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ABSTRACT

Tungsten ditelluride (WTe2) has recently become one of the most extensively

investigated materials as a Weyl semimetal with an orthorhombic Td phase due

to its unique properties, including its pressure-induced superconductivity and

unsaturated giant magnetoresistance. The electrical resistivity, photoconduc-

tivity, and Hall effect under high pressures are considered in WTe2 using in situ

measurements up to 40 GPa. The structural phase transition is reflected from the

Td to 1T0 phase at approximately 11 GPa based on the discontinuous electrical

parameters. The abrupt increase of resistivity is caused by a joint decrease in the

carrier concentration and mobility. The semimetal-to-semiconductor transition

is apparent at around 11 GPa based on the resistivity measurements under

different temperatures, and the transition is reversible due to the structural

phase transition. The photoconductivity is much higher than the conductivity,

and the phase transition pressure is lower at approximately 9.6 GPa.
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GRAPHIC ABSTRACT

Electrical transport properties of Weyl Semimetal WTe2 are investigated under

high pressure, and pressure-induced semiconductor transition is confirmed.

Introduction

The Weyl semimetal is a topological state character-

ized by Weyl points near the Fermi energy [1–3].

WTe2 (chemical formula of Tungsten ditelluride) is

strongly confirmed as a type-II topological Weyl

semimetal [4], where the Weyl points occur at the

crossing of the oblique conduction and valance

bands. The Weyl semimetal WTe2 represents a rare

example of a material with both superconductivity

under extreme conditions and a topologically non-

trivial band structure [5–8]. WTe2 attracts special

attention for its significant physical attribute of an

unsaturated giant magnetoresistance [9], which has

not only been extensively applied in the field of

magnetic sensors [10], magnetic memory [11], and

hard drives [12] at room temperature, but their rarity

has also inspired fundamental studies of material

physics at low temperatures [13, 14].

High pressure has been proven to be a clean and

powerful tool to modify the physical properties for

various transition metal dichalcogenides [15–18]. The

diamond anvil cell (DAC) is a device that generates

high pressure and has been widely used to study

electronic structures, optical properties, and metal–

semiconductor transitions for bulk materials and

nanocrystals [19–22]. This technique can also adjust

the electronic band structure and accurately identify

the superconductivity properties of the Weyl

semimetal WTe2. Kang et al. [5] reported the sup-

pression of the large magnetoresistance and the

occurrence of superconductivity in WTe2 under high

pressure, and the superconductivity appeared at a

critical pressure of 10.5 GPa when the positive large

magnetoresistance effect was turned off. The super-

conductivity was also observed by Pan et al. [6]

sharply at 2.5 GPa, and the maximum critical tem-

perature (Tc), which reached 7 K near 16.8 GPa,

decreased monotonically with pressure, showing a

typical dome-shaped superconducting phase.

It was found that the Weyl semimetal WTe2 expe-

rienced a structural phase transition from Td (Pnm21,

No. 31) to 1T0 (P21/m, No. 11) beginning at 6.0 GPa

and ending at 15.5 GPa, and the zero resistance

phenomenon disappeared in the phase transition

pressure range but recovered after the phase transi-

tion [23]. The occurrence of pressure-induced super-

conductivity was caused by the structural phase

transition of Td to 1T0 at around 4–5 GPa for WTe2,

which is related to a change in the Te–Te interlayer

distance due to slip between the WTe2 layers and the

discontinuity of the Raman bands above 11 GPa [24].

The structure of the orthorhombic Td phase for WTe2
was unstable based on the results of Xia et al. [25],

and the structural phase transition from the Td phase

to the monoclinic T0 phase occurred at 10 GPa. At the

same time, the Weyl semimetal states disappeared

and the new T0 phase exhibited superconducting

properties.
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The electrical transport properties of the Weyl

semimetal WTe2 are investigated using in situ elec-

trical resistivity measurements and Hall effect tech-

niques in a DAC at pressures up to 40 GPa. The

semimetal-to-semiconductor transition was found at

11 GPa based on the temperature-induced resistivity,

and an abrupt change in the electrical parameters

was related to the pressure-induced phase transition.

Experimental evidence for the photoconductivity

with pressure is lacking, though this is of funda-

mental importance. Therefore, the pressure-driven

photoconductivity is considered for WTe2 here. The

abrupt change in photoconductivity is related pri-

marily to the semimetal to semiconductor transition,

and the photoconductivity is higher than the con-

ductivity for WTe2 as it results from photogenerated

carriers.

Experimental section

The experimental sample was ground WTe2 powder

obtained from 2D Semiconductors Company with a

purity of 99.9999%. The initial structure of the sample

was the Td phase as a Weyl semimetal, which is

similar to a previous report based on in situ Raman

measurements [24]. The high pressure was generated

with a non-magnetic DAC for the in situ Hall effect

and resistivity measurements. The anvil culet was

300 lm in diameter with a bevel angle of 10�. A

rhenium sheet was pre-indented to be 60 lm thick as

the gasket for the Hall effect measurements, and a

120-lm-diameter hole was drilled in the center of the

indentation using laser drilling. A similar T301

stainless steel gasket was applied for the tempera-

ture-dependent resistivity measurements. A mixture

of diamond powder, glue, and polymethyl-

methacrylate (PMMA) was compressed into the

indentation area of the gasket as an insulating layer

between the probing electrodes and metallic gasket,

and an 80-lm-diameter hole was drilled in the center

as the sample chamber.

The details of the manufacturing processes and

configuration of the insulating gasket are reported in

a previous paper [26]. A standard K-type thermo-

couple was used to measure the temperature at the

side face of the diamond anvil. There was no pres-

sure-transmitting medium to avoid additional errors

in the electrical parameter measurements, and the

sample chamber was filled with compacted WTe2. A

small ruby ball for pressure calibration was loaded

into the sample chamber for the high-pressure elec-

trical measurements [27, 28]. The thickness of the

sample at high pressures was measured with an

electronic micrometer [29]. Four molybdenum elec-

trodes were arranged to contact the sample in the

chamber as combined with magnetron sputtering

and photolithography. The manufacturing process

for the integrated microcircuit is shown in Fig. 1a–f.

Enameled wire was used as electrical leads in Fig. 1f,

and the enameled wire was made of copper core and

insulating lacquer. The copper core of 100 lm diam-

eter was connected with metal molybdenum elec-

trode after removing insulating lacquer, and the

copper core was fixed with molybdenum of side

diamond by drying and curing conductive silver

paste. The associated experimental parameters are

shown in Tables S1(a)–S1(c) in the Supplementary

Information. The integration process of the micro-

circuit is the same as previous works [30, 31].

The resistivity and Hall effect experiments were

performed using the van der Pauw method. The

current and the voltage were detected with a Keithley

2400 source meter and Keithley 2700 multimeter,

respectively. The uniform magnetic field was gener-

ated with an EM7 electromagnet from East Changing

Company, and a Lakeshore model 420 Gauss meter

Figure 1 Manufacturing process for the integrated microcircuit

on a diamond anvil: a clean diamond, b Mo thin film sputtered on

the diamond anvil, c crisscross Mo thin film removed via

photolithography, d Al2O3 thin film sputtered as an insulating

layer, e square Al2O3 thin film removed via photolithography, and

f configuration of a complete microcircuit after removing the

Al2O3from the electrode leads.
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was applied to measure the magnetic field. The

photoconductivity measurements were performed

using a laser with a wavelength of 532 nm and a

power restricted to\ 5 mW to limit thermal damage

to the sample. A fixed laser exposure time of 20 s was

used throughout the photoconductivity experiments.

Results and discussion

The pressure-dependent electrical parameters for

WTe2 are shown in Fig. 2 for the Hall coefficient RH,

carrier concentration n, mobility l, and resistivity q.
At larger pressures, RH and q both show decreasing

trends and have a sharp increase above 11.2 GPa in

Fig. 2a, d, respectively. Conversely, n and l both

have increasing trends with pressure until there is a

sudden decrease at approximately 11.2 GPa in

Fig. 2b, c, respectively. The abrupt changes in the

above parameters are attributed to the structural

phase transition from Td to the monoclinic 1T0 phase.

The discontinuous electrical parameters are consis-

tent with the phase transition pressure zone begin-

ning at 6.0 GPa and ending at 15.5 GPa based on

synchrotron X-ray diffraction [23]. This structural

phase transition has also been reported above 11 GPa

based on the discontinuity of Raman bands [24] and

proven above 10 GPa by Raman microspectroscopy

and ab initio calculations [25]. The structural phase

transition causes atomic rearrangement and changes

in the electronic structure, which lead to the abnor-

mal electrical parameters. Td phase WTe2 crystallizes

in the orthorhombic structure with a distorted octa-

hedral coordination, which is uniquely different from

the typical monoclinic structure in 1T0 phase WTe2.

The tungsten atoms are sandwiched between two

layers of tellurium atoms in which one layer is rota-

ted 180� in the Td phase forming the W-Te6 octahedral

coordination, these layers in the Td and 1T0 phase

exhibit buckled surface structure, and the 1T0 struc-

ture is very similar to Td such that it can be con-

structed from the Td phase with shear strain which

introduces an inversion center [24]. Due to the simi-

larity between the Td and 1T0 structure, the transition

path can be simply considered using an applied shear

strain along the b axis. Compared with Td phase, 1T
0

phase undergoes an opposite sliding within adjacent

layers leading to the unit cell change from

orthorhombic to monoclinic symmetry [25]. In 1T0

phase, there are three bands near the Fermi level, two

electron-like bands and one hole-like band, compos-

ing the Fermi surface. The band structures and the

Fermi surface of the 1T0 phase are very similar to

Figure 2 Pressure

dependence of the a Hall

coefficient RH, b carrier

concentration n, c mobility l,
and d resistivity q for WTe2
(dashed line indicates the

transition pressure of the two

phases).
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those in the Td phase [9], including a perfect balance

between electron and hole pockets. Application of

pressure is an efficient method to tune the lattice

constants and thereby atomic interactions, which has

been reported to produce new phases of materials

[32]. In the Td phase, spin degeneracy is broken by the

spin-orbital coupling due to the absence of an

inversion symmetry, while the spin degeneracy will

remain in the 1T0 phase; therefore, the Weyl fermions

in the ambient Td phase should disappear after the

structure phase transition [24]. Thus, the abrupt

change in the electrical parameters reflects the

structural phase transition for the Weyl semimetal

WTe2 from Td to 1T0 at approximately 11.2 GPa.

The Hall effect can be analyzed from the average

motion of multiple scatterings, where the carriers

move freely in the electromagnetic field between

scattering events. The motion of an electron in an

electromagnetic field consists of two parts: motion

from the initial velocity m0 under the magnetic field

and motion with an initial velocity of zero under the

electric and magnetic fields. The first part is a spiral

motion with the magnetic field direction as the axis,

which is the superposition of the uniform motion

along the magnetic field and the circular motion

perpendicular to the magnetic field. Their regular

motion that occurs after each scattering indicates that

the average motion from scattering should be zero

after multiple scattering events. Therefore, it is only

necessary to analyze the second motion, which is the

initial velocity of zero between each scattering. The

associated equation is given by

RH ¼ � 1

nq

s2v2
� �

v2
� �

sv2h i2
ð1Þ

where s is the average free time, m is the carrier

velocity, q is the electronic charge, and h i represents
the statistical average. Ignoring the effects of statis-

tical averages, Eq. (1) is simplified to the following

form.

RH ¼ � 1

nq
ð2Þ

The RH and n for WTe2 satisfy the above equations

regardless of their sign under high pressures. The RH

exhibits a sudden increase at approximately 11.2 GPa

in Fig. 2a, while the n has an abrupt decrease in

Fig. 2b. An increase of RH is attributed to a decrease

of n at approximately 11.2 GPa based on Eq. (2). The

carrier mobility and electrical conductivity are

obtained by calculating the average drift velocity

from the external electric field. The average drift

velocities for electrons and holes are not the same.

The average drift velocity of the conduction band

electron is larger and the mobility of electrons is

greater than for holes. The expression for the total

current density J is:

J ¼ Jn þ Jp ¼ ðnqln þ pqlpÞe ð3Þ

where ln and lp represent the electron and hole

mobilities, respectively, Jn and Jp are the electron and

hole current densities, respectively, n and p represent

the concentrations of electrons and holes, respec-

tively, and e is the electric field strength.

When the electric field is moderate, the relationship

(4) between J and the conductivity r still follows

Ohm’s law [Eq. (4)], while r can be obtained from

Eq. (5). For impurity semiconductors whose concen-

trations differ widely between carriers and whose

mobilities vary little, their conductivity depends on

the carrier majority. The resistivity and conductivity

are as shown in Eq. (6). For n-type semiconductors,

the electrons are the majority carrier, and the holes

are the minority carrier, n � p, the contribution of

holes to the current is negligible comparing with

electrons. The n and ln both show an abrupt decrease

around 11.2 GPa in Fig. 2b, c, respectively, while q
has a strong increase in Fig. 2d, which is due to the

mutual reduction of the carrier concentration and

mobility. The electrical parameters are reassigned

their initial states after releasing the pressure to

ambient in Fig. 2, which indicates the structural

phase transition is also reversible for the Weyl

semimetal WTe2 from Td to 1T0.

J ¼ re ð4Þ

r ¼ nqln þ pqlp ð5Þ

q ¼ 1

r
¼ 1

nqln
ð6Þ

To further reveal the effects of pressure on the

electrical transport properties, we perform tempera-

ture-dependent measurements of the resistivity in the

Weyl semimetal WTe2 at different pressures. The

pressure evolutions for the temperature dependen-

cies of resistivity (q-T curves) are shown in Fig. 3a, b

for the Td and 1T0 phases, respectively. The semimetal

nature at lower pressures is characterized by the

thermal activation type conduction at low
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temperatures and is gradually suppressed at higher

pressures. The q-T curves when under a few GPa

transform into the non-thermal activation type. At

higher pressures, the resistivity shows an increasing

trend from ambient to 11.2 GPa in Fig. 3a but

decreases with pressure from 11.2 to 35.3 GPa in

Fig. 3b. This suggests a kind of semimetal-to-semi-

conductor transition in the Weyl semimetal WTe2,

which is believed to be driven by a reduced overlap

of the semimetal conduction and valence bands,

while the Fermi surfaces shrink and eventually van-

ish as the overlap decreases [33].

The pressure-induced semimetal-to-semiconductor

transition is also caused by the structural phase

transition at around 11 GPa. There is a related dis-

cussion on the issue of the pressure-induced phase

transition based on Raman measurements. The

occurrence of the structural phase transition had been

previously confirmed at approximately 11 GPa using

high-pressure Raman measurements [24]. The dis-

continuity of Raman bands above 11 GPa also

suggests that the Td to 1T0 transition occurred with

the vanishing P3 band and the occurrence of the P4

band with a higher frequency. The Raman peaks at

approximately 120 cm-1 gradually softened after

increasing the pressure and were completely sup-

pressed above 10 GPa, indicating the phase transi-

tioned from Td to 1T0 [25]. For semiconductors, the

resistivity is determined primarily from the intrinsic

carrier concentration. With increasing temperature,

the carrier concentration increases, and the mobility

slightly decreases, which leads to a smaller resistiv-

ity. The resistivity of semiconductors decreases

monotonically with temperature, which is an

important characteristic of semiconductors and dis-

tinguishes them from semimetals [34–36].

Below 11.2 GPa in Fig. 3a, the resistivity–temper-

ature slope (dq/dT) clearly shows semimetallic

characteristics with a positive temperature depen-

dence. The slope indicates the variation of resistivity

per unit temperature range reflecting changes of

carrier concentration and mobility with temperature.

For pressures above 12.3 GPa in Fig. 3b, there is a

significant increase in the electrical resistivity, and

the curves have a negative slope (dq/dT), which is

characteristic of semiconductors. The semiconducting

characteristics are then maintained up to 35.3 GPa.

The pressure evolutions of the resistance–tempera-

ture dependencies are exhibited in Figs. S1(a) and

S1(b) in the Supplementary Information. The resis-

tance–temperature slope (dR/dT) clearly shows

reversibility, suggesting the semimetal-to-semicon-

ductor transition is reversible.

High-pressure photoconductivity measurements

were performed under green light illumination at a

wavelength of k = 532 nm in a DAC up to 30 GPa.

Figure 4 shows the conductivity and photoconduc-

tivity of WTe2 under compression and decompres-

sion conditions. The photoconductivity is defined

here as conductivity under green light illumination.

As shown in Fig. 4a, photoconductivity and con-

ductivity both increase with pressure before an

abrupt decrease at 9.6 and 11.4 GPa, respectively, and

then continue increasing at higher applied pressures.

During compression, the photoconductivity is much

higher than the conductivity before 9.6 and after

11.4 GPa. In Fig. 4b, the photoconductivity and con-

ductivity in the decompression zone both have sim-

ilar discontinuous phenomena at the vicinity of 9.6

and 11.4 GPa, respectively, and the photoconductiv-

ity is much higher than at a similar pressure zone

Figure 3 Resistivity-temperature curves under several pressures

for a Td phase and b 1T0 phase.

14878 J Mater Sci (2020) 55:14873–14882



under compression. These discontinuous changes are

due to the semimetal-to-semiconductor phase change

caused by the structural phase transition at approxi-

mately 11 GPa.

Light absorption causes the formation of non-

equilibrium carriers in WTe2, and the increased car-

rier concentration gives a larger sample conductivity.

The concentrations of the non-equilibrium carriers

are Dn and Dp when injected with light, respectively.

When the electrons are initially excited to the con-

duction band, they may possess more energy than the

thermal equilibrium electrons. This is because the

photogenerated electrons lose excess energy in the

form of emission in a relatively short time by collid-

ing with the lattice during thermal equilibrium.

Therefore, the photogenerated electrons and the

thermal equilibrium electrons have the same mobility

during the entire photoconductivity process. The

additional photoconductivity can be written as:

Mr ¼ Mnqln þ Mpqlp ð7Þ

For many semiconductor materials, it has been

confirmed that Dn = Dp for intrinsic absorption, but

photogenerated electrons and holes do not both

contribute to the photoconductivity. The intrinsic

photoconductivity is due primarily to the existence of

photogenerated holes (p-type) or electrons (n-type).

This suggests that while the number of light-excited

electrons and holes is equal in the intrinsic photo-

conductivity, only one of the carriers exists in the

unconstrained state over a long period before their

recombination disappears, while the other carrier is

often bound by certain energy levels [37–39].

In addition to the intrinsic photoconductivity, light

also enables the ionization of electrons or holes

bound to the impurity levels to produce impurity

photoconductivity. However, as the number of

impurity atoms is much smaller than the number of

atoms in the crystal itself for powder sample with

purity of 99.9999%, the impurity photoconductivity is

relatively weak. Nevertheless, impurity absorption

and photoconductivity are important methods to

study the sample impurity levels. Therefore, photo-

conductivity is higher than the conductivity for

WTe2. The photoconductivity of WTe2 is given in

Fig. 4c under compression and decompression con-

ditions. The discontinuous photoconductivity is

observed around 9.6 GPa, which is lower than the

11.4 GPa for conductivity. This shows that the light

reduces the pressure of the phase transition. The

photoconductivity also returns to its initial state after

releasing from high pressure to ambient conditions,

which indicates the semimetal-to-semiconductor

phase transition is reversible. This may provide a

potential way to reduce the phase transition pressure

of such transitions.

Figure 4 Conductivity and photoconductivity of WTe2 under

a compression and b decompression conditions, and c the

photoconductivity of WTe2 under compression and

decompression conditions.
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Conclusions

The discontinuous electrical parameters reflect the

structural phase transition of the Weyl semimetal

WTe2 from the Td to the 1T0 phase. The abnormal

increase of RH is caused by a decrease of n at

approximately 11.2 GPa, while resistivity is due to

the combined decrease of the carrier concentration

and mobility. The transition is confirmed from

semimetal-to-semiconductor at around 11 GPa based

on the temperature-dependent resistivity, while the

decompression electrical parameters indicate the

transition is reversible. The semimetal-to-semicon-

ductor transition is caused by the structural phase

transition. The photoconductivity is much higher

than the conductivity, and the phase transition

pressure is lower at approximately 9.6 GPa under

illumination. The results may provide a potential

way to switch the transition pressure of the Weyl

semimetal-to-semiconductor transition for a given

material using lasers under high pressure.

Supplementary material

Related experimental parameters are shown, and the

pressure evolution of the temperature-dependent

resistance is exhibited. This material is available free

of charge via the Internet.
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