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Uniaxial negative thermal expansion and band renormalization
in monolayer 7;-MoTe, at low temperature
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The temperature-induced structure variation and its effect on physical properties is pivotal in material
preparation for devices application. Motivated by surface scanning tunnel microscope (STM) measurement of
T,-MoTe, single crystal at low temperature, temperature dependent electronic structure, lattice dynamics, and
topological properties are explored to understand the microscopic origin of the observed anisotropic negative
thermal expansion and abnormal STM images below 70 K. Remarkably, we find that the nonequivalent Te
atoms in 7;-MoTe, have qualitatively different contributions to both phonon spectra and electronic structures.
The in-plane longitudinal acoustic mode and the Te(,, atoms are found to play an important role in uniaxial
negative thermal expansion and the temperature dependent electronic phase transition, respectively. Interestingly,
under the scalar relativistic approximation, a band renormalization occurs, accompanied by a Dirac phase
transition from type II to type I, upon cooling below 70 K. Introducing spin-orbit coupling induces a temperature
dependent semimetal-semiconductor transition. Our results explain the experimental phenomena very well:
abnormal surface STM image below 70 K does not originate from the displacement of the Te atoms but the

band renormalization owing to strong electron-lattice coupling.
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I. INTRODUCTION

Layered transition metal dichalcogenides (TMDs) MX,
(M =Mo, W; X =8, Se, Te) have attracted extensive research
interest for both fundamental research and technical applica-
tions, due to their intriguing physical properties, including
valley polarization effect [1-6], topological physics [7-19],
superconductivity [20-26], etc. MoTe, is a representative
two-dimensional (2D) TMD, since it is the only material
that can be grown in three crystalline structures: hexagonal
2H phase [27], the distorted monoclinic 17" phase [28], and
orthorhombic 7; phase [26]; see Appendix A for details. Each
phase has its unique electronic property. 2H-MoTe; is a typi-
cal semiconductor [29] and 17’-MoTe, is a semimetal [26].
When the temperature drops below 250 K, the monoclinic
1T’ phase will convert to an orthorhombic 7; phase with
the broken inversion symmetry [30] and superconductivity
[26]. Theoretical calculations predicted that the 7;-MoTe, is
a type-II Weyl semimetal [31], which is already confirmed
experimentally [17]. In addition, MoTe, can make structural
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phase transformation from the 2H phase to the 17’ phase
by laser heating, and therefore has potential application in
fabricating homojunction and phase change memories [32].

Recently, researchers discovered nonsaturating extremely
large magnetoresistance in WTe, and MoTe, [33,34], and
further “turn-on” phenomenon of magnetoresistance effect in
the bulk T;-MoTe, at low temperature [35]. In the process
of studying the turn-on phenomenon in 7;-MoTe,, Lu et al.
found that the surface scanning tunnel microscope (STM)
images show significant difference (see Appendix B) between
70 K and 7 K [35]. These indicate that surface MoTe, under-
goes temperature-induced electronic phase transition at low
temperature; meanwhile, a similar conclusion had been ob-
tained based on the abnormal change of carrier density
[36,37]. In sharp contrast to the intensive experimental stud-
ies, there is no theoretical investigation on this electronic
phase transition due to the difficulty in determining the crystal
structure and the corresponding electronic structures using
ab initio simulations.

Significantly, surface STM experimental measurement ob-
served that 7;-MoTe, exhibits anisotropic negative thermal
expansion behavior with almost unchanged lattice constant a
and drastically changing b at low temperature. When the tem-
perature decreases from 70 K to 7 K, a changes from 6.33 A
to 6.37 A, and the b changes from 3.47 Ato3.61A [35]. An
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intuitive reasoning is that there is direct relation between the
possible electronic phase transition and the uniaxial negative
thermal expansion.

The temperature-induced structure variation and its effect
on physical properties is pivotal in material preparation for
devices application. As a potential electronic material, the per-
formance of MoTe;-based devices can be altered significantly
by the internal stress exerted by temperature dependent ex-
pansion at low temperature. Since the STM images investigate
only the electronic density of the top layer 7;-MoTe, due to
weak interlayer coupling, by extension, similar new physical
phenomena should also exist in monolayer 7;-MoTe;.

Herein, we focus on monolayer T;-MoTe, and study the
temperature dependent electronic structure, lattice dynamics,
and topological properties by the first-principles method,
aiming to explore the mechanism behind the experimentally
observed novel phenomena. Remarkably, we find that the
nonequivalent Te atoms in 7;-MoTe, have qualitatively
different contributions to both phonon spectra and electronic
structures, which is the origin of anisotropic negative thermal
expansion and temperature dependent STM images. The
in-plane longitudinal acoustic mode and the Te;, atoms
are found to play an important role in uniaxial negative
thermal expansion and the temperature dependent electronic
phase transition, respectively. Interestingly, under the scalar
relativistic approximation, a band renormalization occurs,
accompanied by a Dirac semimetal phase transition from
type II to type I with the decreasing of temperature. Further
introducing spin-orbit coupling lifts the spin degeneracy at
the Dirac point due to inversion symmetry, and induces a
temperature dependent semimetal-semiconductor transition.
The considerable variation of energy bands around the Fermi
level at the I" point inevitably leads to highly different STM
images at 70 K and 7 K.

II. THEORETICAL METHODS AND MODELS

The static lattice energy, the electronic band structure,
and the Hellmann-Feynman force were calculated based on
the plane-wave basis and projector augmented-wave method
[38,39] as implemented in the Vienna ab initio simulation
package (VASP)[40-43]. The exchange and correlation en-
ergy was considered in the generalized gradient approxi-
mation (GGA) level with a Perdew-Burke-Ernzerhof (PBE)
functional [44]. The energy cutoff was set to 350 eV for
a plane wave basis set. The tight-binding Hamiltonian was
constructed by a projected Wannier functional method [45].
We used a periodic boundary condition and a vacuum layer
of 25 A that is thick enough to prohibit the out-of-plane
electronic and dipole-dipole interactions between neighboring
layers. The k-point interval in the first Brillouin zone (BZ)
is 0.02 A~'. The atomic internal coordinates were optimized
until the interatomic force is less than 107 eV /A and total en-
ergy converges to 10~ eV /unit cell. The phonon calculations
were performed by using the supercell method [46]. The ther-
mal expansion coefficient was calculated by using the SCF-
QHA (self-consistent-quasiharmonic-approximation) method
[47] based on the data obtained from first principle
simulations.

FIG. 1. (a) Schematic geometrical structures: side view (top
panel) and top view (bottom panel) of the monolayer 7;-MoTe,.
(b) Two dimensional first Brillouin zone and high symmetry points.

III. RESULTS AND DISCUSSION

The geometrical structure of a monolayer 7;-MoTe, is
shown in Fig. 1(a). The Mo atom is octahedral coordinated
to the Te atoms. As the temperature decreases, the MoTes
octahedron deforms, and the Mo atom deviates the center of
the Te octahedron along the x direction and forms a zigzag
chain along the y direction. There are two nonequivalent Te
atoms, and the bond lengths of Mo-Te(;y and Mo-Te(, are
2.72 A and 2.84 A, respectively.

Surface STM measurements [35] show that the in-plane
lattice constants a and b of the T;-MoTe, is 6.33 and 3.47 A at
70 K and 6.37 and 3.61 A at 7 K. We take these experimental
values as the in-plane lattice parameters of the monolayer
T;-MoTe,. Although the STM images at 70 K and 7 K
have significant differences [35], no experimental evidence
indicates further phase transition below 100 K; therefore, the
differences in STM images should be attributed to changes in
the electronic structure around the Fermi level.

A. Lattice dynamics

Phonons play a crucial role in determining the thermody-
namic properties of materials. Accurate phonon calculations
are prerequisites for subsequent thermodynamic simulations.
The monolayer 7T;-MoTe, has six atoms in a unit cell, with a
crystal structure of Cy;, point group. In Fig. 2, we show the
GGA phonon spectrum along the symmetry—lines '-F-R—
B-I" = (0, 0, 0)—(0, 0.5, 0)—(0.5, 0.5, 0)—(0.5, 0, 0)—(0, 0, 0)
at 7 K. The blue and red shades represent the contributions
of in-plane and out-of-plane vibrations of Mo/Te atoms to
the phonon spectrum, respectively. The out-of-plane acoustic
mode (ZA) is parabolic around the I" point, which is a typical
feature of the phonon spectrum of 2D materials. The ZA mode
in 2D materials has considerable contribution for negative
thermal expansion, while the in-plane longitudinal acoustic
mode (LA) and the transverse acoustic mode (TA) show linear
dispersion around the I" point.

In general, the phonon spectrum is not sensitive to the
temperature change from 70 K to 7 K. The high-frequency
(>5 THz) and low-frequency (<5 THz) optical branches are
mainly contributed by Mo atoms and Te atoms, respectively,
which is similar to the situation of the monolayer 2H phase
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FIG. 2. Phonon dispersion diagram of the monolayer 7;-MoTe, at 7 K along the high symmetry paths. From left to right are the total
phonon spectrum, the in-plane and out-of-plane contributions of Mo, Te(;, and Tey) to the phonon spectrum, respectively.

[48,49]. However, compared to the Te) atom, the Te
atom has stronger hybridization with the Mo atom due to
the shorter Mo-Te bond length. As a result, the spectrum of
Te() atoms is relatively wider and overlaps partially with
the acoustic branches, leading to the largest contribution to
three acoustic modes, especially the TA mode along I'-B. All
of these indicate the lattice dynamic behaviors of the Te(j)
and the Te() atoms are very different, which gives rise to
different contributions to the macroscopic thermal expansion
(shrinkage) of the system.

We calculate the Griineisen parameter y that describes the
effect of changes in lattice volume on its vibrational prop-
erties, which represents the effect of temperature on lattice
dynamics. To further understand the contributions of various
modes to thermal expansion, the Griineisen parameters for
different vibration modes are plotted in Fig. 3. As can be
seen from the figure, the Griineisen parameters of the high-
frequency optical branch vary between 0 and 2. The Griineisen
parameter of the ZA mode exhibits similar parabolic shape at
both 7 K and 70 K, which is believed to be the main cause
of the negative thermal expansion in common 2D material.
Notably, the Griineisen parameter of LA mode is also negative
along I'-F at 7 K and contributes to the negative thermal
expansion, while it is positive at 70 K and offsets the effect
of the ZA mode. Therefore, the negative thermal expansion

Grlineisen y

F R B F R B

FIG. 3. Mode Griineisen parameters of the monolayer 7;-MoTe,
at 7 K (a) and 70 K (b). The green, blue, and red lines are Griineisen
parameters of TA, LA, and ZA mode, respectively. The inset of (a) is
the evolution of the thermal expansion coefficient & with the change
of temperature.

in T;-MoTe; is different from the normal 2D materials. Due
to the drastic temperature dependence of the Griineisen pa-
rameter of the LA mode, the system undergoes a transition
from positive thermal expansion to negative thermal expan-
sion upon being cooled below 70 K. It is also worth noting
that Griineisen parameters of the LA mode are significantly
different along the mutually orthogonal I'-F and I'-B, which
reveals the anisotropic thermal expansion properties. In con-
trast, the thermal expansion of hexagonal 2H phase [48,49]
is nearly isotropic. Surface STM experiment also confirmed
the anisotropic negative thermal expansion effect, where the
lattice constant b increases by 3.9% when the temperature is
lowered from 70 K to 7 K; meanwhile, a changes only 0.6%.

Using the quasiharmonic approximation for atomic vi-
brations, the Griineisen parameter y can be related to the
description of how the vibrational frequencies within a crystal
are altered with changing volume. If the mode Griineisen
parameters are known for the wave vectors throughout the
Brillouin zone, the temperature dependence of the Griineisen
constant and the linear thermal expansion coefficient « can
easily be calculated [49,50]. The inset of Fig. 3(a) shows the
thermal expansion coefficient « simulated by SCF-QHA with
the change of temperature. The thermal expansion coefficient
is negative from 0 to 32 K. The minimum value is —2.3 x
10~ K~! at 10 K. The thermal expansion coefficient turns out
to be positive above 32 K, and the system begins to expand.
These results are qualitatively consistent with those from the
experimental STM measurements.

B. Electronic properties

We first calculate the GGA band structure without SOC
of monolayer T;-MoTe, along the symmetry lines '-F-R—
B-I" at 7 K and 70 K, as shown in Figs. 4(a) and 4(c).
The system presents metallic behavior at both temperatures
and, around the Fermi level, there is a symmetry-protected
band crossing between two bands (labeled by red and blue
in Fig. 4) belonging to different irreducible representations
A and B along I'-F line, which means that the crossing
point is a strict quadruply degenerated Dirac point. We plot
three-dimensional energy dispersion around the Dirac point
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FIG. 4. GGA band structure of monolayer 7;-MoTe, without
(a),(c) and with (b),(d) spin-orbit coupling at 7 K and 70 K, respec-
tively. Three dimensional energy dispersion around the Dirac point
at 7 K (e) and 70 K (f).

in Figs. 4(e) and 4(f), and the shape of the Dirac cone varies
dramatically with the change of temperature, in line with the
abrupt change of the blue band at the I point in energy by
0.2 eV [see Figs. 4(a) and 4(c)]. Therefore, in the absence of
SOC, the monolayer T;-MoTe; is a Dirac semimetal at 7 K
and a metal with Dirac point around the Fermi level at 70 K.
As the temperature decreases, the Dirac point shifts above
the Fermi level, and the Dirac cone is significantly rotated
out of plane, leading to a transformation from type II to type
I, which is the origin of the abnormal surface STM image
below 70 K. Due to the existence of inversion symmetry
in monolayer 7;-MoTe;, the introduction of SOC does not
induce the emergence of the paired Weyl points, but instead
a band inversion occurs and a small energy gap of 0.07 eV
is turned on at 7 K, while the energy band at 70 K has a
trivial semimetallic feature with the coexistence of electron
and hole pockets. So, in the monolayer T;-MoTe,, the SOC
effect causes a semimetal-semiconductor transition with the
decreasing temperature.

Figures 5(a) and 5(b) show further the band dispersion
with SOC along the symmetry-lines R-I'-F of monolayer
T;-MoTe; in a 1 eV region around the Fermi level (ef =
0). From the fatbands, we can conclude that the electronic
properties of the system around e are mainly controlled
by the Mo-4d and Te()-5p orbitals, and the proportion of
Te(1)-Sp states is quite small, especially in the valence bands.
Significantly, a band renormalization occurs around R-I'-F

Energy (eV)

0.00517 e/A®

X 0.01127 e/A®

FIG. 5. GGA band structure with spin-orbit coupling at 7 K
(a) and 70 K (b). The size of the symbol represents the contribution
of the corresponding orbital. The partial charge density is calculated
for the occupied states below valence band maximum at 7 K (c) or
the Fermi level at 70 K (d) by 0.1 eV. The blue rectangle presents the
2D unit cell.

upon cooling below 70 K, with an order of 0.2 eV. Associated
with it, the energy valley at I' changes from hole type to
electron type.

Experimentally it is observed that the surface STM image
changes greatly from 70 K to 7 K (see Appendix B for
details). In order to understand this phenomenon, we plot the
partial charge density of the occupied states below valence
band maximum at 7 K or the Fermi level at 70 K by 0.1 eV
in Figs. 5(c) and 5(d), respectively. We can find that both
Te()-5p and Te(y)-Sp states should have no contribution to
STM measurement at 70 K, but upon cooling to 7 K, an obvi-
ous charge density distribution located at Te,) sites emerges.
Therefore, our results explain the experimental observation
perfectly. The abnormal surface STM image at 7 K does not
originate from the displacement of the Te atoms but the band
renormalization owing to strong electron-lattice coupling.

IV. CONCLUSIONS

In summary, our study on phonon spectrum and thermal
expansion properties shows that the thermal expansion of
monolayer 7;-MoTe, undergoes a transition from positive to
negative with temperature decrease below 70 K, due to the
drastic temperature dependence of the Griineisen parameter of
the LA mode. Along the mutually orthogonal I'-F and I"'-B,
the Griineisen parameters of the LA mode are significantly
different. As a result, the thermal expansion of the mono-
layer T; phase presents an obvious uniaxial feature, which
is consistent with the surface STM measurement. Under the
scalar relativistic approximation, the monolayer 7;-MoTe,
is a typical Dirac material. Upon cooling below 70 K, the
band renormalization leads to a Dirac phase transition from
type 1I to type I, which is the origin of an abnormal surface
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STM image below 70 K. Due to the inversion symmetry in
monolayer T;-MoTe,, introducing spin-orbit coupling does
not produce paired Weyl points, but instead a band inversion
occurs and a small energy gap of 0.07 eV is turned on at
7 K, while the energy band at 70 K has a trivial semimetallic
feature with the coexistence of electron and hole pockets. As
a result, the SOC effect causes a semimetal-semiconductor
transition in the monolayer 7;-MoTe, with the decreasing
temperature. Also, the intrinsic physical mechanism revealed
in our work can be applied to other 2D TMD materials with
the local MX ¢ octahedron structure distortion.
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APPENDIX A: THREE CRYSTALLINE
STRUCTURES OF BULK MoTe;

See Fig. 6 for schematic geometrical structures.

Te
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monoclinic 1T'-phase  orthorhombic T -phase

FIG. 6. Schematic geometrical structures: top views (top panels)
and side views (bottom panels) of the three crystalline structures
of bulk MoTe,: hexagonal 2H phase, the distorted monoclinic 17’
phase, and orthorhombic 7 phase.

APPENDIX B: ABNORMAL SURFACE STM
IMAGES AT 7 K AND 70 K

See Fig. 7 for atomically resolved STM topographic im-
ages.
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FIG. 7. Atomically resolved STM topographic image of the
cleaved T;-MoTe, surface at T =7 K (a) and 70 K (b). The blue
rectangle presents the 2D unit cell.
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