noncollinear antiferromagnets has the same origin as that
in collinear altermagnets, as the local AFM field couples the electron
spin and its motion in the same manner. The momentum-dependent
spin-splitting bands in MnTe, can efficiently generate spin-polarized
current, leading to magnetic spin Hall effect***¢, spin-splitter effect,
tunnelling magnetoresistance etc. Furthermore, suchaspin-splitting
effect could also exist in a variety of quantum materials, such as Mott
insulators*, parent compounds of unconventional superconductors*®
and three-dimensional quantum Hall materials***°, providing a path
to study these exotic phases of matter and potential applications in
spintronics.
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Methods

Sample growth and characterization

Single crystals of MnTe, were synthesized by the chemical vapour
transport method. Manganese powder, tellurium powder and iodine
crystals were mixed and sealed into a silica tube under vacuum. After
heating at 600 °C with a temperature gradient of 60 °C for 10 days,
millimetre-size plate-shaped MnTe, single crystals were obtained,
shown in Extended Data Fig. 1a.

MnTe,samples were characterized by X-ray diffraction using aRigaku
SmartLab diffractometer with Cu Ka radiation at room temperature.
The diffraction pattern in Extended Data Fig. 1a confirms the pyrite
structureinthe space group Pa-3, in which the cleaving planes are paral-
lelto the (001) crystallographic orientation. In the lattice, manganese
and tellurium atoms are located at the 4a and 8c Wyckoff positions,
respectively. The crystalis composed of face-centred cubic Mn sublat-
tices connected by MnTe, octahedra.

In Extended Data Fig. 1b, the magnetic properties were measured by
aQuantum Design Physical Property Measurement System with amag-
neticfieldup to7 T. The temperature dependence of the magnetization
curve indicates that the Néel temperature is about 87 K, consistent
with previous studies®*2. Residual magnetization below 87 K is seen
in our field-cooled (FC) M-T curve, whereas an abrupt downturn of
magnetization at 87 Kisseeninour zero-field-cooled (ZFC) M-T curve.
This signifies an AFM behaviour at low temperatures. The magnetic
field dependence of the magnetization curveis linear, indicating that
no ferromagnetism is observed in our measurements.

Extended Data Fig. 1c,d presents a scanning electron microscopy
image with corresponding energy-dispersive X-ray spectroscopy
elemental maps, measured with a ZEISS MERLIN scanning electron
microscope setup at the SUSTech Core Research Facilities. The uniform
colour of the maps indicates a homogeneous distribution of the Mn
and Te elements. Extended Data Fig. 1d shows further that the atomic
ratioof Mn:Teis close to1:2 onall areas measured. Small but systematic
deviation to the stoichiometric value implies slight but uniform Te
deficiency in the crystal, leading to a refined chemical composition
MnTe,_s, with § = 0.18. On the basis of these data, we deduce that the
crystals we used are of high quality and single phased.

Lab-based spin-integrated ARPES measurements

Lab-based spin-integrated ARPES measurements were performed at
Westlake University with a Scienta Omicron DA30 electron analyser
usingaHelamp with Av=21.2 eV as thelight source. The MnTe, samples
were cleaved in situ and measured in an ultrahigh vacuum with a base
pressure better than 1.5 x 10 mbar. Angular and energy resolutions
were set to 0.1° and 5 meV, respectively.

In Fig. 2b, the measured CEC shows two different arms along the
0O-A and O-Cdirections, respectively. The arm along O-A is found to
be slightly ‘wider’ than that along O-C, as there is no C, symmetry in
thissystem, despite its cubic crystal structure. Such subtle difference
not only guides us to align the samples and determine the spin direc-
tions during the experiment but also infers that the magnetic domains
in the MnTe, crystals have one preferred orientation over the others.
To confirm this, we performed both scanning nitrogen-vacancy (NV)
magnetometry measurements as well as SARPES experiments before
and after a 90° rotation of the sample. Results from both techniques
(Extended Data Fig. 10) are supportive for a domain size comparable
with the incident beam spot, or a preferable orientation of magnetic
moments within the region of the incident beam.

Spin-integrated ARPES band dispersion along Cuts 1-4 (Fig. 2e-j)
exhibit a single hole-like band near E;, consistent with the calcula-
tion results that the main hole-like band (VB1) coexists with another
band (VBO) at lower binding energies (see also Extended Data Fig. 3).
Although this extraband is almostinvisiblein Fig. 2, its ARPES intensity
and associated spin polarization is found to be present along Cuts 5

and 6, which are 45° rotated with respect to Cuts 1-4 (Extended Data
Fig. 6). Considering its reduced ARPES and SARPES signal (probably
because of the matrix-element effect), we lower the spin signal of VBO
by one-half on every theoretical E-k cut throughout the paper.

Synchrotron-based spin-integrated ARPES measurements

The k, dispersion data and the spin-integrated electronic structure
at different photon energies in Extended Data Figs. 2 and 4 were per-
formed at BLO3U (ref. 53) of the Shanghai Synchrotron Radiation
Facility (SSRF) and BLO9A of the Hiroshima Synchrotron Radiation
Center (HiSOR). Dataat BLO3U of the SSRF are measured with a Scienta
Omicron DA30 electron analyser and p-polarized light with photon
energies between 50 and 160 eV. The sample was cleaved insituwitha
base pressure of 9 x 10™ mbar. Data at BLO9A of the HiSOR are meas-
ured withaSPECS PHOIBOS 150 electron analyser and p-polarized light
with photon energies between 11 and 40 eV. The sample was cleaved
in situ with a base pressure of 1 x 107° mbar. The measurement tem-
peratureis 30 K for both facilities.

InExtended Data Figs.2and 4, aninner potential of V,=10 eVis deter-
mined by comparing the experimental results with the DFT calcula-
tionresults. The observed bands are seen to exhibit clear k, dispersive
behaviour, which is not present in surface states. Moreover, we show
inExtended Data Fig. 11 the DFT-calculated electronic structures from
a semi-infinite slab model on two possible surface terminations, dif-
ferentiating bulk bands from surface states. It is found that the surface
bands contribute negligibly to the spectral weightin the -k regions we
measured, endorsing the bulk nature of the observed bands in Fig. 2.
Slight deviation between DFT results and the experimental data can
be attributed to the k, broadening effect of the bulk states®, which is
consideredinall theoretical panelsin Fig. 2 by simultaneously plotting
the DFT bulk bands for neighbouring k, values.

Lab-based SARPES measurements and data analysis

Lab-based spin-resolved electronic structures were obtained through
amultichannel very-low-energy electron diffraction (VLEED) spin
polarimeter attached to a Scienta R3000 hemispherical analyser at
the Shanghai Institute of Microsystem and Information Technology
(SIMIT), the schematics of which is shown in Fig. 2a. A multichannel
SARPES E-k cut is obtained by guiding the ARPES photoelectrons
through a VLEED-type spin-filtering crystal, which is pre-magnetized
along the +x (horizontal) or +y (vertical) directions. The reflected
electrons are then recorded on the charge-coupled device camera.
S,-resolved (S,-resolved) ARPES data are obtained by subtracting the
S,+-magnetized (S,+-magnetized) E-k map with the S,—-magnetized
(S,~-magnetized) one***. Photoelectrons were excited by the He lx
line with hv=21.2 eV. The sample was cleaved in situ with a base pres-
sure of 1 x107° mbar. Angular and energy resolutions were better
than 0.5° and approximately 20 meV, respectively. The normal of the
sample surface is parallel to the axis of the electron analyser’s lens
and the incidence angle of light is 60° relative to the lens axis®. The
band-dispersion image on the exit plane of the R3000 analyser was
turned around for 180° by a homogeneous magnetic field to scatter
with aferromagnetic Fe(001)-p(1x1)-O target and then turned around
foranother180°to obtainaspin-resolved F-kimage at afluorescence
screen.

The spin-resolved E-k images in Fig. 2e-j and Extended Data
Figs. 9c(i),d(i) and 12 are multiplied by the total intensity (/o = /nagup +
I nag down) fOT better visualization of spin polarization on the energy
bands, in which /., (nag down) is the photoelectron intensity meas-
ured under opposite ferromagnetic target magnetization, whereas
those in Extended Data Figs. 5, 6 and 9c¢(ii),d(ii) are raw SARPES E-k
images, in which the intensity in each pixel is the unaltered result of
Pol. = (1/Se) X (hnagup — g down)/ Umagup + Tmagdown), iNWhich S = 0.32is the
Sherman function. Valuesin the polarization curvesin Fig.2 were also
defined as Pol. = (1/St) X Unagup ~ fmagdown)/ Umagup + Imagdown)- The intensity
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of spin-up (spin-down) photoelectrons (/,,//4o4n) in Fig. 2 is calculated
through/,,= (1+Pol.) x l,,/2 and I3, = (1 - Pol.) x I,,/2.

The spin-polarized images were obtained by iterating through sev-
eral loops (L1-L20), in an integration time of about 14 h. In Extended
Data Fig. 13a-d, we found that the sample is slightly hole doped and
the energy bands move rigidly upward to the Fermi level during the
measurement process, which resultsinaninaccurate spin-polarization
value close to E;. To eliminate the artefact caused by hole doping, an
energy-offset procedure was performed referring to the first loop (L1)
in Extended Data Fig. 13b,d. It should be emphasized that the energy
offset has a negligible effect on the spin polarization for £; > 0.1eV,
by comparing the results with or without it (Extended Data Fig. 13e).

Data on several samples show consistent SARPES E-k images, con-
firming the repeatability of our measurements (Extended Data Fig.12).

Synchrotron-based SARPES measurements and data analysis
Polarization curves (in Fig. 3¢) are measured at BLO9U (Dreamline) of
the SSRF with a Scienta Omicron DA30 analyser and asingle VLEED spin
detector. Theentranceslitis perpendicular to the ground and the spin
directionmeasured by the VLEED detector is perpendicular to thesslit.
The measurement temperatureis 30 K. The sample was cleaved insituin
anultrahigh vacuum chamber with pressure better than 6 x 10 mbar.
The energy resolution was set to 20 meV and the spot size of the light
was 20 x 30 pm. Incident light is linearly polarized. The LH/LV (p-/s-)
polarized lightis defined as the electric vector of the light being parallel
(perpendicular) to the plane formed by the incident direction of the
light and the normal direction of the sample. S,-polarization curves at
hv=28,66and 82 eV were obtained from the same sample.

The experimental results measured using different light polariza-
tions and photon energies can eliminate the influence of possible
matrix elements®*”. On the one hand, the data at 21.2 eV is taken with
a helium lamp, which emits essentially unpolarized light. Therefore,
the matrix-element effect owing to light polarization is eliminated.
Onthe other hand, S,-polarization curves at the L point at hv=28 eV
under LH and LV polarization reveal the same trend of spin polariza-
tion: S, < O for the most part of the curves. Moreover, because 21.2-eV
and 28-eV light probe the same out-of-plane Brillouin zone (centred
atl;), whereas 66-eV and 82-eV light probe another zone centred at T,
possible matrix-element effect owing to different SARPES responses on
differentBrillouinzonesis also eliminated. Therefore, we believe that
the apparent spin polarization reflects the intrinsic spin of the band.

It should be noted here that quantitative deviations to the overall
trend do occur at some of the S,-polarization curvesin Fig. 3, but thisis
understandable as different bands would response slightly differently
under different photon energies, and the data suffer fromrelatively low
signal-to-noise ratio, as theintrinsic spin signalis weak. Notably, a quali-
tative agreement is met between the theoretical three-dimensional
spin texture and the measured S, polarization.

Scanning NV magnetometry measurements
The scanning NV magnetometry*®*®is applied to visualize the local
magneticfield from the single-crystal MnTe,. At the facility at the Uni-
versity of Stuttgart, the NV centre is implanted in the apex of a pillar
etched from a diamond cantilever and is attached to the tuning fork
ofanatomicforce microscope provided by QZabre. The NV spin state
isdetected through the optical excitation at 532 nm with the power of
about100 pW, so that the local magnetic field is extracted on the basis
of the shiftin the optically detected magnetic resonance (ODMR). To
efficiently apply the microwave to the NV centre, we use copper wire
with adiameter 20 pum onthe top of the single-crystal MnTe,, as shown
inExtended DataFig.10a. The sampleis characterized by a high spatial
resolution (roughly 30 nm), which is only limited by the separation
distance between the NV centre and the surface of the crystal. We have
scanned over a larger scan area (50 pm) to confirm whether there are
any local magnetization features presented in the surface stray field.

All of the magnetometry measurements were conducted at a tem-
perature of 2 K, far below the Néel temperature of MnTe, and with a
remnantbias field of 6 Gauss along the NV axis to split the spin—1states,
which will not influence any magnetization domain of the MnTe,. All
two-dimensional magnetic fieldimages are obtained by using a pulsed
ODMR scheme, which can potentially reach the field sensitivity thresh-
old of 2 pT/-/Hz.

DFT calculations
AlIDFT calculations with and without SOC were performed within the
Perdew-Burke-Ernzerhof® exchange-correlation functional using
aplane-wave basis set and projector augmented-wave method®, as
implemented in the Vienna Ab initio Simulation Package (VASP)**¢*. The
experimental lattice constant of 6.90 A, a Monkhorst-Pack (9 x 9 x 9)
k-point mesh® and an energy cutoff of 500 eV have been used. The
standard Perdew-Burke-Ernzerhof pseudopotentialis adoptedin all
calculations, treating 13 valence electrons for Mn (3p®3d°4s?) and six
valence electrons for Te (5s25p*). To account for the correlation effects
ofthe Mn3delectrons, the rotationally invariant Dudarev’s formalism
was performed with the reported U=5.0 and /= 0.8 eV (refs. 66,67).
Atomic positions were optimized until the Hellmann-Feynman force on
eachatomwas smaller than 0.01 eV A" and the electroniciteration was
performed until the total energy change was smaller than107® eV. The
spin-projected band structures are analysed using the PyProcar code®®.
To calculate the surface states, we constructed the Wannier tight-
binding Hamiltonian obtained from the Wannier90 code® . In the
tight-binding Hamiltonian construction, 88 Wannier functions, includ-
ingthe Mn-d and Te-p orbitals, were chosen. Finally, the surface states
E-kimages, CECs and surface spin polarization were calculated using
the retarded Green’s function of semi-infinite models of MnTe,. The
Wannier interpolation approach with 501 x 501 (501) crystal momen-
tum points was adopted in WannierTools” for calculations of CECs
(E-kimages).

k-pmodel

To theoretically identify the spin texture in MnTe,, we constructed
the k- pHamiltonian near the T point according to the magnetic point
group (little co-group) symmetries. The little co-group of the I' point
in MnTe, bulk is m-3, which contains space-inversion symmetry but
breaks time-reversal symmetry. The representation matrices of the
generators of m-3 with the spin basis (| 1), |¥)) were written as:

A (3fy) = 3001013

A" (2190) =~ i0,
A 200) = -0,

A 1= Op,

in which g, denote the Pauli matrices. Through the theory of invari-
ants A"(@)H (K)A"(g) ™ = H"(gk), the Hamiltonian near the T point can
be obtained:

H' = hioo + hy (ks + K5y + k3) 00 + by (K k.0, + k k0, + Kok, 0,) + O(K)

in which h;are the undetermined coefficients. To directly show the
in-plane spin texture, the out-of-plane spin polarization terms and
spin-independent terms could be omitted:

HY\= hsk, (kyo, + k) + O(K).

Similarly, the Hamiltonian expanded near the M point (little co-group
mmm) has the form H) = hyk k0, + hsk.k 0, + O(K). Therefore, the



AFM-induced spin splitting of MnTe, bulk manifests a quadratic spin
texture relative to the k polynomial.

In the case of spin splitting solely induced by SOC, a nonmagnetic
symmetry group that preserves time-reversal symmetry should be
used to avoid the contribution of the local moments. In this case, the
bulk material exhibits both time-reversal and space-inversion symme-
tries, resultingin the absence of spin splitting. Therefore, spin splitting
induced by SOC can only arise from the inversion symmetry breaking
at the surface. The corresponding surface little co-group in MnTe, is
m1’ and the corresponding representation matrices are expressed as:

A (mygo) == i0,

l' _ .
A (T)=-iogyk,

inwhich kis the conjugate operator. The corresponding Hamiltonian
iswritten as:

H" = hioo+ hy(k,0, — k,0,) + hy(ky0, + k,0,) + hyk,0, + hsk 300 + hek 50,
+0(IC).

By retaining the in-plane spin-polarization terms, the Hamiltonian
now reads:

H= hy(k,0,.— k\0,) + hs(ky0, + k,0,) + o),

whichincludes only linear Rashba and Dresselhaus terms.
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Extended DataFig.1|Structural, magnetic and compositional
characterization of MnTe, single crystals. a, Single-crystal X-ray diffraction
results of MnTe,, showing a (001) exposed plane. Inset, aMnTe, single crystal
againstamillimetre grid. b, FCand ZFC temperature dependence of

magnetization with H||(001). The magnetic transition temperatureis T, = 87 K.

The downturn of the ZFC M-T curve at Ty signals the AFM behaviour. Inset,
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magnetic-field dependence of magnetizationat T=2K.c, Atypicalscanning
electron microscopy image of the MnTe, single crystal and corresponding
energy-dispersive X-ray spectroscopy elemental maps, indicating a
homogeneousdistribution of the Mnand Te elements. d, Atomic ratio of Mn
and Teat the sevenregionsindexedinc.Aratiocloseto1:2isfoundinall
regions, indicating a high quality of the crystals.
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10.5(0.5)m/c, respectively. b, k,—k,dispersion at binding energies £; = 0.25and
0.65 eV, withcorresponding CECs calculated by DFT. The experimental spectral
intensities show rough agreement with the calculated results (indicated by red
arrows).c, E-k,dispersionalong k,= 0. Theband at F; = 0.5-1.0 eVis seen to

Extended DataFig.2|Electronicstructure along the k,~k,plane.a, ARPES
k.~k,map atbindingenergy F; = 0.25eV.Aclear k,dispersionis seen, consistent
with the bulk nature of the observed bands. Theinner potential is determined
tobe V,=10 eV from the data; high-symmetry points are marked accordingly.
Thered curveshowsthe k,—k, position of an ARPES measurement using 74-eV experience repetitive dispersion within our measurement range, which
incidentlight, correspondingto k,=101/c ([;) at the in-plane Brillouin zone matches qualitatively with that of atheoretical bulk band in the dispersing
centre. The cyan curves mark the ARPES measurement positions in Fig. 3. period, bandwidth and energy locations of band tops.

hv=21.2,28,66and 82 eV correspondtok,=5.8(-0.2),6.5(0.5),9.5(-0.5) and
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Extended DataFig. 3| DFT-calculated spin-resolved energy bands withand strong SOC, therelativistic spin-orbitinteraction gives only mild, secondary
withoutSOC. a, -k dispersion withSOC. A high level of spin polarization also effects onthespinsplitting of the MnTe, bulk bands. b,c, DFT-derived spin-
existsinthe O-A-B-CplanewhenSOCis turned on. Acomparisonbetweenthis  resolved E-k dispersion along Cuts 1-4 withand without SOC, respectively.
resultand Fig. 1j proves that the existence of SOCis notanecessary condition All calculated results show a plaid-like antisymmetric spin texture.

for the AFM-induced spinsplitting. Even though Te is aheavy element that has
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Extended DataFig. 4 |Electronicstructure atdifferent photon energies.
a-c,CECsatbindingenergy E; = 0.35 eV measured with 54-eV, 92-eVand 100-eV
photons. The CECat 92 eV showarectangular feature close to the zone centre
(ingood agreement with the DFT result showninthe inset), whereas the other
twomapsshowacrossshapeinthefirstzone. This k,dispersive behaviour
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indicates the bulk nature of the bands. d-f, ARPES E-k dispersion taken with
76-eV,92-eVand 102-eV photons. Purple curves are the bulk bands calculated
by DFT. The qualitative match between the DFT bands and the ARPES data
probablyindicates that the ARPES intensity comes mostly from bulk states of
thesystem.
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Extended DataFig. 5| Raw spin-resolved E-kimages along Cuts1-4 and
corresponding polarization curves. a, Spin-integrated F-kimages along
Cuts1-4 obtained by the spin-imaging ARPES system, shown in Fig. 2e—j.

b, Corresponding raw spin-resolved E-kimages. The difference between
theseimages and thoseinFig.2is that the data here are not multiplied by the
spin-integrated intensity of the bands. In other words, these are the ‘raw’
spin-polarized data obtained with theimage-type spin detector. ¢, Spin

polarization curves of Cuts1-4 at allmeasured E-k areas. From these images
and polarization curves, the same conclusions as those in the main text can be
drawn: the x (y) component of the spin-polarization vector is antisymmetric
aboutk, =0 (k= 0). Furthermore, we see that non-vanishing spin polarization
alsoexists in E-k areas that have ‘no bands’ (low spin-integrated ARPES
intensity), which possibly comes from spin signals of vague electronic states
or frombands at other k, values (k,broadening effect).
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Extended DataFig. 6 | Further evidence for the Dresselhaus-like in-plane
spintexture.a, DFT-calculated spin-resolved CEC at k,=-0.2m/c and binding
energy E;=0.45eV.In-planespins point mainly along £S,.,and £S5, ,, resembling
the Dresselhaus configuration. The direction of +S,,,and +S,_, are defined along
k.+k,and k, - k,, respectively, shownin the bottom-leftinset. The top-right
inset depicts the schematic spin texture centred at point B. b, Spin-integrated
ARPES band dispersionalong Cut 5. Cuts 5and 6 are defined ina; the bands
along Cut 6 (not shown) seem the same. The observed bands exhibit two hole
pocketsand furtherintensityatk=0and E;=0.4eV.c,d,S,.,resolved and
S.y-resolved raw E-k cuts along Cuts 5and 6. Blue/red circles highlight the
regions with +/- polarizations. The SARPES results (i) vaguely corroborate

with the DFT-calculated results (ii), which becomes more obvious by overlaying
the calculated spin-resolved energy bands on the SARPES images (iii).

iv, Polarization curves (top) and spin-integrated intensity curves (bottom) at
k=+0.18 A7, integrated within the dashed rectangles iniii. Each pointona

curveisanintegrated intensity overa (E, k) range of (50 meV, 0.08 A™). These
spin-resolved EDCs reveal three important features. First, the S, polarizations
atk,,,==0.18 Ahave opposite polarizations at the same binding energy.
Second, the polarization at low binding energy (about 0.25eV) and high
bindingenergy (about 0.55 eV) is opposite. The corresponding S,., polarization
of Cut 6 also exhibits these two features. Third, comparing the polarization
curvesat—0.18 Ain Cuts 5and 6, we find that their polarizations are opposite
atthe samebinding energy. Extracted from the polarization curves, the energy
scale of the spinsplittingisabout 274 + 40 meV, whichisingood agreement
with the calculated 297 meV and is comparable with the well-known giant bulk
Rashba effect®. v, Polarization curves versus momentum. We can trace the
splittingalong kand find that the +S,., (-S,.,) spin-polarized peaks of Cut 5

(Cut 6) move downward in energy when k moves away from O. Insummary, our
SARPES dataalong Cuts 5and 6 reveal a Dresselhaus-like in-plane spin texture
andruled out aRashba-like spin texture.
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Extended DataFig.7 | Temperature dependence ofthe ARPES band Brillouinzone. Apartfromthe datashowninFig.4, herethebandstructureis
structures. ARPES band dispersion along Cuts i-xii and corresponding alsoseentoundergo anon-rigid shift and several energy-band changes across
second-derivative analysis along the energy directionat T=30Kand 150K, the Néeltemperature (7= 87K).

respectively. The positions of Cuts i-xii are marked in the schematic of the first
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Extended DataFig.9 | Temperature evolution of the spinsplitting and the
spin-polarizationsignal.a,b, Temperature dependence of the band splitting:
ARPES band dispersionalong Cut 5at30 Kand 150 K (i); corresponding second
derivatives to the raw data (ii); and spin-polarized DF T bulk bands for the low-T
AFM state (iii). The abrupt change of bands between the two temperaturesis
evident for the vanishing of spin splitting above Ty.c,d, S,-resolved E-kimages
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along Cutland corresponding raw SARPES data. Dataare taken at 30 K (c) and
60K (d). Dataincandd are measured consecutively on the same sample with
the same experimental settings and integration time. Because the bands at
30Kand 60K, aswellas the associated matrix elements, are not expected to
changebecause they belongto the same magnetic phase, the decrease in spin
polarization hereis probably intrinsic, related to the origin of spin splitting.
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Extended DataFig.10 | Evidence for alarge magnetic domainsize.

a,b, Evidence from cryogenic scanning NV magnetometry. a, A typical
micrograph of the MnTe, sample. Four different areas, correspondingtob, are
measured within the dashed rectangle. b, Stray magnetic fields along the NV
centre axis (about 55° to the surface normal) measured at2 K. The sampleis
scanned using a pulsed ODMR scheme (see Methods). The spatial resolution is
setto about30 nm. Anexternal magnetic field of 0.6 mT is applied along the NV
centreaxis tolift the degeneracy of the NV + 1spin states. No feature was
detected withinthe measured length scalesoveralargerscanarea (50 pm),
indicating that the stray-field variations of the sample fall below the sensitivity
threshold of the NV probe (2 uT/~/Hz). Because the NV spin would detect
non-vanishing magnetic fields contributed by domain walls, the measured

featurein MnTe, suggests a uniform and large magnetic domain with no net
magnetic-moment contributions®*, ¢,d, Evidence from S, -resolved electronic
structures before and after rotating the sample by 90°.1i, Spin-integrated £-k
dispersionalong Cuts1and 7 (defined in theinsets). ii, Corresponding
DFT-calculated S,-resolved E-k dispersion. ii, Spectral intensityand S,
polarizationat (k,, k,) = (0, 0.51/a) (large black dotin the insets) measured
along Cutsland7. Thesecurvesareintegrated withinthe dashedrectanglesini.
Thedefinitionof S,and error bars are thesame asin Fig.2. The S,-polarization
curves have the same sign at similar binding energies before and after rotating
the sample by 90°, whichisreproduced by DFT calculations (blue/red arrows).
Thisisindicative of amagnetic domain size comparable with the size of the
incidentbeamspot.
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Extended DataFig.11|DFT-calculated electronic structures from
semi-infinite slabmodels. a, Calculation model with two different surfaces
marked as ‘top’and ‘bottom’. Panels b-d/e-g show the calculated results on the
top/bottomsurface.b, Spin-integrated and spin-resolved CECs at binding
energies £;=0.25,0.45and 0.65 eV, respectively. The spin-integrated CECs
containthe spectral weights of both the bulk and the surface states. The
spin-resolved CECs show the spectral weights of surface states only. At the
three binding energies, thereis almost no spin-polarized surface states at the
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positions of Cuts1-4. ¢, Spin-integrated E-k dispersions along Cuts 1-4. These
images contain the spectral weights of both the bulk and the surface states.

d, Corresponding spin-integrated E-k dispersion of the surface states only.
The dashedrectanglesinfirst panel of cand d mark the ARPES-measured £-k
region along Cuts1-4 in Fig.2. Clearly, thereis almost no surface state in the
areas we have measured. e-g, Results of the bottom surface, yielding the same
conclusion. Thedatainthis figure are evidences for the bulk nature of the
spin-polarized bandsin Fig. 2.
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Extended DataFig.12|Repeatability of the SARPES data. S,-resolved ARPES maps on Cut 1 (Fig. 2e) are measured with four different samples. The experimental
resultsare clearly reproducible.
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Extended DataFig.13 | EDCs at k=0, band dispersions and S,-polarization
curves before and after an offset along the energy direction. This process
eliminates the slight hole-doping effect caused by the slow but gradual ageing
ofthe samplesin the vacuum chamber. a, EDCs of Cuts 1-4 before the offset.
Theenergybands are found to shift rigidly upward along the energy direction
withincreasingloop number (measurement time). b, EDCs of Cuts 1-4 after the
offset. The bands are offsetting downward referring to the first loop (L1),
whichrepresents the pristine energy positions of the bands. The EDCs are

Cut3
02 0.0 0.2 0.4

-0.2

takenatk=0 A", integrated within the rectanglesin the first panel of cand d.
c,d, Band dispersions of Cuts 1-4 before and after the offset, respectively.

e, S,-polarization curves before and after the offset. Theintegrated positions
arethesameasFig.2e-h. One can find that the offsetting procedureintroduced
no qualitative difference to the spin polarization, except for aslight change of
polarization magnitude near the Fermilevel. The main conclusion of the paper
isvalid regardless of using the databefore or after the offset.



Extended Data Table 1| The differences in the spin splitting originating from SOC and AFM magnetic order in MnTe,
encompass variations in symmetry, k, dependence, temperature dependence, k-p models and permissible spin texture

types
Origin SOC (surface) AFM (bulk)
Symmetry group Pcl’ Pa-3
Time-reversal \/ X

Space-inversion
k--dependent

T-dependent

Allowed spin
splitting k-p terms

k-p model

Spin texture type
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kx-ky plane
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Extended Data Table 2 | Little group and the allowable spin splitting of bands at different k positions

Position High sgl;lelmetry Little group  Spin splitting
I'(0,0,0) Not a line m-3 no

X (0,1/2,0) Not a line mmm no

M (1/2, 1/2, 0) Not a line mmm no
R (1/2,1/2, 1/2) Not a line m-3 no
X1(1/2, 0, 0) Not a line mmm no
A (0, v, 0) r-X m2m no
Z (u, 1/2,0) X-M 2mm no
> (u,u, 0) M-T .m S,

A (u,u,u) I'-R 3 Sy, Sy, S:

S (u, 1/2,u) R-X .m. Sy
T(1/2,1/2, w) R-M mm?2 no
ZA (1/2,u,0) M - X1 m2m no

A’ (u, 0,0) X1-T 2mm no

P1 (u, v, 0) I'- X - M plane .m S.

0 (0,0, 1/5) Not a line mm?2 no
P2 (u, 0, 1/5) O0-A 1m. Sy
A(1/2,0,1/5) Not a line mm?2 no
P3 (1/2,v, 1/5) A-B m.. S

B (1/2, 1/2, 1/5) Not a line mm?2 no

P4 (u, u, 1/5) B-0O 1 Sy, Sy, S:

GP (u, v, w) General points 1 Sy, Sy, S:

Splitting of all spin components S,, S,and S, are allowed in general points. Little groups are ordered with respect to the three axes, for example, 2mm at the Z point represents C,,, M, and M,.
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