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By using scanning tunneling microscopy, we investigated the electronic evolution of 73-WTe; via in-situ surface alkali
K atoms deposition. The Ty-WTe, surface is electron doped upon K deposition, and as the K coverage increases, two gaps
are sequentially opened near Fermi energy, which probably indicates that two phase transitions concomitantly occur during
electron doping. The two gaps both show a dome-like dependence on the K coverage. While the bigger gap shows no
prominent dependence on the magnetic field, the smaller one can be well suppressed and thus possibly corresponds to the
superconducting transition. This work indicates that Ty-WTe, exhibits rich quantum states closely related to the carrier

concentration.
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1. Introduction

Layered transition metal dichalcogenides (TMDs) fam-
ily exhibits various quantum states, such as spin density wave
(SDW) state, !} charge density wave (CDW) state, 12! super-
conducting (SC) phase, *! two-dimensional (2D) quantum spin
Hall (QSH) state,!* and three-dimensional (3D) topological
semimetal (TSM) state.>~") Tuning the superconducting tran-
sition in topological materials provides a promising way to
search for the topological superconductors, and quite a few
methods have been developed towards this target. For in-
stance, superconductivity in topological materials can be re-

[10-13] atom

alized by elements substitution,®°! high pressure,
intercalation, '*~1%1 gating, [20-24] proximity effect,[>>->"! point
contact, 28321 egc,

As a particular example, Ty-WTe; hosts the type-I1I Weyl
semimetal state in the bulk and undergoes superconduc-

(5,15

tivity transition via atomic intercalation>'>! or under high

[10.11.33] 1t has initially attracted extensive research

pressure.
attention because of the giant unsaturated magnetoresistance
that is possibly caused by the perfect compensation of electron
and hole pockets at the Fermi level. [34-38] 1 ater on, it was also
predicted and confirmed as the type-II Weyl semimetal in the
bulk>-*%-#11 and quantum spin Hall state in the monolayer!*+?]
respectively. Regarding to the mechanism of superconducting
transition in WTe;, several mechanisms have been proposed,
such as the quantum phase transition!'? caused by the recon-

struction of Fermi surface, the increased electronic density at
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Fermi level!!!! caused by the lattice compression under high
pressure, and the possible pressure-induced structural transi-
tion from Ty to 17’ phase.33! For the case of electron doping
induced superconductivity, it was theoretically indicated that
the softening of phonons with the specific momentum, the rel-
evant enhanced electron—phonon coupling, and the Fermi sur-
face nesting may together drive the superconducting transition
of WTe,.[*3 It was suggested that electronic doping can in-
duce soft-mode phonon-mediated superconducting phase tran-
sitions and CDW phase transitions in WTe,.[?**3] Angle-
resolved photoelectron spectroscopy (ARPES) measurement
also observed two quantum phase transitions in WTe, induced
by surface electron doping.!**! To date, the detailed electronic
evolution during electron doping in T3-WTe; is still experi-

mentally elusive.

In this study, we focused on the surface electronic dop-
ing in WTe; induced by in situ surface deposition of K atoms,
and fully characterized the evolution of its electronic struc-
tures, via the measurement of local density of state (LDOS)
near Fermi energy, by using scanning tunneling spectroscopy
(STS). We found that electron doping induces two electronic
phase transitions in WTe; and opens two energy gaps respec-
tively. The first (larger) energy gap may be related a bosonic
quantum phase transition, and the second (smaller) energy
gap may correspond to the superconducting phase transition.
Moreover, both of the energy gaps show a dome-shape depen-

dence on the level of electron doping.
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2. Experimental methods

Single crystal WTe, was grown by chemical vapor trans-
port (CVT) method, the detailed growth conditions can re-
fer to the literature.3) After loading into the ultrahigh vac-
uum chamber (base pressure of 1 x 10~1° mbar), the pristine
WTe, surface was obtained by in-situ cleaving the WTe; sin-
gle crystal at room temperature. The cleaved surface qual-
ity was checked by STM. The K atoms were deposited on
After K
deposition, the sample was immediately transferred back to

the clean WTe, surface kept at low temperature.

the STM stage for scan without annealing. Scanning tunnel-
ing microscopy/spectroscopy (STM/STS) measurements were
performed at liquid helium temperature (~ 4.2 K) with a com-
mercial scanning tunneling microscope (Unisoku, USM1300).
STM topographic images were acquired under the constant
current mode, and STS dI/dV spectra were taken with a lock-
in amplifier and a typical ac modulation of ~ 1-10 mV at

(b)

REARAAALA

963 Hz.

3. Results and discussion

T4-WTe; is a typical layered van der Waals material, and
its bulk form is in the 7y phase with an octahedral structure, a
distorted 1T phase, as illustrated in Fig. 1(a). The STM topo-
graphic image taken on the cleaved pristine WTe, surface, as
shown in Fig. 1(b), gives clearly the positions of the topmost
Te atoms. The STS spectrum, as shown in Fig. 1(c), indicates
that there exists the residual intensity at the Fermi energy, con-
firming its semi-metallic nature, which is consistent with the

(4547 The characteristic bump at the

previous STM studies.
positive bias of +0.62 V, as marked in Fig. 1(c), can be used
as the reference to determine the level of electron doping.
The surface morphologies of WTe; after depositing dif-
ferent coverages of K atoms are shown in Figs. 2(a)-2(c),

and supplementary information. When the K coverage is low,

(c)

—— Clean WTe,

= 10

E

3

e

g

~ 5 -

= M
~

~

o

O-—FT——T——Tr—— 71—
—1.0 —0.5 0 0.5 1.0

Bias voltage (V)

Fig. 1. STM and STS results taken on the pristine 74-WTe; surface. (a) Atomic structure of bulk 73-WTe,. (b) STM topographic image (40 x
40 nm2) of the pristine T43-WTe, surface. U = +1.0 V, I; = 100 pA. Inset: the atomic resolution image (5 x 5 nm?). U = +5.0 mV, ; = 140 PA.
(c) d1/dV spectrum taken on the pristine surface of Ty-WTe; (set point: U = +1.0 V, I = 200 pA).
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Fig. 2. STM and STS results taken on the 7y-WTe, surface with deposited surface K atoms. (a)—(c) STM topographic images (40 x 40 nm?) at
the surface with the K coverages of ~ 0.05 ML, ~ 0.06 ML and ~ 0.09 ML, respectively. U = +1.0 V, I; = 100 pA. (d) dI/dV spectra taken on
the Ty-WTe, surface with various K coverages ranging from 0 to ~ 0.22 ML. (setpoint: U = +1.0 V, I; = 200 pA). The triangle in (d) is used to
mark the position of the characteristic bump as a reference to determine the Fermi level shift. (e) Statistical result showing the dependence of the

characteristic bump position on the K coverage.
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as shown in Fig. 2(a), the K atoms prefer to adsorb on the po-
sition between Te atomic chains, and are randomly distributed
on the surface. As the K coverage increases, the K atoms in
sequence form series of ordered structures, from the hexago-
nal arrangement at ~ 0.16 ML to the tetragonal at ~ 0.29 ML,
as shown in supplementary information. These ordered struc-
tures of K atoms show weak dependence on the lattice sym-
metry of the WTe, substrate. The STS spectra taken on these
surfaces with difference K coverages are shown in Fig. 2(d).
As the K coverage increases, the position of the characteristic
bump, as marked by the triangular arrow in Fig. 2(d), moves
systematically towards the left, indicating that the Fermi level
is shifted upward, and the electron doping indeed occurs at
the WTe; surface. Figure 2(e) summarizes the statistical re-
sults of the Fermi energy shift versus the K atom coverage, as
indicated by the position of the characteristic bump. A total
shift of ~ 285 mV was achieved within our experimental set
up. In the case of low K coverage, the electron doping is very
efficient since the characteristic bump moves greatly, while as
the K coverage increases, the electron doping gradually ap-
proaches a saturation. When the coverage of K atom reaches
to ~ 0.21 ML, the characteristic peak of STS spectrum does
not obviously change.

We measured the STS spectra in a small bias voltage to
investigate the electronic evolution at the Fermi energy. Fig-
ure 3(a) shows the STS spectra taken within £100 mV. A V-
shaped energy gap starts to appear near the Fermi energy at
the K coverage of ~ 0.05 ML, and is always kept as the K
coverage increases. This energy gap, namely, the first gap,

tively investigate the detailed evolution of the energy gap, we
took the STS spectra at a smaller bias voltage range within
£20 mV, as shown in Fig. 3(b). Surprisingly, as the K cover-
age increases to ~ 0.09 ML, a second energy gap of ~ 3.4 mV
starts to appear near the Fermi energy as well, which is smaller
than the first one. The peak positions of the two energy gaps
are marked by blue and red triangles in Figs. 3(b) and 3(c),
respectively. Two representative STS spectra are highlighted
in Fig. 3(c), to make a comparison between the case with only
the first and with both of the gaps. We point out that there
exists a slight variation in the STS spectra, which is possibly
due to the surface inhomogeneity of local electron doping, see
supplementary Fig. S3. By checking many STS data taken
on various locations of the WTe, surface, we identify that the
second feature is an energy gap instead of a kink or a hump.
But the second energy gap is not very obvious that is possibly
due to the thermal broadening at 4.2 K, a comparable temper-
ature to the expected T, for superconducting WTe,.[!>! Fig-
ure 3(d) summarizes the dependence of the two energy gaps
on the electron doping level (as indicated by the K coverage).
As the K coverage increases, the two energy gaps gradually
increase in size to reach a maximum at ~ 0.22 ML (the first
gap) and at ~ 0.16 ML (the second gap), respectively. As the
K coverage further increases, the two energy gaps decrease in
size, but are both persistent in the whole explored coverage
range. The two energy gaps show a dome-shape like depen-
dence on the K coverage, which is similar to the phase diagram
of WTe, superconductivity caused by high pressure and atom

is located right along the Fermi energy. To further quantita- intercalation.[!0:11:15]
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Fig. 3. Spectral evolution near the Fermi energy via surface K deposition. (a) STS dI/dV spectra taken within the bias range from —100 mV to +100 mV.
Setpoint: U = +100 mV, I; = 200 pA. (b) STS d/dV spectra taken within the bias range from —20 mV to +20 mV. Setpoint: U = +20 mV, I, = 200 pA.
The blue and red triangular arrows in (b) mark the peak positions of the first energy gap and the second energy gap, respectively. (c) Two representative STS
dI/dV spectra taken at K coverage of 0.05 ML and 0.11 ML, showing clearly the first energy gap and the second energy gap, as marked by blue and red
triangle arrows, respectively (d) Statistical result showing that the two energy gap sizes vary with K coverage.
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In order to unveil the physical nature of the two energy
gaps, we chose the Ty-WTe; surface covered by ~ 0.09 ML
of K atoms to explore the spectroscopic evolution under mag-
netic field. Figure 4(a) shows the STS spectra taken under
the various vertical magnetic field up to 9 T. To quantitatively
demonstrate the evolution of the second gap upon magnetic
field, we measured the intensities at the coherence peak and
zero bias, as shown in Fig. 4(b). In particular, the value of
the peak minus zero bias intensity, as shown by the red dots in
Fig. 4(b), shows a clear trend of decrease upon increasing the
magnetic field. There exists background variation outside the
two energy gaps, the origin of which is very complicated and
not the focus of this work. The background was subtracted

(a) 8]
& 64
=}
=]
o)
1=
2 4
S
o
~
% 9 Mafuigellldetic
—9T
6T
3T
1T
0 —0T
—20—-10 0 10 20

Bias voltage (V)

~

Relative intensity (arb. unis) &

in order to clearly identify the two energy gaps, as shown in
supplementary Fig. S2. The first energy gap shows no promi-
nent magnetic field-induced spectral change. In contrast, the
intensity of the coherence peaks for the second energy gap is
gradually suppressed upon the increase of the magnetic field.
We note that the right-hand side peak for the second gap is
difficult to identify due to the convolution with the first gap.
Meanwhile the STS intensity at zero bias is increased as well.
Even though a BCS fit to the energy gap would expectedly give
a reduced gap size under the magnetic field, we did not make
such a quantitative analysis because the gap is relatively small
comparing to the thermal broadening, and the error bar for the
fitting should be too large to be scientifically reasonable.

v A Zero conductance
v v Coherence peak intensity
= Relative intensity
v v
27 . v A
A . A
1 B
.
.
L]
- .
0 T T T T
0 3 6 9
B (T)

Fig. 4. Dependence of the STS d//dV spectra on the applied magnetic field. (a) STS d//dV spectra acquired at different magnetic fields.
(b) The dependence of coherence peak and spectral intensity at zero bias and their relative intensity on the magnetic field. The magnetic field is
perpendicular to the sample surface and the maximum magnetic field applied is 9 T. The dI/dV spectra were taken at the setpoint of U = +20 mV
and /; = 200 pA. The first and second energy gaps are marked by blue and red triangle arrows, respectively.

In the following, we discuss some other possible ori-
gins for this small energy gap. In addition to the supercon-
ducting transition, previous theoretical calculations indicated
that a CDW phase transition may be also induced by electron
doping, which requires more electron doping than the super-
conducting transition.[*3] But the case that a CDW gap usu-
ally does not change under the magnetic field is inconsistent
with our results. Previous ARPES measurement also indicated
two quantum phase transitions in WTe, upon surface electron
doping,!**! but neither of the two transitions would induce an
energy gap pinned at Fermi energy, inconsistent with our ob-
servation as well. A pseudogap may also appear concomi-
tantly, as a precursor of superconducting transition,*®! but the
pseudogap does not change with the magnetic field as well.
Therefore, we believe that it is most likely that the second en-
ergy gap corresponds to the superconducting transition. We
have to point out that to undoubtedly demonstrate the physical
nature of the first energy gap requires further extensive explo-
rations.

Previous ARPES study!**! has observed two nonmono-
tonic phase transitions in WTe, during the surface electron
doping. The first transition was tentatively interpreted by a

metastable shear displacement of the topmost WTe; layer, and
the second one by the coupling between alkali dopants and the
host through hybridization and the surface dipole electric field
generated by the positive K ions and negative WTe, electrons.
In our study, when the first gap opens, we did not observe a
shear displacement of the top WTe, layer, which would other-
wise cause the formation of a moire pattern. The electric field
of dipole formed by the ironized K atom and WTe; would re-
duce the single particle band gap, in contrast with our observa-
tion. Considering our observation that the energy gap has two
coherence peaks and symmetrically locate at the Fermi energy,
it must be a many-body gap. Even though the origin is not
clear, it is not likely an excitonic insulating gap which would
be enlarged at the presence of surface K dipole layer, because
the gap is robust against the surface electron doping, in con-
trast with the behavior of the excitonic insulator gap.!**! It is
also not excluded that the first gap corresponds to the bosonic
mode excitation, for instance the phonon mode as proposed
in modulating the superconductivity transition in monolayer
WTe,. Further extended work is required to unveil the nature
of the first gap.
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4. Conclusion

In summary, we realized the surface electron doping in
WTe, via deposition of alkali atoms, and accordingly tuned
the Fermi energy. Two energy gaps are formed sequentially
near Fermi energy as the electron doping increases. Even
though the origin of the first (large) gap is still not known, it
may correspond to a many-body state. The second (small) gap
can be suppressed by applied magnetic field, thus indicating a
superconducting gap. Both of the energy gaps show a dome-
like dependence on the level of electron doping, possibly sug-

gestive of the unconventional superconductivity mechanism.
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