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The discovery of phase changings in two-dimensional (2D) materials driven by external stimuli not only helps to
understand the various intriguing phases in 2D materials but also provides directions for constructing new functional de-
vices. Here, by combining angle-resolved photoemission spectroscopy (ARPES) and in-situ alkali-metal deposition, we
studied how alkali-metal adatoms affect the electronic structure of T4-WTe, on two different cleaved surfaces. We found
that depending on the polarization direction of the cleaved surface, the alkali-metal deposition triggered two successive
phase transitions on one surface of WTe,, while on the other surface, no phase transition was found. We attributed the
observed phase transitions to a TdelT’ —Tyg, structural transition driven by an alkali-metal induced sliding of WTe; layers.
By comparing the band structure obtained in different structural phases of WTe,, we found that the evolution of band struc-
ture across different phases is characterized by an energy scale that could be related to the degree of orbital hybridization
between two adjacent WTe; layers. Our results demonstrate a method that manipulates the surface structure of bulk 2D
materials. It also builds a direct correlation between the electronic structure and the degree of interlayer misalignment in

this intriguing 2D material.
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Two-dimensional (2D) transition-metal dichalcogenides
(TMD) are a large family of materials that attract great in-
terest. Their rich and highly tunable physical properties make
them promising materials for both applications and fundamen-
tal studies.['"®! For TMD materials, the lattice structure is a
critical characteristic. For example, 2H-MoTe, is an indirect
gap semiconductor, >3 while Ty-MoTe, was proposed to be
a type-II Weyl semimetal.[*>! 2H-Ta$S, is a typical charge-
density-wave (CDW) material with a 3 x 3 lattice period,®]
while the period of CDW in 1T-TaS, changes to V13 x \/ﬁ,
leading to the emergence of an intriguing insulating ground
state with possible Mott and spin liquid properties.!’~")

The close correlation between the lattice structure and
electronic properties makes the discovery of phase changings
in TMD materials important. In certain TMD materials where
the energy difference between two structural phases is small.
The phase changing from one structure to another would
change the electronic properties of materials drastically.[!9-16]
For example, in MoS,/MoTe;, it was found that the 2H-1T or
2H-1T’ phase transition could be induced by carrier injection,
tensile strain, laser irradiation, thermal annealing, etc.[11-16]
Such phase transitions driven by external stimuli change the

electronic property of MoS;/MoTe; from semiconducting to
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metallic, which is shown to have great potential in various ap-
plications such as field-effect transistors, memory, neuromor-
phic computing, etc.[!1-13]

Unlike other 2D TMD materials whose thermodynami-
cally stable structures are normally 1T or 2H, the lattice struc-
ture of bulk WTe; is a Tq phase.'”) Each WTe, layer has a
1T’ structure, which can be viewed as a distorted 1T structure
with a 2 x 1 dimerization. The Tq4 phase is then an orthorhom-
bically stacking of the 1T’ WTe; layers. Due to its unique
lattice structure, intriguing topological and electrical proper-

[18-221 Non-saturating mag-

ties have been found in T4-WTe;.
netoresistance was observed in Tq-WTe; up to 60 T, which
was explained as a perfect complementation of electrons and
holes in this system.!'"®! It was later proposed that the bulk
WTe, with Ty structure is a type-II Weyl semimetal exhibit-
ing eight type-II Weyl points near the Fermi energy (Ep).!!"]
More intriguingly, the inversion symmetry breaks in the Tq4
phase, making T4-WTe; one of the few 2D materials exhibit-
20211 Ferroelectric switching driven by an
Such fer-

roelectric switching was explained as a Tgy—1T'-Tg phase

ing ferroelectricity. !
electric field was found in few layers T4-WTe,.

changing due to an interlayer sliding of WTe; layers driven

by electrostatic doping.[*?!
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Here, we studied the electronic structure of Tyq-WTe; us-
ing angle-resolved photoemission spectroscopy (ARPES) and
in-situ alkali-metal deposition. We showed that although the
itinerant electrons in bulk T4-WTe, screen the external elec-
tric field, phase changing could still be induced by alkali-metal
deposition in the surface layers of bulk T4-WTe,. With the in-
crease of alkali-metal deposition, on the sample surface with
the polarization direction pointing upward (Tg4), we observed
two successive transitions of electronic structure which could
be attributed to the Tgy—1T" and 1T'~Tg structural transitions.
On the sample surface with the polarization direction pointing
downward (Tq;), no transition was found. Our results high-
light alkali-metal deposition as a practical method that manip-
ulates the surface structure of bulk TMD materials. Further-
more, our data delineate the detailed evolution of electronic
structure across the three different phases of WTe,. We found
an energy scale in the band structure that could be related to
the degree of interlayer misalignment in Tyg-WTe,. Our re-
sults establish a correlation between the interlayer structure
and electronic structure, which could be helpful for under-
standing the phase changes in TMD materials.

High-quality single crystals of T4-WTe, were synthesized
using chemical vapor transport (CVT) method.!*3] Pure W
powder and Te power were mixed together with the trans-
port agent WClg in a ratio of 0.93 : 2 : 0.07, and then the

compound was sealed in a quartz tube. The quartz tube was
put in the two-zone furnace with thermal gradient between
800 °C and 900 °C for 168 h. Then the furnace was switched
off and cooled down to room temperature. ARPES measure-
ments were performed at Peking University using a DA30L
analyzer and a helium discharging lamp. The photon energy
of helium lamp is 21.2 eV. The overall energy resolution was
~ 12 meV and the angular resolution was ~ 0.3°. The crys-
tals were cleaved in-sifu and measured in vacuum with a base
pressure better than 6 x 10~!! mbar. The experimental temper-
ature was set to 80 K. The EF for the samples were referenced
to that of a gold crystal attached to the sample holder by Ag
epoxy. The alkali-metal deposition was performed in-situ us-
ing a SAES potassium dispenser. The working current was set
to be 6 A. For each deposition step, we only kept the potas-
sium evaporator at the working current for 31 s to achieve a
fine doping step, and then took ARPES spectra. We calcu-
lated the Fermi surface volume based on the measured band
crossings. According to Luttinger’s theorem, the amount of
electrons deposited each step is estimated to be 7 x 10* elec-
tron per unit cell. Assuming each potassium atom donates one
electron, each deposition step increases the alkali-metal cov-
erage by 7 x 10~ ML. The total alkali-metal coverage used
here is estimated to be ~ 0.012 ML.
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Fig. 1. Electronic structure of two different cleaved surfaces of Tq-WTe;. (a) Lattice structure of the topmost three layers of T4-WTe, with the
polarization direction (P) pointing upward (T4;). (b) Fermi surface mapping taken on the T4y sample surface (face A). (c) Energy-momentum
cut and (d) its second derivative image taken along the X—I" direction. The cut position is illustrated in (b) using a red dashed line. (e) Lattice
structure of the topmost three layers of Tyq-WTe, with the polarization direction pointing downward (Tg)). (f)—(h) are the same as (b)—~(d) but

taken on the Tqy sample surface (face B). All data were taken at 80 K.

The lattice structure of Tq-WTe, is an alternate stacking
of 1T'-WTe, layers with each layer rotating by 180° [Figs. 1(a)
and 1(e)]. The space group of Ty-WTe; is Pmn2;.!'” The in-
version center of the second WTe; layer is misaligned with the

inversion center of the first and third WTe, layers [Figs. 1(a)

and 1(e)], which breaks the inversion symmetry of the whole
material. As a result, the bulk T4-WTe, has two different
cleaved surfaces with the polarization direction pointing up-
ward (T4p) and downward (Tq)). These two cleaved surfaces

can also be viewed as the front and back of the sample. In our
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experiments, depending on the sample mounting directions,
we could observe two different electronic states [Figs. 1(a)—
1(h)] corresponding to the electronic states on the Tgy and Ty
sample surfaces (faces A and B), respectively. At the I point,
a flat band (&) is observed at ~ —60 meV on face A [Figs. 1(c)
and 1(d)], while it shifts to ~ —25 meV on face B [Figs. 1(g)
and 1(h)]. Away from I, an ellipse-shaped electron pocket is
observed at ~ 0.4 A~! on face A. Meanwhile, a surface state
(ss) that connects the hole-like band and the electron band bot-
tom could be clearly observed. [24-271 [ contrast, on face B, the
surface state disappears. The electron band shifts upward and
the electron pocket shrinks [Figs. 1(g) and 1(h)]. Our data are
consistent with previous ARPES studies on Tyq-WTe,,[2>-27]
which confirms the existence of two different electronic states
on the front and back surfaces of T4-WTe,. It has been shown
that the inhomogeneous strain may also lead to the observa-

tion of different electron states on the sample surface of Tq4-
WTe,.[?8] However, for our experiments, the diameter of the
beam spot of our helium discharging lamp is around 0.7 mm,
which means that our data reflect the electronic state in the
major area of the cleaved surface. The photoemission signal
from the minor area of the sample surface where the inho-
mogeneous strain may exist cannot be observed in our exper-
iments. Furthermore, we found that the electronic state we
observed is mostly depending on the sample mount direction,
but not depending on the sample cleavage. Similar data were
observed repeatedly in different samples (see supplementary
material for details). Therefore, our data are better explained
as the different electronic states on the front and back surfaces
of Tq-WTe, with different polarization directions. The effect

of inhomogeneous strain is less relevant here.
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Fig. 2. Doping dependence of the electronic structure on two different cleaved surfaces of Tq-WTe;. (a) Doping dependence of the second
derivative image of the energy-momentum cut taken along the X—I" direction on face A. The deposition sequence is denoted using Dn. DO
refers to the pristine sample. (b) is the same as (a) but taken on face B. To check the spectral images taken in other dopings, see supplementary
material for details. (c) Doping dependence of the energy-distribution-curves (EDCs) taken at the I” point on face A. The position of the EDCs
is illustrated in (a) using a black dashed line. Red dashed lines illustrate the energy shift of the o band position. (d) is the same as (c) but taken

on face B.

We then studied how the surface deposition of alkali-
metal affects the electronic states on two different cleaved sur-
faces of Tq-WTe,. We repeated the same deposition proce-

dure several times. We use Dn to denote the deposition se-

quence. As shown in Fig. 2, the doping dependent data taken
on faces A and B behave very differently. We use the o band
at the I point as a reference. The energy position of the o

band can be extracted from both the minimum value of the
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second derivative images [Figs. 2(a) and 2(b)] and the peak
position of the EDCs [Figs. 2(c) and 2(d)]. On face A, we
observed two abrupt changes of the o band position during
the doping process. The & band first moves gradually towards
higher binding energy with the increase of alkali-metal depo-
sition. This is expected as the alkali-metal deposition dopes
electrons into the sample surface. However, at D6 and D11,
the o band shifts abruptly towards E. It is worth noting that
for each doping step, the deposition time and measurement
procedure were kept the same. Moreover, the abrupt changes
of the o band position were observed reproducibly on differ-
ent samples. Therefore, the non-monotonic energy shift of the
«a band cannot be attributed to the desorption of alkali-metal
or the degradation of the sample surface. Our observation in-
dicates that the alkali-metal deposition drives two successive
phase transitions of electronic state on face A. In contrast to
the transitions observed on the Ty sample surface, the evo-
lution of the electronic state on face B is continuous. The o
band shifts monotonically towards higher binding energy with
the increase of alkali-metal deposition.

For the convenience of our discussion, we name the three
different phases observed on face A phase Al, A2, and A3 re-
spectively, and the electronic phase observed on face B phase

B [Figs. 2(c) and 2(d)]. We then compare the band structure
observed in different phases in Fig. 3. In phase A1 [Fig. 3(a)],
four bands could be resolved near ~ —0.3 A~1, including two
electron-like bands (& and ¥), one hole-like band (), and one
surface band (ss). The inflection point of ss is at ~ 20 meV
below Ep. The inflection point of f8 is at ~ —120 meV, which
is below the y band bottom. When entering the phase A2
[Fig. 3(b)], depending on the band shift direction, the observed
low-energy bands of Tq-WTe, can be divided into two groups.
0 and 7 shift towards higher binding energy. The ¥y band bot-
tom shifts to ~ 120 meV below Eg. However, for the  and
ss bands, they shift towards the opposite direction. The ss
band moves closer to Eg. The inflection point of S shifts to
~ —100 meV which is now above the y band bottom. We
could use the energy separation between the ss and y bands at
—0.3 A=! (AE) to describe the relative energy shift between
the two groups of bands. When the system transits from phase
Al to A2, AE increases significantly. However, when entering
phase A3 [Fig. 3(c)], AE declines. The two groups of bands
shift towards each other. The inflection point of the ss band
shifts back to ~ 20 meV below Eg. The inflection point of
and the band bottom of y are now very close, which is mani-
fested as one broad peak in the EDCs [Fig. 3(d)].
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Fig. 3. The band structures taken in different electronic phases of alkali-metal deposited Tq-WTe,. (a) Second derivative image of the energy-
momentum cut taken along the X—I" direction on face A. The bottom panel illustrates the band dispersions extracted from the second derivative
image. The data were taken in the phase Al in the pristine sample (D0). (b) and (c) are the same as (a) but taken in phases A2 and A3 in D6 and
D18 samples, respectively. (d) Doping dependence of the EDC taken at —0.3 A~" on face A. The red circles illustrate the band positions of 3
and ss. The blue translucent lines are the guides to the eye to illustrate the band positions of y. (e), (f), and (g) are the same as (a) but taken on
face B in DO, D10 and D18 samples, respectively. (h) is the same as (d) but taken on face B.
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For the phase B on the Ty sample surface [Figs. 3(e)—
3(h)], the electron-like bands 6 and 7 shift monotonically to-
wards higher binding energy. The inflection point of 3 is close
to the v band bottom. The surface band ss is above Ef in the
undoped sample [Fig. 3(e)], and thereby cannot be observed. It
shifts below Ef at D4 and then moves monotonically towards
higher binding energy with the increase of alkali-metal depo-
sition. No abrupt change of AE was observed in the doping
dependence of band structure taken on face B.

Based on the analyses of the bands near I" and —0.3 A~!,
we confirmed that the alkali-metal deposition triggers two
successive phase transitions on the Ty sample surface,
while no phase transition occurs on the Tq; sample sur-
face. Alkali-metal deposition has been widely used in ARPES
studies.!?°=2] It has been shown that the alkali-metal adatoms
could generate a vertical electronic field that penetrates into
the sample surface.l3!-*?1 If only the surface layers were con-
sidered, the alkali-metal deposition could cause an electro-
static doping effect similar to the gating electronic field that

is applied on thin films. Therefore, we could attribute the ob-
served two phase transitions to the Tg—1T'~Tg; ferroelectric
switching observed in few layers Tg-WTe,.[>?l As shown in
Fig. 4(a), the spontaneous polarization of the Ty sample sur-
face competes with the electronic field generated by the alkali-
metal adatoms. With the increase of alkali-metal deposition,
the flip of polarization direction occurs between the first and
second WTe, layers. The polarization of T4-WTe, originates
from the misalignment of the two adjacent WTe, layers.?]
Therefore, the polarization flip could be achieved by a relative
sliding between the first and second WTe, layers. As a re-
sult, the inversion symmetry of the topmost three WTe; layers
recovers. The stacking structure of the topmost three WTe,
layers changes from Tyy to 1T'. With further doping of al-
kali metal, the polarization flip occurs between the second and
third WTe, layers. Together with the sliding of WTe, lay-
ers, the stacking structure of the topmost three WTe, layers
changes from 1T’ to Ty, .
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Fig. 4. Phase changings in the alkali-metal deposited Tq-WTe;. (a) Schematic drawing of the interlayer sliding that may occur on the Ty sample
surface with alkali-metal deposition. The orange and yellow blocks illustrate the topmost three WTe; layers. The red and blue arrows illustrate
the polarization directions. (b) is the same as (a) but for the Ty, sample surface. (c) Doping dependence of the energy separation between ss and
yat —0.3 A~ (AE) calculated based on the doping dependence data taken on face A. Schematic drawings of different stacking structures are
illustrated. (d) is the same as (c) but calculated based on the data taken on face B. The error bars were estimated based on the spectral broadness

of the EDCs and the second derivative images.

The T4;—1T'-Tq4; phase changing scenario explains well
the doping dependence data observed here in alkali-metal de-
posited Tg-WTe,. First, the structural transition, especially the
transition of stacking structure in TMD material is normally
a first order transition.*3 This is consistent with the abrupt
change of band positions observed in Figs. 2 and 3. Second,
the Tg;—1T'-Tq; phase changing is driven by the competi-
tion between the spontaneous polarization field of Tq-WTe;
and the electronic field generated by the alkali-metal adatoms.

This explains well the absence of phase transition on the Ty
sample surface, where the spontaneous polarization field and
the alkali-metal generated electric field are in the same direc-
tion. Third, if we treat the alkali-metal deposited surface as
an infinitely large charged plate, according to Gauss’s theo-
rem, the electric field generated by the alkali-metal adatoms
at D6 is around 0.17 V/nm, which is of the same order of
magnitude as the gating electronic field that drives the Tgy—
1T’ transition in few-layers WTe,.[?% Fourth, if one compares
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the band structures taken in phases A3 and B [Figs. 3(c) and
3(g)], it would be found that their band structures are nearly
identical. This is consistent well with the ferroelectric switch-
ing scenario [Figs. 4(a) and 4(b)]. Due to the switching of
polarization direction, with sufficient alkali-metal deposition,
the stacking structures of the topmost three layers on faces A
and B would eventually become identical. It is worth noting
that considering the probe depth of APRES and the penetra-
tion depth of the alkali-metal induced electric field, a minimal
model that considers only the topmost three WTe, layers is
reasonable. However, we cannot exclude the possibility that
the phase changing might involve more WTe, layers near the
sample surface. Further experiments are required to confirm
how the stacking structure changes in the surface layers of
alkali-metal deposited Tq-WTe,.

The ability to drive the phase changing of material in-situ
enables us to study how the change of stacking structure af-
fects the electronic structure of WTe,. The 1T’ phase is not a
thermodynamically stable phase for bulk WTe,.34 1T'-WTe,
could only be found at high temperature. Our data show that
the alkali-metal deposition triggers a polarization flip in the
surface layers of Tq-WTe,, which provides an effective way to
realize 1T’ phase of WTe, at low temperature. While Tq-WTe,
is a Weyl semimetal, 1T’-WTe; is topologically trivial due to
the recovery of inversion symmetry. In the early ARPES stud-
ies on Ty-WTe,, it has been proposed that the surface state
connecting the hole and electron pockets is topologically non-
trivial.[?*?8] The surface state was attributed to the Fermi arc
that connects the two Weyl points. However, later band cal-
culations showed that the surface state observed by ARPES
could be topologically trivial. The surface state was found
in the band calculations with and without the Weyl points. >
Here, we show that the surface state could be observed in 1T’-
WTe, [Fig. 3(b)]. Our result thus confirms that the surface
state connecting the hole and electron bands in Tq-WTe; is
topologically trivial.

In Fig. 3, we show that the bands near —0.3 Al could
be divided into two groups. They shift oppositely during the
Ty to 1T’ phase transition. We then calculated the energy
separation between ss and y at —0.3 A~! (AE) and plotted
its doping dependence in Figs. 4(c) and 4(d). We found that
AE is closely related to the stacking structure of WTe;. The
Tyt stacking of WTe; layers has the lowest AE (~ 55 meV),
while for the Ty stacking of WTe, layers, AE increases to
~ 80 meV. The highest AE is found in the 1T’ stacking of
WTe; layers. Its value reaches up to ~ 105 meV. According to
the band calculations, the orbital characters of the low energy
bands of WTe, are complex. 3! Many orbitals are involved in-
cluding d 2, p;, di;, and p, orbitals. When the relative sliding
of two adjacent WTe; layers occurs, the interlayer overlapping
of orbitals changes. Depending on the different shapes of or-

bitals, the change of interlayer overlapping could be strongly
orbital-dependent, which might lead to the band-dependent en-
ergy shifts observed here in the Tgy—1T'—Ty, phase transitions.
We note that the 1T’ stacking of WTe;, layers pushes the two
groups of bands away from each other, causing a much higher
AFE than that of the T4 stacking of WTe, layers, which may
explain the structural instability of 1T’-WTe;. To understand
quantitatively the relation between the stacking structure and
AFE, further theoretical studies are required. Nevertheless, we
show that the band structure of WTe, could be modulated by
adjusting the degree of misalignment between two adjacent
WTe, layers. In Tyq-WTe,, the type and number of the Weyl
points are directly correlated to the band positions.!'”! Tt is
then intriguing to further study how the sliding of WTe, layers
away from their balanced positions affects the topological and
physical properties of Tq-WTe,.

In summary, utilizing ARPES and in-sifu alkali-metal de-
position, we studied alkali-metal induced phase changings on
two cleaved surfaces of T4-WTe,. We show that the alkali-
metal deposition triggers a Tg—1T'~Tg4; phase transition on
the Tyy sample surface of bulk WTe;. The alkali-metal de-
position could be viewed as an effective gating field, induc-
ing an electronic field that penetrates into the surface layers of
bulk materials. Our results highlight the alkali-metal deposi-
tion as an effective method that could manipulate the surface
character of bulk TMD materials. The alkali-metal deposi-
tion could be used to manipulate other low-dimensional ma-
terials with spontaneous internal polarization, such as h-BN,
rhombohedral-stacking WSe;, Tq-MoTe,, etc.29381 It is also
intriguing to study the effect of hole dopants such as oxygen
absorption. If an electronic field with opposite direction could
be induced by the hole dopants, the switching of polarization
direction may be observed in T4-WTe; on face B instead of
face A. Furthermore, the ability to trigger the structural tran-
sitions in-situ enables us to study how the change of stacking
structure affects the electronic structure of TMD materials. We
found that the energy shifts of bands across the structural tran-
sition are strongly band-dependent. The energy separation be-
tween certain bands could be used as an energy scale that char-
acterizes the degree of misalignment between the WTe, lay-
ers. With the recent discoveries of rich phenomena in twisted
bilayer or trilayer two-dimensional (2D) materials, %% the
understanding of the interlayer physics of 2D TMD materials
becomes increasingly important. Our results provide exper-
imental clues to understand how the form of stacking or the
interlayer sliding could affect the electronic structure of 2D
TMD materials.
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