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Motivated by the recent experimental work, the pressure-induced structural transition of well-known two-dimensional
(2D) 1T -HfTe2 was investigated up to 50 GPa through the advanced CALYPSO structure search technique combined with
the first-principles calculations. Our calculations suggested that the 1T -HfTe2 will first transform to C2/m phase at 3.6 GPa
with a volume reduction of 7.6% and then to P6̄2m phase at 9.6 GPa with a volume collapse of 4.6%. The occurrences
of 3D C2/m and P6̄2m phases mainly originated from the enhanced Te–Te interlayer coupling and the drastic distortions
of Hf–Te polyhedrons in P3̄m1 phase under compression. Concomitantly, the coordination number of Hf atoms increased
from six in P3̄m1 to eight in C2/m and eventually to nine in P6̄2m at elevated pressure. The metallic and semimetallic
nature of C2/m and P6̄2m phases were characterized, and the evidence of the reinforced covalent interactions of Te–Hf and
Te–Te orbitals in these two novel high-pressure phases were manifested by the atom-projected electronic DOS and Bader
charge.

Keywords: transition metal dichalcogenides, pressure-induced phase transition, crystal structure, electronic
structure

PACS: 61.50.Ah, 61.50.Ks, 71.20.–b, 71.18.+y DOI: 10.1088/1674-1056/acd2bf

1. Introduction
Layered transition metal dichalcogenides (TMDs) have

recently gained intense attention for their varietal structural
polymorphs, extraordinary electronic and optical properties
as well as potential applications in two-dimensional (2D)
devices.[1–6] In particular, more and more interests have been
paid to the Hafnium dichalcogenides HfX2 (X = S, Se, and
Te), a typical group of layered TMDs with exotic elec-
tronic structures, showing an important application in opto-
electronic and electronic.[7–10] HfX2 adopts the well-known
1T trigonal structure (P3̄m1, Z = 1), consisting of the X–
Hf–X sandwich layers along the c-axis direction with weak
van der Waals (vdW) interactions.[11] Both HfS2 and HfSe2

have been manifested to be narrow band-gap semiconductors
and possessed higher electron mobility and current density,
which make they are favorable candidates for high perfor-
mance field-effect transistor components, optoelectronic de-
vices, and photovoltaic cells.[12–15] By contrast, 1T -HfTe2

holds a semimetallic electronic character, with the coexisting
electrons and holes bands crossing the Fermi level and strong
orbital mixing of Te-p and Hf-d, leading to a large and nonsat-
urating magnetoresistance.[11,16]

High-pressure is considered as a powerful tool for iden-
tifying novel behaviors of solids,[17] as pressure can signifi-

cantly shorten the distance between atoms and alter their inter-
atomic interactions and electronic bonding states, thus modi-
fying the related physical properties and/or inducing structural
phase transitions. Apart from the external electric field and
the control of the thickness of the samples,[18–21] the applica-
tion of pressure or strain has been demonstrated to be a desir-
able and clean approach in recent experimental and theoreti-
cal efforts to modify the structural framework and associated
electronic properties of layered TMDs. Different pressure-
induced properties of bulk TMDs have been reported, such
as the band inversion and the resulting topological phase tran-
sition of TiTe2 under pressure,[22] pressure-driven supercon-
ductivity in VSe2 after the suppression of charge density wave
(CDW),[23] the reduction of magnetoresistance in WTe2 upon
compression,[24] structural transformation accompanied with
metallization in MoS2, TiSe2, MoTe2, etc.[25–27] For 1T -HfX2

compounds, the high-pressure behavior of HfS2 has been in-
vestigated by various works,[28–30] among which Dai and Hu
et al.[30] had reported that two structural transformations and
metallization of HfS2 occurred at 8.2 GPa, 17.2 GPa and
23.1 GPa, confirmed by the various experimental measure-
ments coupled with first-principles calculations. Combined
with various experimental techniques including Raman spec-
tra, optical absorption and resistance measurements as well as
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x-ray diffraction (XRD), pressure-driven metallization and su-
perconductivity in HfSe2 have been revealed in recent experi-
mental works.[31–33] Two independent experimental works ex-
ecuted by Li et al.[31] and Huang et al.[32] found that the 1T -
HfSe2 transformed to a monoclinic C2/m intermediate struc-
ture above 11.2 GPa and then to a tetragonal I4/mmm structure
above 45.5 GPa. However, Gao and Wang et al.[33] proposed
that the 1T -HfSe2 undergoes a phase transition from the trigo-
nal P3̄m1 to a hexagonal P63/mmc phase near 24 GPa. Com-
pared to the HfS2 and HfSe2, we note that the high-pressure
behavior of 1T -HfTe2 has been much less studied except for
some fundamental parameters. Until now only a supposed
high-pressure marcasite-type structure was proposed for 1T -
HfTe2 above 12 GPa deduced from the power XRD.[11] How-
ever, a full structure determination of the high-pressure phase
for 1T -HfTe2 was not completely characterized due to the poor
quality of the XRD patterns as the authors said. To date, there
have been no confirmed reports of pressure-driven structural
phase transitions and the resulting electronic properties of 1T -
HfTe2 that are the aim of this work. It is of great signifi-
cance to explore new high-pressure phases and special prop-
erties of 1T -HfTe2, especially for the study of other layered
transition metal ditellurides. To settle these points, we have
systematically searched the high-pressure structures of HfTe2

up to 50 GPa using the swarm intelligence crystal structure
search technique.[34] Two high-pressure monoclinic C2/m and
hexagonal P6̄2m phases with three-dimensional (3D) struc-
tural framework are uncovered above 3.6 GPa and 9.6 GPa, re-
spectively. The structural features and related electronic prop-
erties in comparison with the ambient-pressure trigonal P3̄m1
phase are thus studied in detail.

2. Computational methods
A systematic crystal structure search at various pressures

points (0 GPa, 5 GPa, 15 GPa, 25 GPa, and 50 GPa) is car-
ried out using the prevalent developed crystal structure anal-
ysis by particle swarm optimization (CALYPSO) code[35–37]

with 1–4 formula units (f.u.) in the simulation cell. In the
process of crystal structure search, 40 structures are gen-
erated in each generation, 60% of which are obtained by
PSO operation of crystal structures with lower enthalpies in
the previous generation, and the remaining 40% are gener-
ated randomly, so as to ensure the diversity of crystal struc-
tures in each generation. The structure search simulation was
terminated after generating ∼ 1200 structures (∼ 30 gener-
ations). The effectiveness of this swarm intelligence soft-
ware had been well verified in various systems.[38–43] The
energetically stable candidates searched by CALYPSO code
were then completely relaxed and their enthalpies, phonons,
and electronic structures were calculated using the first-
principles calculations. The Vienna ab initio simulation pack-

age (VASP)[44] was applied here by adopting the projector-
augmented wave (PAW)[45] ion–electron potentials and the
Perdew–Burke–Ernzerhof (PBE)[46,47] exchange–correlation
functional. The cutoff energy of 500 eV for the plane-wave
expansions and dense k-point with grid density of 0.03×
2π Å−1 (Monkhorst–Pack scheme)[48] in the Brillouin zone
integration were used to ensure the total energies well con-
verged to be better than ∼ 1 meV/atom. The semiempirical
DFT-D3 Grimme’s method[49] for the vdW corrections was
adopted in the structural optimizations. The Heyd–Scuseria–
Ernzerhof (HSE06) function[50] and the PBE with spin–orbit
coupling (SOC) were selected for the electronic band struc-
ture calculations. Phonon dispersions were calculated us-
ing the finite-displacement method, as implemented in the
PHONOPY code.[51]

3. Results and discussion
At ambient conditions, the experimentally trigonal P3̄m1

phase (Fig. 1(a)) for HfTe2 is well reproduced in our variable-
cell structural searches, validating our method adopted here.
In Fig. 1(a), each Hf atom is bonded to six Te neighbors to
form a HfTe6 octahedron in the Te–Hf–Te sandwich layers,
the ambient-pressure P3̄m1 phase thus can be viewed as the
stacking of the edge-sharing HfTe6 octahedra along the c-axis.
Through structural relaxations, the calculated lattice parame-
ters of P3̄m1 phase are in excellent agreement with the experi-
mental data[11] as shown in Table 1. Due to the weak vdW in-
teractions between the Te–Hf–Te sandwich layers in the P3̄m1
phase, the application of relatively low pressure can easily
squeeze the interlayer spacing and lead to structural transfor-
mation. As expected, our swarm intelligence searches at 5 GPa
identified an energetically preferable monoclinic C2/m phase
(4 f.u./cell) [see Fig. 1(b)], in which each Hf atom is coordi-
nated with eight Te atoms, forming an irregular HfTe8 hendec-
ahedron. Here, it should be noted that all atoms occupy var-
ious crystallographic 4m sites in this predicted C2/m-HfTe2,
which is different from the previously reported high-pressure
C2/m structures for TiTe2

[52] and HfSe2.[32] At higher pres-
sure points of 15 GPa, 25 GPa, and 50 GPa, our struc-
ture searches discover a new stable hexagonal P6̄2m struc-
ture (3 f.u./cell) [Fig. 1(c)] containing the building block of
irregular HfTe9 tetrakaidecahedron. This structure is anal-
ogous to that of a typical Fe2P compound, which was also
the high-pressure phase of TiTe2 predicted in a recent theo-
retical work.[52] As an intriguing crystal structure, this Fe2P-
type phase is already regarded as a universal high-pressure
structure in some TM dioxides, such as TiO2, ZrO2, VO2,
etc.[53–55] Meanwhile, two tetragonal high-pressure competi-
tive candidates of P4/mmm and I4/mmm structures are dis-
covered, among which the I4/mmm structure has been exper-
imentally determined in the HfSe2.[32]
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Table 1. Structural information for HfTe2 within different structures, including space groups, lattice parameters, and Wyckoff positions.

Pressure (GPa) Space group Lattice parameter (Å) Wyckoff position

0 P3̄m1 a = b = 3.883; c = 6.580 Te: 2d (1/3, 2/3, 0.772)
α = β = 90◦; γ = 120◦ Hf: 1b (0.0, 0.0, 0.5)

0[11] P3̄m1 a = b = 3.911; c = 6.649 Te: 2d (1/3, 2/3, 0.734)
α = β = 90◦; γ = 120◦ Hf: 1b (0.0, 0.0, 0.5)

7 C2/m a = 10.739; b = 3.745; c = 9.655 Te: 4m (0.210, 0.0, 0.118)
α = γ = 90◦; β = 133.617◦ Te: 4m (0.102, 0.0, 0.450)

Hf: 4m (0.541, 0.0, 0.192)
20 P6̄2m a = b = 7.810; c = 3.463 Te: 3g (0.279, 0.0, 0.5)

α = β = 90◦; γ = 120◦ Te: 3 f (0.0, 0.617, 0.0)
Hf: 2d (1/3, 2/3, 0.5)
Hf: 1a (0.0, 0.0, 0.0)

Fig. 1. Crystal structures of (a) P3̄m1, (b) C2/m, and (c) P6̄2m phases.
Large and small balls represent the Hf and Te atoms, respectively.

We show in Fig. 2(a) the calculated enthalpy difference
curves (relative to P3̄m1) for various predicted structures of
HfTe2 under pressure. Here, the earlier proposed marcasite-
type structure for HfTe2 and experimental C2/m-TiTe2 are not
shown due to their higher enthalpy values. It is confirmed
from the Fig. 2(a) that the ambient-pressure P3̄m1 phase firstly
transforms to the C2/m phase after 3.6 GPa, and then, at
9.6 GPa, the C2/m phase transforms to the dense hexagonal
P6̄2m phase. Meanwhile, Table 1 lists the detailed lattice con-
stants and atomic positions for three phases at their energeti-
cally stable pressure points for further study. Figure 2(b) plots
the pressure dependence of the volume per f.u. for each phase
along with the experimental data for the P3̄m1.[56] Firstly, the
calculated volume per f.u. for the P3̄m1 phase under pressure
accords well with the previous experimental data. Secondly,
one can see that these two structural changes of P3̄m1→C2/m
and C2/m→ P6̄2m are all first order demonstrated by the pro-
nounced volume reduction of 7.6% and 4.6%, respectively. In
Fig. 1, the formations of high-pressure 3D C2/m and P6̄2m
structures can be viewed as the significant shortening of Te–
Te interlayer distance and the drastic distortions of HfTe6 oc-
tahedra layers in the ambient-pressure P3̄m1 structure under
increasing compressions. Also, the coordination number of
Hf atom increases from six in P3̄m1 to eight in C2/m and then
to nine in P6̄2m structure at the phase transition process as dis-
played in Fig. 2(b). We have computed the phonon dispersion
curves of C2/m and P6̄2m structures at 9 GPa and 30 GPa and
no imaginary phonon frequency is detected in the first Bril-
louin zone (see Fig. S1), confirming the lattice dynamical sta-
bilities of these two high-pressure phases. Also, both C2/m
and P6̄2m phases are mechanically stable by the fact that their

calculated single elastic constants (Table S1) satisfy the elas-
tic stability criteria of monoclinic and hexagonal systems,[57]

respectively.
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Fig. 2. (a) Enthalpy difference curves (relative to P3̄m1) for HfTe2 and
(b) the pressure dependence of the volume per f.u. for each structure
along with the experimental data for the P3̄m1 phase.

X-ray diffraction is a typical technique for determining
the crystal structure of solid and a recent experiment has given
a well x-ray diffraction pattern of the P3̄m1 phase at 0 GPa.[11]

To better assist the high-pressure crystal structure character-
ization in further experiments, we here simulate the power
x-ray diffraction patterns of the P3̄m1 at 0 GPa, C2/m at
7 GPa, and P6̄2m at 20 GPa in Fig. 3. The Cu-Kα1 radi-
ation wavelength is adopted here in keeping with previous
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experiment.[11] From the Fig. 3, the simulated main peaks of
P3̄m1 at ambient pressure match very well with the available
experimental data, verifying the reliabilities of the calculated
x-ray diffraction patterns of the C2/m and P6̄2m phases.
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(b)

(c)

(d)

Pm-theory

C/m-theory

Pm-theory

Pm-exp.
0 GPa

0 GPa

7 GPa
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Fig. 3. Panels (a) and (b) are simulated and experimental power XRD pat-
terns of the P3̄m1 phase at 0 GPa, (c) the simulated power XRD patterns
of C2/m phase at 7 GPa and (d) P6̄2m phase at 20 GPa.

Energy band structures of three phases at the selected
pressures using the PBE, PBE+SOC and HSE06 methods are
illustrated in Fig. 4 to show the evolution behaviors of their
electronic structures. For each phase, it can be seen that the
calculated energy band dispersions around the Fermi level (EF)
do not differ significantly between the PBE and PBE+SOC
methods. The ambient P3̄m1 phase shows a semimetallic be-
havior [Fig. 4(a)] with the coexisting one electron and two hole

bands crossing the EF. In more detail, as shown in Fig. 4(b),
the upper valence band (VB) mainly composed by Te-p or-
bitals reaches up to and crosses the EF at Γ and A points form-
ing hole pockets. Contrarily, the conduction band which is
mainly dominated by the Hf-d orbitals dips below the EF to
form electron pockets around the L points. 3D Fermi-surface
pieces of the P3̄m1 phase in Fig. 5(a) are found to be mainly
located along the high-symmetry directions in the first Bril-
louin zone (BZ). In Fig. 4(c), the predicted C2/m shows a clear
metallic character originating from the Te-p and Hf-d orbitals
along Γ → Y and B→ D directions [Fig. 4(d)], corroborating
well with the 3D Fermi-surface pieces presented in Fig. 5(b).
Compared to the P3̄m1 phase, more overlap between the Te-
p and Hf-d orbitals is found near the EF due to the strength-
ening of Te–Te interlayer coupling and the disappearance of
interlayer spacing in C2/m phase. A weak band overlaps in
Fig. 4(e) and 3D Fermi-surface plots in Fig. 5(c) imply that
the uncovered high-pressure P6̄2m phase is also a semimetal,
demonstrated by the traversing of the EF of electron (along
the Γ → A directions) and hole (at K points) states. However,
compared to the P3̄m1 phase, both electron and hole states are
mainly dominated by the Hf-d orbitals in high-pressure P6̄2m
phase [Fig. 4(f)]. It should be noted that to a certain extent, the
evolution behavior of electronic structure for HfTe2 in Fig. 4 is
consistent with the change of resistivity under compression in
the previous experiment.[58] However, no evidence of any re-
lated structural phase transition is found in that experimental
work, either by x-ray or electron diffraction.
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Fig. 5. The 3D Fermi-surface representations of (a) P3̄m1 phase at ambient pressure, (b) C2/m phase at 7 GPa, and (c) P6̄2m phase at 20 GPa.
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The atom-projected electronic density of states (DOS)
for Te-p and Hf-d orbitals (doubly degenerate states
eg(dz2 ,dx2−y2) and triply degenerate ones t2g(dxy,dxz,dyz)) in
three phases at HSE06 level are shown in Fig. 6. Meanwhile,
the 3D partial charge density distributions of each phase in the
energy region of −1 eV to EF are presented in Fig. 7. Inspec-
tion of the electronic DOS in Fig. 6(a) suggests that the Te-p
orbital electrons in the P3̄m1 phase occupy a larger portion
of electronic DOS near the EF, consisting with the calculated
partial charge density distributions in Fig. 7(a) and implying
more charge transfer from Hf to Te atoms. From Fig. 6(a) to
Fig. 6(c), the contributions of Hf-d orbitals to bonding states
near the EF increase gradually from P3̄m1 to P6̄2m phase, co-
inciding well with the 3D partial charge density distributions
in Fig. 7. Compared to the ambient-pressure P3̄m1 phase in
Fig. 6(a), the increased covalent interactions of Te-p and Hf-
d orbitals are revealed by the orbital hybridizations between
Te-py and Hf-d-t2g in C2/m [Fig. 6(b) and those between Te-
pz and Hf-d-t2g in P6̄2m [Fig. 6(c)] phases. In addition, a
relatively weak covalent interaction of Te–Te in P6̄2m phase
can also be found from the orbital hybridizations of Te-px and
Te-py in Fig. 6(c). The similar case (the weak Se–Se cova-
lent bonding behavior) has been reported in the high pressure
structure of HfSe2.[32] Previous studies[59–61] have suggested

that the increased hybridization effect could allow all valence
electrons to participate in bonding, thus allowing EF to reach
a valley position conducive to structural stability, separating
into bonding and antibonding states (called pseudogap). Thus,
a typical feature of the electronic DOS of the P6̄2m phase is
the presence of a sharp valley around the Fermi energy, which
is the boundary between bonding and antibonding states. Fi-
nally, we analyze the charge density topology of HfTe2 under
pressure through Bader charge analyses,[62] and the pressure
dependence of Bader charge transfers from Hf to Te atom in
each phase within its stable pressure range is shown in Fig. 8.
A significant charge transfer of ∼ 1.601e from Hf to Te in
the P3̄m1 phase at ambient pressure is shown in Fig. 8, as
described in the distributions of orbital-decomposed DOS in
Fig. 6(a). Moreover, with the continuous increase of pressure,
the value of Hf→Te charge transfer decreases in each phase,
resulting in an enhanced covalence of high-pressure structures.

Fig. 7. The 3D partial charge density distributions of (a) P3̄m1, (b) C2/m,
and (c) P6̄2m phases at the energy region of −1 eV to EF.
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Fig. 8. Pressure dependence of Bader charge transfer from Hf to Te atom
of each phase at its stable pressure range.

4. Conclusion
We have extensively explored the high-pressure crystal

structures of 1T -HfTe2 up to 50 GPa using the CALYPSO
code in conjunction with the first-principles calculations. Two
structural transformations have been determined in the com-
pressed HfTe2 which undergoes from the ambient layered
and six-fold 1T structure to monoclinic eight-fold coordinated
C2/m structure at 3.6 GPa, and then into the hexagonal nine-
fold coordinated P6̄2m structure at 9.6 GPa. The result of
the pressure dependence of the volume shows that both two
structural transitions are first order followed by distinct vol-
ume collapses. Analyses of crystal and electronic structures
suggest that these transitions are caused by the increased in-
terlayer coupling accompanied by the formation of Te–Te co-
valent bonding between the interlayer and the strengthening of
Hf–Te covalent bonding at high pressure. The obtained find-
ings will extend the high-pressure phase diagram of 1T -HfTe2

and provide valuable insights for other TMDS in further ex-
periments.
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