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High-pressure induced Weyl semimetal phase in
2D Tellurium

Chang Niu® "2, Zhuocheng Zhang'?, David Graf® 3, Seungjun Lee® 4, Mingyi Wang®, Wenzhuo Wu®,
Tony Low® 4® & Peide D. Ye@® 2%

Relativistic Weyl fermion quasiparticles in Weyl semimetal bring the electron’s chirality
degree of freedom into the electrical transport and give rise to exotic phenomena. A topo-
logical phase transition from a topological trivial phase to a topological non-trivial phase
offers a route to control electronic devices through its topological properties. Here, we report
the Weyl semimetal phase in hydrothermally grown two-dimensional Tellurium (2D Te)
induced by high hydrostatic pressure (up to 2.47 GPa). The unique chiral crystal structure
gives rise to chiral fermions with different topological chiral charges (C = —1,+1,and — 2).
The highly tunable chemical potential in 2D Te provides comprehensive information for
understanding the pressure-dependent electron band structure. The pressure-induced
insulator-to-metal transition, two-carrier transport, and the non-trivial © Berry phase shift
in quantum oscillations are observed in the 2D Te Weyl semimetal phase. Our work
demonstrates the pressure-induced bandgap closing in the inversion asymmetric narrow
bandgap semiconductor 2D Te.
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in quantum materials, such as topological insulators!,

Dirac®3, Weyl%?, and nodal-line semimetals, has triggered
worldwide interest due to their intriguing physical properties and
potential applications. Many quantum materials with topological
non-trivial phases, including graphene®’, Bi,Te;8, Cd;As,>10,
and TaAs*?, have been extensively investigated. Furthermore, the
topological non-trivial phase can also be realized from the
topological trivial phase through a topological phase transition by
changing the electric field!!, chemical composition!?13, or
pressurel4-16, Besides angle-resolved photoemission spectroscopy
(ARPES), understanding of this topological topological phase
transition process by direct electrical transport measurement is
essential for studying fundamental physics and developing new
topological electronic devices.

In this paper, we investigate the magneto-transport of the Weyl
semimetal phase transition of the hydrothermally grown two-
dimensional (2D) Tellurium (Te) under high hydrostatic pressure
(up to 2.47 GPa) with electrical transport measurement and
theoretical calculation. The highly tunable chemical potential of
the 2D Te controlled by the back-gate voltage provides an
effective way to obtain a comprehensive picture of the semi-
conductor to Weyl semimetal phase transition in 2D Te under
high pressure. A 1 Berry phase shift in the Shubnikov-de Haas
(SdH) oscillations is observed in the 2D Te Weyl semimetal phase
under the pressure of 2.17 and 2.47 GPa. Pressure, temperature,
magnetic field, and carrier density dependence of the magneto-
resistance and Hall resistance are used to analyze this topological
phase transition in 2D Te.

T he discovery of non-trivial topological electronic structures

Results and discussion

2D Te and high-pressure measurement. The crystal structure of
Te is shown in Fig. la. Elemental Te in ambient pressure has a
trigonal structure formed by Van der Waals interaction between
covalently bonded helical Te atomic chains. Based on the
chirality!}18, Te falls into two different space groups, P3,21
(right-handed screw axis) and P3,21 (left-handed screw axis).
Figure 1b is an optical image of the hydrothermally grown 2D Te
(sample S2B2np00) with a thickness of around 12 nm. The white
arrows indicate the crystal orientation x- and z-direction!®.
Electrons (holes) are confined by geometry and gate electric field,
giving rise to the two-dimensional electron (hole) gas in the x-z
plane. A standard six-terminal Hall-bar device structure (Fig. 1c)
with 90 nm SiO, as a back-gate dielectric is used for high-pres-
sure, low-temperature magneto-transport measurements. The
current is along the helical atomic chain direction z. Figure 1d
shows a cartoon schematic of the high-pressure experiment setup.
The 2D Te device surrounded by the hydrostatic fluid (Daphne
7575 oil) is mounted into a piston-cylinder pressure cell with
insulated transport wires which enables the electrical measure-
ments (see “Methods” and Fig. S1 for details). The magnetic field
is applied perpendicular to the sample, which is the y-direction of
the Te crystal in Fig. 1a.

It is theoretically predicted that a Weyl semimetal or a nodal-
line semimetal formed by the gap closing in inversion asymmetric
semiconductors is universal?). The Weyl semimetal phase of Te
under pressure is one of the examples. Figure le is the
theoretically calculated electron band structures of Te in k,-k,
plane. The lowest unoccupied states and the highest occupied
states are located near the H (H’) point of the first Brillouin zone,
which is not a time-reversal invariant momenta!®21-23, The two
spin-split conduction bands cross at H (H’) point?* due to the
strong spin-orbit interaction?. At ambient pressure, Te is a
semiconductor?® with a bandgap of 0.32 eV. With the pressure
increase, the shape of the conduction and valence band becomes

sharp. The bandgap decreases and then closes at 2.17 GPal6:27:28,
The system experiences a topological phase transition from a
semiconductor to a Weyl semimetal when the bandgap is closed.
The highest pressure used in our experiment is 2.47 GPa
measured at 1.5K. This paper does not consider the structural
phase transition from the trigonal phase Te (I) to a monoclinic
phase Te (II) which happens at the pressure of 4 GPa%. The
pressure-dependent study on 2D Te with nanoscale structural
deformation differs from that in bulk materials0. We investigated
the mesoscopic magneto-transport in such a system, providing an
example for engineering 2D electron systems in a new degree of
freedom.

Topological phase transition in 2D Te under pressure. The
longitudinal resistance (R,.) of sample S2B2np00 as a function of
the back-gate voltage V, at different pressures from 0GPa to
2.47 GPa is shown in Fig. 2a. We are able to access both the
valence band and the conduction band by applying a back-gate
voltage V, in all the pressures at 1.5 K. At ambient pressure, a
typical semiconducting transport behavior is expected. With
increasing pressure, the bandgap decreases and closes at 2.47 GPa,
resulting in a maximum sheet resistance of only 2500 Q) (about
0.1 h/e?) across the whole gate voltage range. The discontinuity at
pressures lower than 2.47 GPa is caused by the insulating state
when the chemical potential is tuned inside the bandgap. To
further investigate the bandgap closing in 2D Te under pressure,
we performed the two-terminal differential conductance (dI/dV)
measurement3! between the source and the drain electrodes
(Fig. 1c) at 1.5 K. A dc voltage bias V, and a small ac excitation
dV were applied at the drain. The ac current dI through the
channel was measured with the back-gate voltage V, controlling
the chemical potential of the 2D Te. Figure 2b shows the band
diagram of the differential conductance measurement at 0 GPa
and 2.47 GPa, respectively. The system has a low conductivity if
no states are available in 2D Te. When the band edge (valence or
conduction) enters the source-drain energy window (eV}), ac
current dI increases sharply. We set the bias voltage V}, at 0 mV
and the small ac excitation dV at 1pV. The differential con-
ductance dI/dV in log scale as a function of the back-gate voltage
V, is shown in Fig. 2c. Because of the bandgap, at 0 GPa and V,
around 6V, the system is nearly insulating with the differential
conductance below 0.01 pS, limited by the electrical measurement
setup. On the other hand, the minimum conductance at 2.47 GPa
is over three orders of magnitude larger, indicating a phase
change from semiconductor to semimetal in 2D Te.

The pressure-induced insulator-to-metal transition is also
observed in the temperature dependence of the longitudinal
resistance R, at V,=0V. Figure 2d shows the normalized
longitudinal resistance (R, (T)/R., (150K)) under different
pressures. The R, increases upon cooling at the pressure of 0 GPa
and 0.4 GPa (measured in two different thermal cycles), which is
typical for a semiconductor. A transition to positive dR,,/dT emerges
with the increasing pressure. In addition, the positive dR,./dT is
seen in both electron dominant (V,=40V) and hole dominant
(Vg=-20V) 2D Te, as shown in Fig. 2e. Similar metallic
temperature-dependent transport is measured in another 2D
Te device (S1B3nn00) under the pressure of 2.17 GPa (Fig. S2).
The semimetal phase is reached at the pressure of 2.17 GPa in 2D Te,
which quantitatively agrees with our DFT calculations (~2.0 GPa).

In the Weyl semimetal phase of Te, the monopole-
antimonopole pair of Weyl nodes are located at four P points
related by the C, rotation and time-reversal symmetry!'® as
illustrated in Fig. 3a. The band crossing at H (H’) point with two-
dimensional irreducible representation Hy is also a Weyl point
due to the chiral crystal structure of Te. When the band inversion
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Fig. 1 Experiment schematic and 2D Te under pressure. a Crystal structure of right-handed Te with spiral atomic chains. b An optical image of sample
S2B2np00 with crystal orientation indicated by the white arrows. € The structure of a six-terminal Hall-bar 2D Te device. R, and R, represent the
longitudinal and transverse resistance. | is the probing current. d Schematic configuration of the piston-cylinder pressure cell. The sample is fixed on the
pressure cell platform with insulated transport wires which enable the electrical transport measurement. A PTFE cup filled with oil is placed over the
sample platform so the device is surrounded by the hydrostatic fluid. A hydraulic press is used to add pressure with a piston. e Theoretically calculated
electron band structures of Te around H (H') point in k,-k, plane at ambient pressure (O GPa) and high-pressure (3.6 GPa), showing the pressure-induced

bandgap closing and band deformation.

happens under high pressure, the band crossing at H point
becomes threefold, giving rise to unconventional chiral fermions
with high topological chiral charges (|C| = 2)!632. As the gap
closing in Te involves two spin-split conduction bands and one
valence band, the bands are gapped between H point and P point,
resulting in three Fermi surfaces (one electron-like and two hole-
like) around the H (H’) point, as shown in the calculated Fermi
surface (Fig. 3b). When the chemical potential controlled by the
back-gate voltage V, lies between two gapped bands, transport
involving both electrons and holes is expected. An anomaly in the
gate-dependent Hall resistance (R,,) of 2D Te under the pressure
of 2.47 GPa is observed at 1.5K (Fig. 3c). The nonlinear Hall
resistance is antisymmetric with respect to the magnetic field B
(Fig. S3), which exclude the nonlinear effect from the device
structure asymmetry or the pressure non-uniformity. Instead of
continuous growth in the Hall coefficient |Ry| as the back-gate
voltage sweeps from —40 V to positive bias, the decrease at 10 V
is caused by the increase of electron density. A crossover from the
hole dominant transport to electron dominant transport is
observed at V, =20 V. A two-carrier transport model*? is used to
analyze the nonlinear Hall resistance. The magneto-transport in a
two-carrier semimetal is given by:

R = (pzuhz - n/’lez)B + (p - n)[’lhz/’lezB?’ (1)
T el(mp, + puy)” + (p — )y 2B

where e is the elementary charge, B is the magnetic field, n (p) is
the electron (hole) density, and p, () is the electron (hole)

mobility. Figure 3d shows the nonlinear fitting of the Hall
resistance at the hole dominant regime (V, = —30V) by Eq. (1).
At V,=40V, the chemical potential shifts away from the Weyl
nodes in P point where the hole pockets are depleted (Fig. 3b),
and an electron density of 6.0 x 10'>cm™ is calculated from -,
where Ry is the linear fitting slope of the Hall resistance. The
electron and hole density (mobility) extracted from the Hall
measurement as a function of the back-gate voltage is plotted in
Fig. 3e (Fig. S4). By changing the chemical potential, the Fermi
surface evolution of both electrons and holes fits well with the
theoretical calculations, providing strong evidence for observing
the Weyl semimetal phase in 2D Te. Fig. S2c shows another
sample (S1B3nn00) with similar nonlinear Hall resistance under

the pressure of 2.17 GPa.

Quantum oscillations and non-trivial 7 Berry’s phase in 2D Te
Weyl semimetal phase. The relatively high carrier mobility in 2D
Te leads to the observation of SdH oscillation, which reveals the
cyclotron properties and the electron band information. Fig-
ures 4a, b show the back-gate voltage dependence of the SdH
oscillation amplitude AR, after subtracting the magneto-
resistance in two different 2D Te devices: S1B3nn00 at
2.17 GPa and S2B2np00 at 2.47 GPa (see Fig. S5 for the complete
mapping). Coherent oscillations with discrete Landau levels from
n=6 are observed. A degeneration of 4 containing two-fold
valley degeneracy and two hole-like pockets can be concluded by
comparing the oscillation density with the carrier density. The
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Fig. 2 Bandgap closing and insulator to metal transition in 2D Te under pressure. a The longitudinal resistance (R,,) as a function of back-gate voltage V,
at different pressures from O GPa to 2.47 GPa. The temperature is 1.5 K. b Schematic band diagram of 2D Te field-effect transistor in a differential
conductance (dl/dV) measurement setup at O GPa and 2.47 GPa. The current dl is determined by the dc bias voltage V,, the small ac excitation dV, and the
gate voltage V. ¢ Back-gate voltage V, dependence of the differential conductance (dl/dV) at V, = 0 V. The temperature is 1.5 K and the ac excitation dV'is
1pV. Over 3 orders of magnitude difference in conductance minima at low temperature indicates the bandgap is closed in 2D Te under high pressure
(2.47 GPa). d Temperature dependence of the normalized longitudinal resistance (R,,(T)/R,,(150 K)) at different pressures. The insulator-to-metal
transition is observed. e Temperature dependence of the longitudinal resistance (R,,) at V,=—20V and V,; =40 V. Both electrons and holes have metallic

behavior at high pressure (2.47 GPa).

oscillations in Fig. 4a, b originate from the hole-like pocket in the
Te Weyl semimetal phase because the oscillation frequency Bg
(proportional to the oscillation density) decreases with the
increasing back-gate voltage V,. By electrostatic gating, the
oscillations from the electron-like pocket are shown in Fig. Sé6. It
is worth mentioning that the electron-like Fermi surface encloses
a Weyl node (at H point) with a monopole charge of two when
the bandgap closes, making 2D Te an ideal system for investi-
gating the electrical transport of unconventional chiral
fermions32. The SdH oscillation amplitude AR, follows the
Onsager-Lifshitz quantization rule:

By 1
AR, o< cos <271 (EF + 5) + (p)

where ¢ is the oscillation phase. We calculated the Fermi surfaces
and Berry curvature distributions near the Weyl points shown in
Fig. S7, indicating that the Weyl points act as either a sink or a
source of Berry curvature. Electrons in an external magnetic field
picked up a Berry’s phase during the cyclotron motion along the
Fermi surface, resulting in a m-phase shift in quantum oscilla-
tions, which is one of the electrical transport signatures of the
non-trivial topological band structure widely observed in many
Dirac or Weyl quantum materials>®343> as well as in n-type 2D
Te?4, The Landau fan diagram of two 2D Te devices under dif-
ferent gate voltages with the minima (maxima) in the SdH
oscillation assigned to integer (half-integer) are shown in Fig. 4c,
d. The Linear fitting of the Landau level # as a function of 1/B has
an intercept around 0.5 (Fig. 4e, f), corresponding to an oscilla-
tion phase ¢ =7. On the contrary, no oscillation phase shift is
observed in the same sample (S2B2np00) under ambient pressure
(Fig. S8) or in the previous work on p-type 2D Te3%, making the 7
phase shift in quantum oscillations under 2.47 GPa a strong

)

4

evidence for the topologically non-trivial Weyl semimetal phase.
Furthermore, the quantum oscillation phase extracted from all
pressures at different back-gate voltages (see Fig. S9 for details) is
plotted in Fig. 4f. The pressure-induced topological phase tran-
sition from semiconductor (¢ ~0 with cold colored signs) to
Weyl semimetal (¢ ~m with warm colored signs) is clearly
observed.

Using the temperature dependence of the quantum oscillation
amplitude AR, the cyclotron effective mass m* is extracted under
different pressures (Fig. S10) by fitting the thermal damping term
in the L-K formula:

2m°m * ky T /heB

A
R sinh (2r?m * ky T /heB)

)

zZ

as shown in Figs. S11 and S12. The effective mass decreases to
0.20 m, (where my is the free electron mass) at 2.47 GPa. We
attribute this effective mass change to the band deformation!627
in 2D Te under high pressure. The shape of the conduction and
valence band in 2D Te becomes sharp as the bandgap closes. The
abrupt drop in effective mass after 1.9 GPa potentially reveals
another evidence of the band structure transition from a
semiconductor to a Weyl semimetal.

Based on the evidence of gap closing in differential con-
ductance, temperature-dependent insulator to metal transition,
two-carrier transport, band deformation, and the non-trivial 1t
Berry phase in quantum oscillations, we unambiguously demon-
strate that a topological phase transition from a semiconductor to
a Weyl semimetal in 2D Te occurs under high hydrostatic
pressure. It shows the potential to controllably change the
topological properties of semiconducting materials with inversion
asymmetric structure for novel electronic device applications
using pressure, strain, or other methods.
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Fig. 3 Nonlinear Hall resistance and two-carrier transport in 2D Te under pressure (2.47 GPa). a Electron band diagram of Te Weyl semimetal phase
around H (H’) point. Two hole-like pockets and one electron-like pocket appear due to the bandgap closing. b Fermi surface mappings at different energies
(E=—50 and 40 meV). The blue and red arrows indicate the hole-like pockets and electron-like pockets, respectively. ¢ Transverse resistance (R,,) as a
function of magnetic field B at different back-gate voltages from —40 V to 40 V. d Two-carrier transport model and linear fitting of the Hall data (red lines)
at Vy,=-30V and V=40V, respectively. e Electron and hole density as a function of gate voltages extracted from the Hall data.

Methods

Hydrothermal growth of 2D Te flakes. 0.5g of poly-
vinylpyrrolidone (PVP) (Sigma-Aldrich) and 0.09 g of Na,TeO;
(Sigma-Aldrich) were dissolved in 32 ml double-distilled water.
3.33ml of aqueous ammonia solution (25-28%, w/w%) and
1.67 ml of hydrazine hydrate (80%, w/w%) were added to the
solution under magnetic stirring to form a homogeneous solu-
tion. The mixture was sealed in a 50 ml Teflon-lined stainless steel
autoclave and heated at 180 °C for 30 h before naturally cooling
down to room temperature.

Device fabrication. Te flakes were transferred onto 90 nm SiO,/Si
substrate. The six-terminal Hall-bar devices were patterned using
electron beam lithography and metal contacts were deposited by
electron beam evaporation. 20/60 nm Ni/Au was used as an
electrical contact for 2D Te.

High-pressure experiment setup. The device is diced or cut to size
to fit within the 3.0 mm sample space of the piston-cylinder pres-
sure cell. A fiber optic has a small ruby chip fixed to the tip which is
used to calibrate the pressure at room temperature and again at low
temperature. The device is fixed to this fiber optic and the insulated
transport wires of the pressure cell platform with epoxy to orient
the device so the applied magnetic field will be perpendicular to the
sample. Thin platinum wires are soldered to the copper wires of the
sample platform. The free ends of the platinum wires are then
attached to the contact pads with silver paint. A Polytetra-
fluoroethylene (PTFE) cup is filled with Daphne 7575 oil and fixed
in place over the sample platform so the device is surrounded by

the hydrostatic fluid. When the pressure cell is fully assembled a
hydraulic press is used to add pressure with a piston through a hole
in the threaded top screw of the cell. When the appropriate pres-
sure is reached, the top screw is clamped, locking in the pressure.

Low-temperature magneto-transport measurements. The low-
temperature high-pressure magneto-transport measurements
were performed in the 18T superconducting magnet system
(SCM2) with the Variable Temperature Insert (VTI) at the
National High Magnetic Field Laboratory (NHMFL) in Talla-
hassee, FL. The electrical data were acquired by standard small
signal ac measurement technique using SR830 lock-in amplifiers
(Stanford Research). The dI/dV measurement was performed
using SR860 lock-in amplifiers (Stanford Research) with 0 mV dc
bias and 1 uV ac excitation at 8.777 Hz.

First-principles calculations. To understand the topological
phase transition of 2D Te, we performed first-principles calcu-
lations based on density functional theory®’ as implemented in
the Vienna ab initio simulation package (VASP)38. The projector
augmented wave potentials>>40 were used to describe the valence
electrons and the plane-wave kinetic energy cutoff was chosen to
be 400eV. In a structure relaxation, the exchange-correlation
function was treated by the generalized gradient approximation of
Perdew-Burke-Ernzerhof (PBE)4.. The equilibrium lattice con-
stant of bulk Te was calculated to be a =4.507 A and ¢ = 5.960 A.
To describe 2D Te under strain, we applied a biaxial strain along
the hexagonal plane of Te to preserve its hexagonal symmetry.
The lattice constant along ¢ was freely relaxed under the biaxial
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Fig. 4 Quantum oscillations and non-trivial = Berry's phase in pressure-induced 2D Te Weyl semimetal phase. Back-gate voltage V,; dependence of the
Shubnikov-de Haas (SdH) oscillation (AR,,) with background subtracted in two different samples a S1B3nn0O0 at 2.17 GPa and b S2B2np00 at 2.47 GPa.
The curves are shifted for clarity. The temperature is 1.5K. ¢, d Landau fan diagram of two samples under different back-gate voltages. The minima and
maxima in the SdH oscillations are assigned with integer and half-integer respectively. Straight lines are linear fitting under each gate voltage. Insets:

magnified views of gray dashed boxes. e, f Intercept of the linear fittings as a function of back-gate voltage V, in two different samples. The error bars
represent the standard errors in the linear fit. A phase shift from O to = in SdH oscillations indicates the pressure-induced topological transition in 2D Te.

strain. The obtained lattice constants and volume of bulk Te are 2.
summarized in Fig. S13 in SL The electronic structures were

calculated by meta-GGA density functional (modified Becke-
Johnson potential*>43) with spin-orbit interaction, which ensures 4
a better accuracy than PBE and is less expensive than HSE06
(Fig. S14). To investigate the effects of the thickness of strained 5.
2D Te (Fig. S15) and Berry phase physics (Fig. S7), we con-

structed a first-principles tight binding model using Wannier90

package*®*>. For the wannierization, we used s and p orbital
projections for all Te atoms. The momentum-dependent Berry 7,
curvature maps and 2D slab electronic structures were calculated

using Wanniertools package?®.

Data availability

10.

All data needed to evaluate the conclusions in the paper are present in the paper and/or

the Supplementary Materials.

Code availability

11.

12.

13.

All first-principles calculations were performed by VASP, Wannier90, and WannierTools

packages. Additional scripts used in the current study are available from the
corresponding author under request.
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