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Odd-even layer-number effect of valence-band spin splitting in WTe,
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When a crystal becomes thin to the atomic level, peculiar phenomena discretely depending on its layer
numbers (n) start to appear. Here, we investigate the electronic band dispersions of multilayer WTe, (2-5 layers),
by performing laser-based microfocused angle-resolved photoelectron spectroscopy on exfoliated flakes sorted
by n. We observe that the holelike valence bands start to cross the Fermi level when the number of layers
is increased from 2- to 3 layers, which should be related to the insulator-semimetal transition, as well as the
30-70-meV spin splitting of valence bands manifesting in even n as a signature of stronger structural asymmetry.
Our result fully demonstrates the possibility of the large energy-scale band and spin manipulation through the

finite-n stacking procedure.
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Two-dimensional (2D) materials science based on
transition-metal dichalcogenides (TMD) has been actively
pursued following the discovery of graphene [1]. One of the
fundamental and fascinating phenomena is the spin-valley
polarized state that gives rise to a variety of Berry-curvature
related properties in monolayers of 2H-type group-VI TMD
semiconductors such as WSe, [2-7]. This occurs as a
consequence of the C; inversion-symmetry breaking which
couples the spin and the valence-band valley degrees of
freedom at the K point via the spin-orbit interaction. Since the
layer stacking of 2H-TMD is antiphase with 180° rotation,
the spin-valley polarization cancels out in bulk, but appears
as the curious even-odd layer-number (n) effect when it
becomes atomically thin [7-9]. In general, similar effects are
expected in systems with antiphase stacking. Here, we focus
on T;-WTe; [10,11] as another example. Figure 1 shows the
characteristics of 7;-WTe, compared to 2H-WSe;. Tq-WTe,
monolayer is characterized by the network of edge-sharing
WTeg octahedra, which is often classified as 17 - or Cdl,-type
in the TMD family [Fig. 1(a)]. However, bulk WTe, differs
from the usual 17-TMD in that it has the antiphase layer
stacking associated with the strong anisotropic distortion
of the octahedral network. To show the framework of this
peculiar stacking, Fig. 1(b) presents a significantly simplified
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schematic of WTe, along the yz (mirror) plane, by ignoring
any intralayer distortion beyond D3;; symmetry. The orange
triangles represent the orientation of Te triangular networks.
In this model, the monolayer has inversion symmetry, but
this is lost in the bilayer due to the antiphase stacking
[12]. This is the opposite behavior to that of 2H-WSe, as
shown in Figs. 1(c) and 1(d), and different type of even-odd
layer-number dependence can be expected in WTe;.

WTe; is also known as a material whose physical property
exhibits a distinctive variance from bulk towards monolayer.
Bulk WTe; actually has a complicated structure (space group
Pnm?2,) with z-axis polarity, unlike the above-mentioned sim-
plified picture. It is a charge-compensated polar semimetal
[13] and had been predicted as a type-II Weyl semimetal
[14-16]. In contrast, mono- and 2-layer WTe, are reported
as insulators with small band gaps [17-19]. Particularly, the
monolayer WTe, is known as the 2D quantum spin Hall
insulator [20,21]. Regarding the crystal structure, although
the monolayer WTe; is centrosymmetric, z-axis polarization
appears in n > 2 multilayer WTe, which is associated with
the alternative y shifts of C, axes on stacking [see the “re-
alistic” case in Fig. 1(b)] [18,19,22-27]. Thus, the point
group of multilayer WTe, becomes C; irrespective of n [12].
This inversion-symmetry breaking leads to unique phenomena
such as the nonlinear anomalous Hall effect [22,24—27] and
the ferroelectric switching related to Berry-curvature dipole
[18,27]. Furthermore, the even-odd layer-number dependence
in the ferroelectric switching was theoretically predicted [12],
and recently experimentally demonstrated in the 3- and 4-
layer WTe, [27]. These studies on WTe, have been mostly
done by comparing the transport properties on microde-
vices with the band calculations. We should note that band
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FIG. 1. (a) The octahedral coordination for the T'-type transition-metal dichalcogenides, side view of the bulk crystal structure of 2H-WTe,,
and top views of the adjacent WTe, layers. The transparent orange triangles indicate the orientation of Te triangular networks. (b) Left three
panels: Side views of the simplified schematic models for 1-3-layer WTe, where the structural asymmetry within the monolayer is ignored
[14]. The black block and orange triangles represent each unit of the WTe, layer and the orientations of Te triangular networks within a layer.
The cross markers (x ) represent the C, axes. Right panel: A schematic model for the realistic crystal structure of 3-layer WTe,. The open-circle
markers (o) indicate the “C, axes” within each WTe, layer, which shift slightly along y directions. (c) The prismatic coordination for the H-type
TMDs and the side and top views of 2H-WSe, are shown in the same manner as in (a). (d) Schematics of the spin-valley coupled electronic
structure for monolayer WSe, and the spin-degenerate electronic structure for 2-layer WSe, because of the recovery of inversion symmetry.

calculations are making great progress, and a variety of meth-
ods are used for atomically thin flakes. Still, there are many
difficulties specific to flakes: the lack of structural informa-
tion, the computational cost of handling the finite-size slabs,
and so on. Thus, the experimental clarification of the band
structures is highly desired for thoroughly understanding the
n-dependent properties and the effect of stacking.

In this work, we prepared the series of graphene-
encapsulated WTe, flakes ideally sorted by layer numbers
and clarified the electronic band structures in 2—5-layer WTe,
by using the laser-based microfocused angle-resolved photoe-
mission spectroscopy (u-ARPES) system. It clearly revealed
the insulator-semimetal transition realized between the 2- and
3-layers which agrees well with the transport properties [6],
and the striking even-odd effect in the n dependence of the
spin-band splitting.

Figure 2(a) shows an optical microscope image of a typ-
ical sample. The encapsulation by the graphene protects the
surface from degradation while transporting [19,28]. Layer-
number n of WTe, flakes were first distinguished by image
analysis [29-31], which were further confirmed by the ob-
tained ARPES spectra. The upper panels in Fig. 2(c) show
the 2-5-layer WTe, flakes (depicted by white frames) used to
obtain the corresponding ARPES images in the lower panels,
respectively. As n increases, the number of the bands clearly
increases. Figure 2(d) shows the energy distribution curves
(EDCs) at k, = 0 for 2-5-layer WTe,. From the number of
the bands in the energy range of —0.15 to —0.45 eV, we
can determine n as it corresponds well with the quantized

eigenstates. From this we can confirm that the 2—5-layer WTe,
flake samples are successfully prepared and separately mea-
sured by u-ARPES [32].

First, we focus on the electronic structures near the
Fermi level (Eg). Figures 3(a)-3(d) show the ARPES im-
ages for 2-5-layer WTe,. Here, the k, axis corresponds
to the I'-X direction, where the semimetallic characters
with hole- and electron bands are most well observed in
bulk WTe, [13-16,33,34]. Band hybridization and/or folded
replica bands that may arise from graphene encapsulation
have not been observed in their momentum regions. In these
figures, we can clearly distinguish the n-dependent evolu-
tion of the holelike band dispersions around k, ~ —0.2 A‘l,
seemingly varying from being fully occupied (n = 2), nearly
touching Er (n = 3), to apparently crossing Er (n = 4 and 5).

In 2-layer WTe,, the valence-band maximum is located
at I', and energy position is estimated to be —28(10) meV,
where the intensity is weak. We note that the holelike flat-
band feature around k, ~ —0.2 A-! and —35 meV is in a
good agreement with the previous ARPES result [19]. For
comparison, we show in Fig. 2(e) the result of band cal-
culation utilizing the Heyd-Scuseria-Ernzerhof (HSE) [35]
hybrid functional (red curves) overlaid with that of the
Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA-PBE) [36] (dashed blue curves). Although the holelike
bands around —0.2 A~! are more dispersive than those ex-
perimentally obtained, the observed small band gap (60-110
meV) between the electron-like (above Eg) and the holelike
band (below Ef) is suitably reproduced by the HSE calcula-
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FIG. 2. (a) Optical microscope image of the fabricated
graphene/WTe,/graphite/h-BN  heterostructure ~ sample.  (b)
Schematic of the fabricated sample. (c) Upper panels: The
optical microscope images of the 2-5-layer WTe, flakes (white
frames) used for ARPES. The red bars represent the 10-mm length.
Lower panels: Obtained ARPES images for 2-5-layer WTe,. The
makers (¢) indicate the positions of the intensity peaks at k, = 0 [see
(d)]. (d) EDCs at k, = 0 presented for 2-5 layers.

tion (~40 meV), in contrast to GGA-PBE. HSE calculation
shows good agreement with the ARPES result, indicating that
the effect of graphene encapsulation (e.g., band hybridiza-
tion, strain effect, etc.) is not seriously strong in the present
case. Thus, our result indicates that 2-layer WTe, belongs
to the gapped insulator phase. To experimentally detect the
possible electron-like band above Eg, we further performed
ARPES at room temperature [Fig. 3(f)]. Dividing by the 300
K Fermi-Dirac distribution function allows us to visualize the
electronic structures above Ep. Figure 3(g) shows the EDCs
extracted from the ARPES image in Fig. 3(f), with respective
peak positions plotted by markers. In the k, = 0 — 0.2 A~ re-
gion, the dispersion of the valence-band edge appears around
30-60 meV below Eg, whereas the contribution of the electron
band bottom shows up around k, = —0.2 to —0.27 A~! region
at ~50 meV above Ef.

To similarly discuss 3-layer WTe,, we show in Figs. 3(h)
and 3(i) the band calculation (HSE and GGA-PBE) and
the ARPES image combining the data taken with the p —
(ky < —0.25 A‘l) and s-polarized (k, > —0.25 10\") lights,
respectively. The electron band appears stronger with p-
polarization setup because of the matrix-element effect.
Figure 3(j) shows the EDCs extracted from the ARPES image
in Fig. 3(i), with the markers indicating the peak positions.
Atk, = —0.32 and —0.36 A, faint but finite ARPES inten-
sities [o in Fig. 3(j)] show up near Ef, as compared to the
k., > —0.28 Al region [32,37]. It corresponds to the bottom
of the conduction band crossing Er [o in Fig. 3(i)]. The HSE
calculation for 3-layer WTe, [red curve in Fig. 3(h)] also well

reproduces such overlaps of the electron- and hole bands at
Er. Our ARPES results thus confirm that HSE better repro-
duces the near-Ef electronic structure at least for n = 2, 3. It
also shows that the insulator-semimetal transition is realized
between 2- and 3 layer, being consistent with the transport
property [17].

Now we present the n-dependent spin splitting of valence
bands. Figures 4(a)-4(d) show curvature plots [37] for the
ARPES images of the 2-5-layer WTe; along k, corresponding
to Fig. 2(c) for better visualization. Here, we focus on the
energy range of —0.15 to —0.5 eV. On the right side (k, > 0),
the peak positions of ARPES intensities estimated from the
EDCs and the momentum distribution curves (MDCs) are
plotted with markers * and ¢, respectively. When the spin
splitting is small, it is hard to determine whether the spec-
tral peak consists of single or double components. In such
a case we place a marker at the peak position estimated by
assuming a single component, together with a bar whose ends
represent the peak positions estimated by assuming double
components. The obtained band dispersions are then indexed
from the lower-energy side as #i (i = 1—n). As we can see
in Figs. 3(a)-3(d), the bands in 2- and 4-layer WTe, clearly
exhibit the notable band splitting. This can be regarded as the
strong evidence for inversion-symmetry breaking which lifts
the spin degeneracy through the spin-orbit interaction. In con-
trast, 3- and 5-layer WTe, exhibit small or indetectable band
splitting as shown in Figs. 4(b) and 4(d). Such clear even-odd
effect in the n dependence is what we naively expected in
Fig. 1(b). Nevertheless, we should note again that the real
multilayer WTe, has more complicated structures with the
noncentrosymmetric point-group symmetry C; commonly for
n > 2. Thus, we need careful and quantitative discussion
beyond the symmetry arguments.

Here we compare the experimental result with the GGA-
PBE slab calculation that can fully handle 2—-5-layer WTe,.
Figures 4(e)-4(h) show the calculated band dispersions, with
the red-blue colored weights indicating the spin polarizations
along y (S,, left side) and z (S, right side). As increasing n,
the number of valence bands also correspondingly increases.
When we focus on the S, and §; components as well as
the band splitting, there are certain quantitative differences
between the even- and odd-n cases. One is that the spin
splitting obtained in even n is apparently larger than those
in odd n. Another difference is found in the spin component
of the band dispersions showing the splitting. For example,
when we look at bands #1,2 for 2-5-layer WTe,, the main
spin component is predominantly S, for 2- and 4 layer, while
it rather appears in S, for 3- and 5 layer. Similar trends are
also confirmed for many other bands #i. In general, the spin-
orbit interaction works as an effective magnetic field that is
perpendicular to the potential gradient and to the momentum
of electrons [7,38]. It thus indicates that on the k, axis, Sy- and
S, components are, respectively, induced by the local potential
gradient along z and y in the crystal structure. In the even-n
cases, the S, polarization should be arising from the in-plane
potential of the Te triangular network, whereas in odd-n cases
this effect is weakened. The result of GGA-PBE calculations
thus suggests that the characteristics of the potential gradient
associated with the spatial asymmetry alternately changes as n
is increased, resulting in the even-odd effect in the n. The HSE
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FIG. 3. (a)-(d) ARPES images near the Er for 2-5-layer WTe,. (¢) Band calculations on 2-layer WTe, obtained by using the GGA-PBE
(blue dashed curves) and HSE hybrid functional (red solid curves). (f) ARPES image for 2-layer WTe, taken at room temperature. (g) EDCs
extracted from the ARPES image for 2-layer WTe, in (f). The red (blue) markers represent the positions of the intensity peaks for the valence
(conduction) bands, and the error bars represent the uncertainty of the peak position. (h) Band calculations for 3-layer WTe, in the same
manner as in (e). (i) ARPES image for 3-layer WTe, presented by combining the data using p- and s-polarized lights. (j) EDCs extracted from
the ARPES image for 3-layer WTe, in (i). The red-filled (blue-empty) circle markers indicate the positions of the intensity peaks for valence
(conduction) bands, and the error bars represent the uncertainty of the peak position.

calculation on 2- and 3-layer WTe, also shows the similar
trend [32]. We note that the calculations performed here use
the WTe, slab models with the atomic coordinates fixed to
those in the bulk crystal [11]. It thus rules out any influences
related to atomic relaxations or reconstructions. Our result
suggests that the peculiar antiphase stacking of WTe, [see
Fig. 1(a)] should be playing the dominant role on the even-odd
effect of the spin splitting, through the structural asymmetry
as reflected in S, and §..

Finally, to demonstrate the n-dependent spin-band splitting
more quantitatively, we focus on the EDCs at k, = —0.1 A~
as shown in Fig. 4(i). The markers, horizontal bars, and the
band indices #i are given in the similar manner as those in
Figs. 4(a)-4(d). The two-peak structures for bands #i can
be separately observed for even-n samples, whereas they are
hard to discern in odd-n cases. In Fig. 4(j), the energies
of the band splitting estimated from the separation of these
peak positions in Fig. 4(i) are summarized (solid circles )
with those similarly obtained by GGA-PBE calculations at
ke =—0.1A"" (open circles o). The values of band splitting
in 2- and 4-layer WTe, are mostly spreading in the range of
20-70 meV, whereas those in 3- and 5 layer are limited within
the range of 0-30 meV except for the calculated band #1 in
n = 5. This result clearly shows the peculiar even-odd effect
in n-dependent band splitting, and the larger spin splitting
with the out-of-plane spin S, component in even .

To summarize, we investigated the n-dependent band struc-
tures in few-layer WTe,. We observed that the holelike bands
cross the Fermi level between 2- and 3 layer, suggesting the
insulator-semimetal transition consistent with the previous
transport measurements. Furthermore, we found the strong
even-odd n dependence of the spin splitting in ~70-meV
scale, originating from the in-plane potential gradient of Te
triangular network. It successfully demonstrates the finite-n
effect appearing in the antiphase stacking system and raises
the possibility of the large energy-scale band and spin manip-
ulation through the finite-n stacking procedure.
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FIG. 4. (a)—(d) Images obtained by the curvature analysis [37] for the ARPES images of 2-5-layer WTe, shown in Fig. 2(c). Symbols ¢
and ¢ represent the peak positions obtained by fitting the EDCs and the momentum distribution curves (MDCs), respectively. (e)—(h) Band
calculations along the k, direction by using GGA-PBE. The slab structures consist of using the atomic coordinates of the bulk crystal [11]
without any relaxations. The band dispersions in k, < 0 and k, > 0 are indicated by the color of the spin y- and z components (S, and S),
respectively, according to the color scale on the right of panel (h). The spin axes are defined by the orthogonal axes (xyz) shown in Fig. 1(a). (i)
EDCs atk, = —0.1 A~! for 2-5-layer WTe,. (j) n dependence of the energy of the band splitting obtained by the ARPES () and the calculation
(o). The inset represents that the energy of the spin splitting is estimated at k, = —0.1 A~'. Markers (+) represent the peak positions estimated
by assuming a single component, together with a bar whose ends represent the peak positions estimated by assuming double components.
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