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Two-dimensional transition-metal dichalcogenide (TMDs) MoTe, has attracted much attention due
to its predicted Weyl semimetal state and a quantum spin Hall insulator in bulk and monolayer
form, respectively. We find that the superconductivity in MoTe, single crystal can be greatly
enhanced by the partial substitution of the Te ions by the S ones. The maximum superconducting
temperature T of MoTe; ¢Sy, single crystal is about 1.3 K. Compared with the parent MoTe,
single crystal (T =0.1K), nearly 13-fold in T is improved in the MoTe; §S¢» one. The supercon-
ductivity has been investigated through the resistivity and magnetization measurements.
MoTe, .Sy single crystals belong to weak coupling superconductors and the improvement of the
superconductivity may be related to the enhanced electron-phonon coupling induced by the S-ion
substitution. A dome-shaped superconducting phase diagram is obtained in the S-doped MoTe,
single crystals. MoTe, ,Sx materials may provide a new platform for our understanding of

superconductivity phenomena and topological physics in TMDs. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4947433]

The layered transition-metal dichalcogenides (TMDs)
materials, named MX,, where M is a transition metal (Ta,
Mo, and W) and X is a chalcogen (S, Se, and Te), have
attracted continued interest owing to their rich physical prop-
erties and promising potential applications.'™'° For example,
artificial van der Waals heterostructures with high on/off cur-
rent ratio in TMDs are promising as an active channel for
next-generation devices.” Topological field-effect transistors
based on quantum spin Hall (QSH) insulators are another
type of device.” At the same time, charge-density waves and
superconductivity have also been observed in TMDs.'”
Particularly, a dome-shaped superconducting phase diagram
is observed in a gate-tuned MoS, device, and a pressure-
driven superconducting state was also observed in non-
magnetic WTe, TMD.*°

Predicted as a new type-II Weyl semimetal (WSM) can-
didate, MoTe, has recently attracted much attention. WSMs
were classified into two categories: type-I Weyl semimetals
and type-II Weyl semimetals. For the type-I Weyl semime-
tals, such as the TaAs class, a point like Fermi surface
at type-I Weyl point (WP) was found. As for the type-II
Weyl semimetals, WPs occur in the boundaries between the
electron pocket and hole pocket.”_13 As we know, MoTe,
crystalizes into three different phases: 2H, 1T, and T4 ones.
The 2H phase shows a semiconducting behavior. On the
other hand, the 1T" and T4 phases present semi-metallic and
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exhibit pseudo-hexagonal layers with zig-zag metal chains.
The T4 compound can be obtained by cooling the 1T phase
down to 245K.>'"* The T, phase of MoTe,, which is iso-
structural to WTe,, is predicted to be a WSM candidate.’
Very recently, the Tq-MoTe, is reported to be a supercon-
ductivity with Tc=0.1K. The small applied pressure can
dramatically enhance the T, and a dome-shaped supercon-
ducting phase diagram under the applied pressure is
observed.® The MoTe, thus opens a door to the study of the
interaction of topological physics and superconductivity in
the bulk materials. The superconductivity can be greatly
enhanced by the applied pressure in the MoTe, bulk crystal,
indicating that the T4-MoTe, may be also sensitive to the
chemical pressure induced by the ion substitution. Therefore,
in this paper, we did the partial substitution of Te ions by S
ones in the MoTe, single crystal. The enhanced supercon-
ducting temperature T¢ is then observed, and the maximum
of the T in MoTe, 3Sy, single crystals is about 1.3K. A
dome-shaped superconducting phase diagram is obtained in
MoTe,_,S, single crystals, and the possible reasons of the
enhanced superconductivity will be discussed. The
MoTe,_,Sy materials may open a new avenue to understand
the superconductivity phenomena and topological physics in
TMDs.

MoTe, and MoTe, ,S; (0<x<1) single crystals were
grown by the chemical vapor transport method using poly-
crystalline MoTe, and MoTe, .S as raw materials and I, as
a transport agent. Some experimental and calculated details
can be found in the supplementary materials.”' Electron

Published by AIP Publishing.
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diffraction and scanning transmission electron microscopy
(STEM) experiments were performed in the JEOL ARM200F
equipped with double aberration correctors and cold field
emission gun operated at 200kV.

MoTe, crystallizes into three different phases, as shown
in Figs. 1(a)-1(c). In 2H phase, the Mo atom has trigonal
prismatic coordination with the Te atoms. The 1T’ phase
(space group P2;/m), which is also called the f-phase, is a
monoclinic lattice and is stable at room temperature. The Tq4
phase (space group Pmn2;) is an orthorhombic lattice, and
the 1T’ one is a slight sliding of the layer-stacking of the Ty
phase. We selected the MoTe S » single crystal as a typical
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FIG. 1. (a)~(c) The crystalline structure of 2H, IT, and T, structures of
MoTe,; (d) XRD patterns of the MoTe; gSy, single crystal measured on the
(001) surface. The inset presents the picture of the single crystal used for
this study. The size is approximately 3 x 1 x 0.5; (e) and (f) the electron dif-
fraction patterns of MoTe; gSo, single crystal taken along the [001] and
[010] zone axis directions, respectively; (g) the ABF-STEM image of the
MoTe; S0, single crystal taken along the [010] zone direction, with the or-
ange and cyan spheres representing the Te/S and Mo ions, respectively. The
scale bar is 1 nm.
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sample to perform further experiments. Figure 1(d) shows
the X-ray patterns of MoTe, gSq ., single crystals along [001]
direction. We performed the powder X-ray studies of the
crushed MoTe, gSq, single crystals. However, we found that
the X-ray data can be well fitted based on the orthorhombic
or monoclinic symmetry, as shown in Fig. S1.! It is hard for
us to distinguish the structure of the MoTe; §Sg, single crys-
tal at the room temperature. We also carried out TEM char-
acterization of the MoTe; 3S,, single crystal. As shown in
Fig. 1(e), the diffraction spots on the [001] selected area
electron diffraction (SAED) pattern can be well indexed by
the orthorhombic or monoclinic symmetry. However, the
SAED pattern (Fig. 1(f)) and annular bright field (ABF)
STEM image (Fig. 1(g)) taken along the [010] zone axis
direction demonstrate evident structure difference compared
with the previously reported orthorhombic or monoclinic
structure. It is recognized that the MoTe(S)Xg octahedral are
much less distorted.

In order to compare the lattice parameters of MoTe, and
MoTe, gSg, single crystals, we also performed the XRD
analysis of the crushed MoTe, single crystals. Figure S2
shows the result of the calculated XRD patterns. The calcu-
lated lattice parameters of the crushed MoTe, and
MoTe; Sy » single crystals and the reported MoTe, ones are
summarized in Table SI of the supplementary material.>!' In
addition, in order to get more structural information on the
MoTe,_,Sy single crystal, we also performed the Raman
experiments. As shown in Fig. S3, except for the MoTeS sin-
gle crystal (changing into 2H phase), all another crystals
show similar Raman signals at room temperature. The tem-
perature dependence on Raman spectra of the MoTe, single
crystal is shown in Fig. S4. It seems that it is even more diffi-
cult to explain the phase transition from present Raman
experiments. Thus, we still cannot give the information on
the structure of the S-doped MoTe, crystals, and further
experiments are needed in the future.?'

Figure 2(a) shows the evolution of the resistance as a
function of temperature p(7T) in a MoTe; gS» single crystal
down to 0.35 K. For the MoTe, single crystal, we performed
the measurement down to 2K under the cooling and warm-
ing modes. As shown in Fig. 2(a), an anomaly with a hyster-
esis in the p(T) of MoTe, single crystals is observed, which
is associated with the first-order structural phase transition
from the 1T’ phase to Ty phase around 240K and is consist-
ent with the previous findings.*'* We applied the Fermi-
liquid model p(T) = po +AXT?, in which po and A are the
residual resistivity and a constant, respectively, to the curve
below 50 K, as shown in the left inset of Fig. 2(a). The model
analysis yielded the residual resistivity po of 1.36 x 10~* Q
cm and the coefficient A of 0.00238 uQ) cm, indicating
Fermi-liquid-like behavior for MoTe, single crystal. For the
MoTe; Sy, single crystal, as shown in the right inset of Fig.
2(a), a clear zero-resistivity behavior is observed around
1.3K. We measured the p(7T) under the applied magnetic
field H=0.5T, and the zero-resistivity temperature moves to
0.7K, indicating that superconductivity may occur in the
MoTe, gSp» single crystal. On the other hand, we also find
that there exists the minimum of the resistivity around
Tmin=8K before the superconducting transition in
MoTe, gSo» single crystal, which is similar to the transport
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FIG. 2. (a) The temperature dependence of resistivity of the MoTe, (warm-
ing and cooling modes) and MoTe; gSo, single crystals. The left inset
presents the fitting result according to the Fermi liquid theory. The middle
inset shows the minimum of the resistivity p,,;, with a larger scale. The right
inset presents the temperature dependence of resistivity of the MoTe; gS¢»
single crystal under H=0T and 0.5T at the low temperature. (b) The tem-
perature dependence of magnetization of the MoTe; gS, single crystal with
ZFC and FC modes under H= 10 Oe. The left inset presents the temperature
dependence of magnetization under a large scale around the T¢. The right
inset shows the magnetic field dependence of magnetization at 7= 0.5 K.

properties of the WTe, single crystal under the applied high
pressure.” The presence of the minimum of resistivity may
be related to the structural abnormalities induced by the sub-
stitution of Te ions by S ones in the MoTe, gS¢; single crys-
tal. Figure 2(b) presents the temperature dependence of
magnetization M(T) with the zero-field and field cooling
(ZFC and FC) modes under an applied magnetic field of
10 Oe. The diamagnetic signal, in other words, the supercon-
ducting transition, can be obviously seen at T = 1.3 K in the
left inset of Fig. 2(b), which is in good agreement with the
resistance measurements. The calculated shielding supercon-
ducting volume fraction at 0.5 K is about 60%, indicating the
bulk superconducting behavior of the MoTe gSp, single
crystal. The magnetization as a function of magnetic fields at
0.5K is shown in the right inset of Fig. 2(b). The clear
hysteresis is observed, which indicates a typical type-II
superconducting behavior of MoTe; gSg, single crystals.
Compared with the parent MoTe, (T¢=0.1K), nearly 13-
fold of the superconducting temperature is observed in the S
doped MoTe Sy » single crystal.

The temperature dependence of specific heat Cp also
provides more information about the normal state properties.
Figure 3 shows the temperature dependence of the heat
capacity Cp of the MoTe, and MoTe; 3S, single crystals at

Appl. Phys. Lett. 108, 162601 (2016)
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FIG. 3. T? dependence of Cp/T of the MoTe, and MoTe, gS » crystals under

zero field. The solid lines show the heat capacity data fitting with the equa-
tion Cp/T =y + BT°.

60

H =0 above T¢. Cp/T varies almost linearly with T%. The
Sommerfeld constant yy is obtained from the fit Cp/
T=yy+ BT (yy and B are T-independent coefficients),
where yy is the normal-state electronic contribution and f is
the lattice contribution to the specific heat. The fitting results
yield 7y =3.06mJ mol ' K™% and f=0.758 mJ mol ' K*
for the MoTe, single crystal and yy=2.07mJ mol ' K2
and =0.635mJ mol™! K™* for the MoTe, S, one,
respectively. The resulting DOS at Fermi surface N(Ey) are
1.33 states/eV and 0.88 states/eV for the MoTe, and
MoTe, Sy, single crystals, respectively. The Debye temper-
ature ®p, can be determined from the coefficient of the 7°
term f=N(12/5)n*ROp >, where R=8.314J mol~ ' K™'
and N=3 for the MoTe, and MoTe, 3Sp, single crystals.
The Debye temperatures @p are 135K and 143K for the
MoTe, and MoTe, §Sy, single crystals, respectively. All the
fitting results are summarized in Table I. An estimation of
the strength of the electron-phonon coupling (EPC) can be
derived from the McMillan formula'*-'®

1.45T,
1 —1.04
K n( Op )

1.45T¢

D

ey

Aep =

1.04+ln< )(l —0.62u")

By assuming the Coulomb pseudopotential u* =0.1, the
EPC constant 4,, is estimated to be 0.32 and 0.49 for MoTe,
and MoTe; ¢Sy, single crystals, respectively. The calculated
EPC show that both of MoTe, and MoTe, 3S,, single crys-
tals are weak coupling superconductors.'> Because the N(Ey)

TABLE 1. The physical properties of MoTe, and MoTe; gSp, single
crystals.

Parameters Units MoTe, MoTe; S
Tc K 0.1 1.3

y mJ mol 'K 2 3.06(1) 2.07(1)

[ mJ mol 'K ~* 0.758(1) 0.635(1)
N(EF) (exp.) States/eV 1.3(1) 0.88(1)
o) K 135(1) 143(1)
Jeap 0.32(1) 0.49(1)
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of the MoTe, single crystal is larger than that of the
MoTe, §Sp, one, the improvement of the superconductivity
in the MoTe, §S» single crystal cannot be explained accord-
ing to the variation of DOS of Fermi surface N(Er) and it
may be related to the enhancement of the EPC by the S-ion
substitution.

In order to study the superconducting evolution with
S-doping level, we also grew the MoTe, ,S, (0 <x <1) sin-
gle crystals and studied its electrical transport properties. All
the zero-resistivity temperature 7, the minimum tempera-
ture of the resistivity Tp,;,, and the structural phase transition
temperature T vs the doped S contents x are summarized in
the T-x phase diagram shown in Fig. 4. The structural phase
transition temperature T is defined from the p(7T) data and
similar to that of the MoTe, single crystal,"* as shown in the
inset of Fig. S5(a).”' Note that the Ts anomaly slowly
increases with the little S-doped content x, then decreases
rapidly as x increases. And the T disappears at x =0.18. For
the superconducting temperature T, it increases nearly line-
arly up to a maximum 7= 1.3 at x=0.2, as shown in Fig.
$6.2' From this maximum temperature, the T begins to
decrease as x increase, with the transition eventually disap-
pearing at x=0.37. Thus, a dome-shaped superconducting
phase diagram is obtained for the MoTe,_,S, single crystal.
For the S doped MoTe,_,S crystals, the lower S-doping at
Te sites can sharply increase in T, which is concomitant
with the enhancement of structural transition. Then, the T
still increases slowly; however, the T decreases and disap-
pears eventually as x increases, which is similar to the results
from the applied pressure in the MoTe, single crystal.® On
the other hand, when the content x is larger than 0.18, which
is in accord with the content where the structural phase
disappears, the minimum of resistivity T,,;,, emerges and
increases slowly with the x. Ty, then tends to a constant
value when the x is larger or equal to 0.37. For x equals 1,
the crystal presents 2H phase and shows a semiconducting
behavior, as shown in Fig. S3 and $5.2! However, we did not
get the single crystals when x is larger than 1, which means
the solution limit of S ions may be x =1 in the MoTe,_,S
single crystals, the XRD patterns of the MoTe,_,Sy crystals
except for x=0 and 0.1 are shown in Fig. $8.%!

To understand the enhanced superconductivity in the
MoTe, S, single crystals, we did the first principle

350

| MoTe, S
300
—— T (from p)

250 ;__/—0\. =T,
£ —8—T %2 (from p) -
~ 4 -
\% 30
~

S; =
g
r ~—
0 Sy ) .
0.0 0.2 0.4 0.6
X

FIG. 4. The superconducting phase diagram of the MoTe, .Sy single crys-
tals. SC presents the superconductivity.
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calculations. In order to simulate the S-doping effect, we
substitute one Te atom in MoTe, unit cell by one S atom,
i.e., the doped MoTe;,4S,,4 was theoretically considered. The
results show that the general gradient approximation (GGA)
slightly overestimates the lattice parameters of MoTe, with
1T and Ty structures compared with those obtained from
experiments (see Table SI in the supplementary material; the
difference is less than 2% (Ref. 21)). For the MoTe7/4S;/4
sample, we test the cases that the S atom locates at four
inequivalent Te-sites in the unit cell, respectively. By com-
paring the total energies, we found both in 1T and T struc-
tures, the S atom tends to replace the Te atom for forming
the shortest Mo-Te bond. As expected, the S subtitution
makes the structures shrinking. Figure S7 shows the calcu-
lated DOS for MoTe, and MoTe7,4S /4 with 1T" and Ty struc-
tures. For the MoTe,, our calculation is well consistent with
previous calculations.'’*" One can note that in both struc-
tures, S doping rarely changes the overall structure of DOS.
S doping slightly increases the bandwidths, which should be
due to the enhaced p-d hybridization in the shrinked struc-
tures. In both structures, the DOS at Er (N(Er)) decreases
upon S doping, as shown in Fig. S5(c). It is in good agree-
ment with the results from the Cp measurements. That is, the
value of Sommerfeld constant yy of MoTe, gS¢, crystals is
lower than that of MoTe,. Therefore, the decreased N(Ef)
does not support the S-doping induced superconductivity
ehancement in the 1T" and Ty structures, which is consistent
with the experimental results. The real structure of our
experimentally prepared MoTe, S, crystals might be differ-
ent from 1T and T4, which needs to be further investigated
both via experimental methods and theory caculations.

Now, we turn to the EPC strength 4,,. As we know, the
EPC strength /., for a material can be qualitatively
expressed as

I2\N,(E
)%’P = Z < ]x&y<a()§>p) I (2)

where the (I2), M,, and (w?) are the mean square EPC matrix
element averaged over Fermi surface, atomic mass, and aver-
aged squared phonon frequency of the o th atom in the unit
cell, respectively.'®2° We can simply compare the variations
of (I2),M,, {»2) and N(Ep) of MoTe, and those of
MoTe, ¢S, crystals. As we know, the S ions are lighter than
the Te ones, so the M, of MoTe, gS, single crystal (332.03 g/
mol) is smaller than that of the MoTe, one (351.14 g/mol).
Meanwhile, the Debye temperature ®, is in proportion to the
phonon frequency (w2) and that of the MoTe,gSg, crystal
(®p=143K) is little larger than that of MoTe, one
(®p=135K). So, the denominators M,(w?) of MoTe, and
MoTe, gSq, crystals may be close. Let us pay attention to the
numerator, the N(F) of the MoTe;gSp, single crystal
(N(F)=0.88 states/eV) is just 67% of that of the MoTe, one
(N(F)=1.33 states/eV), indicating that the mean square EPC
matrix element averaged over Fermi surface (I2) of the
MoTe, gS¢.» single crystal should be much larger than that of
MoTe, one. The ECP strength 4., of MoTe; gS¢ (4., = 0.49)
is over one and half times than that of MoTe, (4., =0.32).
Thus, we propose that the improvement of superconductivity

in MoTe; gSp, single crystal may be related to the dramatic
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change or reconstruction of the Fermi surface in the new struc-
ture induced by the substitution of Te ions by the S one.
Nevertheless, the further exploration of superconductivity in
MoTe, ,Sy from both experimental and theoretical perspec-
tives is needed in the future.

We find that the superconductivity in the MoTe, single
crystal can be greatly enhanced by the partial substitution of
the Te ions by the S ones. The maximum of the supercon-
ducting temperature T, of the MoTe; gS(, single crystal is
about 1.3 K. Compared with the parent MoTe, single crystal
(T¢=0.1K), nearly 13-fold in T is improved in the
MoTe; gSp» one. The superconductivity has been investi-
gated via the resistivity and magnetization measurements.
MoTe, ,Sx single crystals belong to weak coupling super-
conductors, and the improvement of the superconductivity
may be due to the enhanced EPC induced by the S-ion
substitution. A dome-shape superconducting phase diagram
is obtained in the S-doped MoTe, single crystals. The
MoTe,_,Sy materials may provide a new platform to under-
stand the interplay between the superconductivity and topo-
logical physics in TMDs.
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