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We demonstrate that an important quantum material WTe2 exhibits a new type of geometry-
induced spin-filtering effect in photoemission, stemming from low symmetry that is responsible for
its exotic transport properties. Through the laser-driven spin-polarized angle-resolved photoemis-
sion Fermi surface mapping, we showcase highly asymmetric spin textures of electrons photoemitted
from the surface states of WTe2. Such asymmetries are not present in the initial state spin textures,
which are bound by the time-reversal and crystal lattice mirror plane symmetries. The findings are
reproduced qualitatively by theoretical modeling within the one-step model photoemission formal-
ism. The effect could be understood within the free-electron final state model as an interference due
to emission from different atomic sites. The observed effect is a manifestation of time-reversal sym-
metry breaking of the initial state in the photoemission process, and as such it cannot be eliminated,
but only its magnitude influenced, by special experimental geometries.

Introduction.—WTe2 is a semi-metallic two-
dimensional (2D) quantum material that exhibits a
non-saturating magnetoresistance up to 60 T [1]. It
has been debated, whether the bulk electron and hole
pockets in WTe2 slightly overlap leading to the Weyl
type-II topological phase [2, 3], with a conjecture that
the surface electronic structure would be virtually
indistinguishable for a topological and trivial phases [4].
When thinned down to a monolayer, WTe2 enables the
realization of high-temperature quantum Hall phases
[5] and gate-controlled superconductivity [6, 7]. In
non-magnetic systems the first-order Hall response
vanishes at zero magnetic field due to symmetry ar-
guments. However, the second-order correction leads
to the recently discovered [8–11] non-linear Hall effect
(NLHE) in systems of reduced symmetry. Few-layer
WTe2 has been the first system in which the NLHE has
been demonstrated [9, 10] due to the presence of a single
mirror plane, and a related existence of polar axes both
in-plane and out-of-plane of the layers.

Early high resolution angle-resolved photoemission
(ARPES) on WTe2 [12, 13] have focused on imaging
bulk electron and hole pockets with the motivation to ex-
plain the non-saturating magnetoresistance, pointing to a
possible full charge compensation at lower temperatures.
The prediction of possible type-II Weyl states in WTe2
[2] have further motivated the research on its electronic
structure. The reduced symmetry of WTe2 results in in-
equivalent top and bottom surfaces along the c-axis. The
general shape of the experimental WTe2 band dispersions
over the scale of 2 eV below the Fermi level is well repro-
duced by ab initio calculations, however, as pointed out
in an early study [12], density functional theory (DFT)

calculations are not able to quantitatively reproduce crit-
ical features of the WTe2 electronic structure near the
Fermi level. In particular, this concerns the positions of
the electron and hole pockets and related sizes of their
Fermi surfaces [14] which play a critical role in under-
standing the magnetoresistance properties [12, 15]. This
lack of agreement, despite occurring on a small energy
scale of only 50 meV, is surprising because WTe2(001)
surfaces are clearly very stable under UHV yielding quan-
titatively consistent results in high-resolution ARPES for
the set of dispersive occupied features located near the
Fermi level [4, 12–14, 16–18].

Using the newly-developed high resolution laser-
driven spin-polarized ARPES (SARPES) spectrometer
we demonstrate for the first time the spin texture of the
Fermi level photoemission map measured with 6 eV pho-
tons. Previous SARPES studies only probed selected
regions in the Brillouin zone (BZ) [19–21]. We further
demonstrate that the symmetry of the ARPES spin tex-
ture reflects the WTe2 surface symmetry with a sin-
gle mirror plane present, and not the initial state spin
symmetry. Therefore, we directly demonstrate that the
ARPES photocurrent carries additional information be-
yond the initial band structure spin texture, due to what
we call the geometry-induced spin filtering effect.

The results are analyzed by comparison to the dedi-
cated theoretical DFT calculations. The results obtained
within the linearized-augmented plane-wave (LAPW)
scheme show that the initial state spin texture follows
the expected axial vector transformation rules of a single
mirror plane and time-reversal. Further one-step model
photoemission calculations within the Korringa-Kohn-
Rostoker (KKR) scheme reproduce the (broken) symme-
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FIG. 1. (a-b) Spin-integrated laser ARPES Fermi surface maps measured with p- and s-polarized light. (c-d) Corresponding
energy dispersions E(kx) for ky = 0 as indicated by the dashed lines in (a) and (b). (e-f) Experimental laser-SARPES 57 × 89
pixel Fermi surface maps taken at two nearby spots on the same cleave. The false color scale refers to the spin polarization Sfy

in the ensemble of the photoemitted electrons. (g) Schematic geometry of the SARPES experiment. The maps were measured
using the lens deflector system collecting the emission angles indicated by the yellow cone with the sample rotated by θ = 25◦

with respect to the lens axis using p-polarized light and probing the spin along the y axis, as defined in (g).

try properties of the experimental data. Finally, within
the free-electron final state ARPES model we identify the
origin of the observed asymmetries as an interference of
the emission from different atomic sites.

Methods.— The sample (Td-WTe2 single crystal, space
group Pmn21, purchased from HQ graphene) was glued
to the molybdenum sample plate by a silver-epoxy. We
used p- or s-polarized light from the LEOS Solutions con-
tinuous wave laser with hν = 6.02 eV focused down to
∼ 50 µm, the MB Scientific A1 hemispherical electron
analyzer and the exchange-scattering Focus GmbH FER-
RUM spin detector [22]. Spectrometers based on a sim-
ilar design are in operation at synchrotron light sources
[23, 24]. The mirror plane of WTe2 was aligned parallel to
the entrance slit of the A1 spectrometer. The mechano-
electrostatic lens deflector system of A1 allows mapping
the emission angle over approx. ±15◦ in both kx and ky
directions, therefore allowing for point-by-point kx vs. ky
mapping in the spin-polarized mode without rotating the
sample. All measurements were carried out at ∼ 15 K at
the pressure in the analyzer chamber < 5× 10−11 mbar.

The initial state band structure was calculated using
DFT in the generalized gradient approximation [25]. We
use the full-potential LAPW method in film geometry
as implemented in the FLEUR code [26]. Photoemission
calculations were performed within the one-step model
formalism as implemented in the fully relativistic KKR
method [20, 27].

Further details on methods are provided in the Section
SI of the Supplemental Material.

Results.—Figure 1(a-d) shows the high-resolution

FIG. 2. Crystal geometry and initial state spin textures. (a)
The 3D impression of the WTe2 crystal structure. (b) The
probed surface with two possible terminations, which we label
D1 and D2. (c) The Sy component of the theoretical Fermi
level spin texture, which is the same for both domains. The
size of the symbols corresponds to the spin-polarization in
the first layer (containing two formula units). (d) The surface
state charge density in real space at kx = −0.3Å−1 and initial
energy −25 meV (see Supplemental Material Fig. S6).
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ARPES maps measured with the 6 eV laser which are in
quantitative agreement with previously published results
[4, 16]. Figure 1(e-f) shows the spin-polarized Fermi sur-
face maps with p-polarized light from two different spots
on the sample in the off-normal geometry described in
Fig. 1(g), using the A1 lens deflector system to map
the important portion of the BZ without rotating the
sample. The use of the deflector system is critical to as-
sure that the entire map is taken with the laser beam
focused on precisely the same spot on the sample. Both
maps show the familiar shape previously reported in
Refs. [4, 16], however, their spin textures are different
and highly asymmetric. Supplemental Material Fig. S4
shows SARPES spin texture taken with s-polarized light,
where the spin polarization asymmetry, albeit smaller, is
also observed.

The crystal lattice of WTe2 is shown schematically in
Fig. 2(a-b). The surface of WTe2 exhibits a single Mx

mirror plane, while the y and z directions are polar (see
Section SII of the Supplemental Material and Ref. [28]).
By convention, the polarity along the z axis has been
defined as surface A (or top) and B (or bottom), as de-
picted in Fig. 2(a), with radically different Fermi con-
tours measured on these surfaces [4, 18]. The shapes of
Fermi surfaces from Fig. 1(a-b,e-f) have been associated
with the surface B.

The glide-reflection operation (1/2 + x,−y, 1/2 + z) of
the Pmn21 space group [28] shows that adjacent terraces,
which we call D1 and D2, have reversed polarity along
y, as shown explicitly in Fig. 2(b). Cleaved TMDCs typ-
ically exhibit macroscopically large terraces of the sizes
of 100 µm or larger, and with our laser beamspot of 50
µm we can routinely address a single terrace, therefore
we assume that the spectra in Fig. 1(e-f) are taken on
single terraces of reversed polarity.

Since WTe2 is non-magnetic, the spin expectation
value Si of the initial state has to follow Si(ki) =
−Si(−ki). For the surface states, by combining this
with the axial vector rules for the Mx mirror plane, one
gets Siy(kix, kiy) = Siy(kix,−kiy), and our theoretical
initial state spin texture for surface B shown in Fig. 2(c)
obeys this symmetry. However, this symmetry is bro-
ken in Fig. 1(e) and in 1(f). Already from the visual
inspection in some portions of these SARPES maps Sfy

changes sign between (kfx, kfy) and (kfx,−kfy), while
in other portions it does not. Here, kf refers to the mo-
mentum and Sfy to the y component of the spin expec-
tation value in the ensemble of photoemitted electrons
measured by SARPES. We note that in ARPES, the
component of kf parallel to the surface is related to the
off-normal emission angle θ and kinetic energy Ekin by
kf|| = (1/h̄)

√
2mEkin sin θ and the parallel momentum

component is conserved in the photoemission process, i.e.
kf || = ki||.

A visual inspection suggests that Fig. 1(e) can
be transformed into Fig. 1(f) by Sfy(kfx, kfy) →

Sfy(kfx,−kfy), which is indeed confirmed by a quan-
titative standard deviation analysis, see Section SI of the
Supplemental Material. This can be explained by the
symmetry operation (1/2 +x,−y, 1/2 + z) of the Pmn21
space group, assuming (e) and (f) are measured on adja-
cent terraces. Here the 1/2+z operation indicates switch-
ing into the adjacent layer/terrace. Reciprocal methods
such as ARPES are insensitive to lateral shifts of the en-
tire lattice and therefore the 1/2 component in the 1/2+x
operation can be ignored when considering the symme-
tries of ARPES. This means that SARPES maps from
adjacent terraces are connected by the My mirror oper-
ation. Since in our geometry neither the s-polarized nor
the p-polarized light is breaking the My mirror plane,
this leads to My{SD1

fy (kfx, kfy)} = SD2
fy (kfx,−kfy) for

our ARPES maps from adjacent terraces D1 and D2
(Fig. 2(b)).

Figure 2(d) shows that surface state on surface B is
primarily localized within the first two WTe2 monolay-
ers. One can also recognize a complex orbital structure
of the surface state, with different orbital orientations
contributing within the first and the second WTe2 layers
indicating radical breaking of the My mirror symmetry.
Approximate shapes of pz orbitals on Te atoms and dz2

on W atoms can be recognized, however, they are not
perfectly aligned along the z axis.

Figure 3(a-h) presents one-step model calculations of
the spin-polarization from WTe2 at our experimental
parameters, and at the theoretical KKR binding en-
ergy EB = 0.15 eV that best matches the experimental
Fermi level (see Section SIII of the Supplemental Mate-
rial for details). For both the p- and s-polarized light and
for both the free-electron final state (FEFS) and time-
reversed (TR) LEED final states, the Sfy ARPES spin
textures exhibit broken My symmetry, unlike in the ini-
tial state map in Fig. 2(c), but in qualitative agreement
with the experiment. Considering the system of a sample
together with an incident light, for s-polarized light the
Mx symmetry of the WTe2 is conserved, because in this
case the E field of the light is along the y axis, leading
to Sfy(kfx, kfy) = −Sfy(−kfx, kfy). For the p-polarized
light Mx is broken due to E being within the xz plane.

Fig. 3 (i-m) theoretically explore the parameter space
for p- and s-polarized light. While the asymmetry effect
is firmly confirmed, for both polarizations it strongly de-
pends on photon and binding energies. Furthermore, in
contrast to experiment, at the experimental parameters
its magnitude is predicted to be smaller for p-polarized
light than for s-polarized light.

Discussion.— The origin of the spin-filtering effect
can be understood within the tight-binding (TB) for-
malism taking into account the FEFS matrix element
w(kfx, kfy, kfy) = 〈eikf ·r|ψi(kix, kiy, r)〉 [29, 30], where
ψi is the initial surface state eigenfunction with an eigen-
value (binding energy) EB . Assuming a system of N or-
bitals |j〉 at positions rj we can write ψi(kix, kiy, r) =
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FIG. 3. One-step-model calculation of spin polarization Sy

(a-d) p-polarized and (e-h) s-polarized light. (a), (c), (e) and
(g) show pure spin polarization, while (b), (d), (f), and (h) are
weighted by photoemission intensity. For (a-b) and (e-f) the
FEFS was used, while for (c-d) and (g-h) the TR-LEED final
state was used. (i-k) depict the magnitude of Sy at 3 momenta
S1-S3 indicated in (b), solid lines are for p-polarized light, and
dashed lines in (j) and (l) are for s-polarized light. (i) and (j)
show the dependence on photon energy for the FEFS and TR-
LEED final states, respectively. (k) shows the dependence on
the off-normal light incidence angle. (l) shows the dependence
on binding energy for the momenta indicated in (m), where
TR-LEED maps (with p-polarized light) at several binding
energies are shown. For convenience the dashed lines in (a),
(c), (e), and (g) indicate the location of the surface state.

∑N
j=1 Cj |j〉δ(r − rj). The FEFS matrix element is es-

sentially a Fourier transform and therefore different sites
rj will lead to phase shifts eikf ·rj . Since within the TB
formalism only discrete sites rj are considered, the ma-
trix element will have a form of a sum w(kfx, kfy, kfz) =∑N

j=1 e
ikf ·rjCj |j〉.

Relating to squares S1 and S3 in Fig. 3(b), for a pe-
riodic system, probing initial parallel momenta kiS1 =

(kix, kiy) and kiS3 = (kix,−kiy) by ARPES requires
measuring electrons emitted along kfS1 = (kix, kiy, kfz)
and kfS3 = (kix,−kiy, kfz). For a particular pho-
ton energy hν, kfz can be determined through |kf | =
(1/h̄)

√
2mEkin, where Ekin = hv −W − EB and W is

the work function, making the model hν-dependent.
Since atomic sites are positioned such thatMy is bro-

ken, this will lead to different rj-derived phase shifts in
〈eikfS1·r|ψi(kiS1, r)〉 and 〈eikfS3·r|ψi(kiS3, r)〉. One can
show that in a generic case this leads to different spin
polarizations for the two emission directions, kfS1 and
kfS3, despite equal initial state polarizations Siy(kfS1)
and Siy(kfS3), as discussed earlier. A full derivation of
this interference model for the minimal case of 2 orbitals
on 2 different sites, that is lengthy but elementary, is
presented in Section SIV of the Supplemental Material,
while the complex orbital structure (Fig. 2(d)) forbids
writing a realistic TB model of WTe2. The existence of
the asymmetry for s-polarized light (Supplemental Mate-
rial Fig. S4) is in agreement with the interference model
and points out that the effect is not related to breaking
of the Mx mirror plane by the p-polarized light.

Fig. 3(i-m) illustrates sensitive dependence of the
SARPES spin texture on various parameters. Impor-
tantly, the predicted effect at the experimental param-
eters (p-polarized light, hν = 6 eV, light incidence an-
gle 80◦) is small, which calls for further improvement of
the theoretical description that is critical in establish-
ing whether WTe2 realizes a Weyl type-II phase. These
improvements can include further exploring correlation
effects [14], and structural changes [18, 31] and relax-
ations, which can lead to significant renormalization of
the electronic structure and orbital character of the sur-
face states.

In this spirit, we propose that establishing initial state
spin textures experimentally shall involve iterative opti-
mization of the agreement to the initial state and one-
step model calculations, exploring the parameter space
such as in Fig. 3(i-m). Experimentally this is currently
challenging, but might be feasible using the new genera-
tion spin detectors [32, 33].

Following the above arguments, we propose that
spin asymmetries as observed here shall be present
in SARPES from every surface that exhibits spin-
momentum locked spin-polarized bands and lacks the
mirror plane perpendicular to one of the lateral direc-
tions. Previously similar effects have been studied theo-
retically, but not directly discussed, for topological insu-
lators [30] and Rashba systems [34].

The presented effect is different from the interference
photoemission models for the generic orientation of the
light polarization [35], since these models do not take
into account phase shifts in matrix element due to dif-
ferent locations of atomic sites. Spin filtering in photoe-
mission through ultrathin ferromagentic layers has been
discussed previously [36], however, the effect in WTe2 is
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different since it does not involve time-reversal symmetry
breaking in the initial state. Conversely, a filtering due
to non-magnetic overlayers on magnetic substrates has
also been studied [37], which is again different from the
effect discussed here, since it involves a modification of
the initial band structure.

Summary.— Low crystal symmetry of WTe2, which
is responsible for its exotic transport properties, leads to
emerging asymmetries in the SARPES spin textures. We
have characterized spin textures in the photoelectron en-
semble from WTe2 surfaces excited by the 6 eV continu-
ous wave laser light. Despite the overall high asymmetry,
the spin textures of adjacent terraces are connected by
the My mirror symmetry operation. Results have been
obtained using a novel SARPES machine that enables 2D
mapping of the spin textures with reduced instrumental
asymmetries. The modulation of the photoelectron spin-
polarization can be interpreted as the geometry-induced,
light-polarization-independent spin filtering effect which
can be modeled qualitatively within the free-electron fi-
nal state photoemission model with the 〈eikf ·r|ψ(k, r)〉
matrix element.

These results are the first demonstration of the sur-
face spin texture of WTe2 over the extended momen-
tum range, and demonstrate a new aspect of a non-
trivial connection between the initial state band struc-
ture properties and the photoelectron constant energy
reciprocal space maps. Similar effects are expected in
other quantum materials where a corresponding experi-
mental geometry can be established. A more complete
picture could be obtained by combining circular-dichroic
and spin-texture ARPES maps which could address the
orbital character of the participating states towards the
identification of the transport-relevant Berry curvature
hot spots. In this way, our results call for future research
to establish a possible connection to the spin transport
of hot electrons inside the crystal, through the interfaces,
and through the surface barrier.
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