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The two-dimensional semiconductor 1T-HfSe; is found to have highly tunable transport properties under pres-
sure including metallization and pressure-driven superconductivity. The temperature-dependent resistivity of the
sample suggests that a charge-density wave (CDW) state exists at low pressures in HfSeg, but it is suppressed
below 20 GPa. It is further found that metallization takes place at ~24 GPa followed by the appearance of a
superconducting state at 26 GPa with a T, of 6.7 K. Upon further compression to 33 GPa, the T, increases
monotonically to 7.5 K. Raman spectra, x-ray diffraction, transport measurements, and density-functional theory
calculations suggest that the occurrence of the pressure-induced metallization and superconducting transition are
intimately linked to a structural phase transition from the trigonal (P 3 m1) to a hexagonal structure (P63/mmc).
Because of the phase transition, a massive structural reconstruction, and substantial band-structure changes
around the Fermi level take place, which are due to the modification of weak van der Waals forces. The pressure-
induced manipulation of the transport properties of 1T-HfSe; could provide crucial information towards its
practical applications.

Metallization
Supercondictivity

1. Introduction be suppressed by external stimuli such as high compression.

The electronic structure of TMDs has mainly been tuned either by

Due to their rich physical characteristics and promising potential
applications [1,2], especially in electronics and optoelectronics, transi-
tion metal dichalcogenides (TMDs) [3] have attracted tremendous
attention as a new class of two-dimensional (2D) materials in the fields
of material sciences and condensed matter physics. Layered TMDs with
chemical formula MX; (M = Ti, Nb, Ta, Mo, Hf, W; X = S, Se, Te) exist in
two basic structural polymorphs called (2H) and (1T). They consist of
layers of metals atoms in trigonal prismatic (2H) or octahedral (1T)
coordination [4,5]. Most of these materials exhibit charge-density wave
(CDW) [3], which usually competes with superconductivity when tun-
ing the crystalline and electronic structure by various methods [6].
Superconductivity is expected to appear if the CDW state of a TMD could
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applying an electrical field to manage the spin splitting [7-10], using
quantum confinement by controlling the samples thickness [8,11,12], or
employing pressure in combination with temperature [4,13,14].
Employing stress or strain is another way to tune the electronic structure
of TMDs [12,15]. However, being key state parameters, temperature and
pressure are the most efficient and clean tools for tuning the structural
framework as well as electronic states because they have the advantage
of not introducing chemical disorder [13,14]. In different TMDs mate-
rials various pressure-induced electronic modifications, including
semiconductor-to-metal transitions, have been observed [13,16,17].
Among the TMDs, HfSe; is a narrow band-gap semiconductor and has
been proposed to be a competitor of silicon in semiconductor technology
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[18]. In particular, 1T-HfSe; has a high electron affinity and an optical
band gap well-matched with the solar spectrum, which makes it a
promising candidate material for a high-performance field-effect tran-
sistor component [19], photovoltaic cells, and infrared optoelectronic
devices [20]. Very recently metallization was proposed in HfSe; at ~10
GPa, which is to date the lowest metallization pressure among TMDs
[16,17]. However, the conclusion was based upon transmittance mea-
surements [16] which do not confirm the closure of the band gap and are
consistent with a narrow band-gap semiconductor rather than with a
metallic state. Zhang et al. also reported metallization from resistance
measurements at room temperature, but the reported values for the
resistivity [17] are too large to support metallization. In fact, the resis-
tance reported at 10 GPa is at level of tens of ohms [17], which corre-
sponds to a semimetal or a narrow band-gap semiconductor but not to a
metal. In addition, no temperature-dependent resistance has been re-
ported at 10 GPa to confirm the metallic nature of HfSey. All these facts
are in apparent contradiction with claims of metallization, indicating
that further high-pressure (HP) studies with solid evidence are needed to
fully understand the HP behavior of HfSe;. Moreover, there are no
previous studies on a possible pressure-driven superconductivity in
HfSe; and its pressure-temperature phase diagram has not been explored
yet. On another hand, several recent studies suggest that tuning the band
structure or carrier densities will be essential for many of its potential
applications, including optoelectronics devices [21]. These reasons
motivate us to explore the band structure, as well as precise characterize
structural, electrical, vibrational, and optical properties of HfSe, using
compressive strain.

In this article, we have performed a systematic HP study of 1T-HfSe;
by combining resistivity, Raman scattering, and synchrotron X-ray
diffraction (XRD) measurements under compression with density-
functional theory calculations. At low-pressure 1T-HfSey is a semi-
conductor, presenting a CDW order, as previously observed in other
TMDs. The CDW order is suppressed below 20 GPa, followed by
pressure-induced metallization and the appearance of superconductivity
by cooling below 7 K. Notice that metallization occurs at 24 GPa and not
at 10 GPa as reported before [16,17]. Structural and spectroscopic re-
sults suggested that a first-order structural phase transition from a
trigonal (P 3 m1) to a hexagonal structure (P63/mmc) at around 24 GPa
is responsible for the above-mentioned changes. The superconducting
transition temperature (T,) increases from 6.6 K at 26 GPa to 7.5 K at 38
GPa. Finally, a phase diagram of 1T-HfSe, as function of pressure and
temperature is mapped out, which reveals pressure-induced supercon-
ductivity that is closely linked to the emergence of the structural phase
transition.

2. Experimental and calculation details
2.1. Sample growth and high-pressure experiments

High-purity 1T-HfSe, crystals were purchased from HQ-graphene.
Diamond-anvil cells (DAC) with 300 pm culets were used to generate
pressure up to 35 GPa. A ruby ball and Au foil were used to calibrate
pressure [22,23]. Raman measurements were performed using an inVia
Renishaw Raman spectrometer system with a laser wavelength of 532
nm and a grating of 1200 1/mm. Silicon oil was used as a
pressure-transmitting medium (PTM) in HP XRD and Raman measure-
ments. High-pressure synchrotron XRD measurements were conducted
on the BL10XU beam line of Spring-8 synchrotron. Electrical transport
measurements were carried out using a DAC made of non-magnetic
Cu-Be alloy. An insulated gasket was prepared with a mixture of
epoxy and cubic boron nitride for electrical measurements.
Room-temperature and low temperature electrical resistivity of the
samples were measured using a Keithley Source-meter 2410 and a
physical property measurement system (DynaCool, Quantum Design
Inc.) respectively. More details of the experiments are provided in the
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Supplemental Material (Note 1). To conclude the description of exper-
iments we would like to state that we are aware that the used pressure
media become non-hydrostatic in the pressure range covered by ex-
periments [24,25]. However, the agreement achieved by experiments
made with different techniques (using different PTM) and with com-
puter simulations (assuming hydrostatic conditions) suggests that
non-hydrostaticity does not play an efficient role in HfSe, a role as
relevant as in other materials.

2.2. Calculations

Density-functional theory (DFT) calculations were performed to
complete the experiments. Structure searches were performed using the
particle swarm optimization technique as implemented in the CALYPSO
code [26,27]. Structural relaxations were based on DFT within the
Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized
gradient approximation [28] as implemented in the Vienna ab initio
simulation package [29]. Band-structure, phonon, and electron-phonon
coupling (EPC) calculations were also carried out using the QUANTUM
ESPRESSO code [30], where norm-conserving pseudopotentials for Hf
and Se with a kinetic energy cutoff of 70 Ry were employed. The Bril-
louin zone (BZ) was sampled using a 40 x 40 x 26 Monkhorst-Pack grid.
For the band-structure HSE hybrid functionals [31] were used because
HSE gives a more accurate determination of the band-gap energy than
PBE, in particular, for systems where van der Waals forces are not
negligible. In all calculations we considered the following electrons as
valence: 5d and 6s of Hf and 4s and 4p of Se. Geometry relaxations were
performed by imposing a tolerance on the atomic forces of 0.005 eV A~L.
The obtained energies were converged to within 0.5 meV per formula
unit by using these technical parameters.

3. Results and discussion
3.1. CDW and pressure-induced superconductivity

Layered 1T-HfSe; is a semiconductor with an indirect band gap of
0.8-1.1 eV [18,32,33]. Fig. 1 shows the resistivity of the sample as a
function of pressure at room temperature (a) and during cooling at
different pressure (b). The resistivity of HfSe; enormously decreases
upon compression from ambient pressure to about 16 GPa and 24 GPa in
two steps and then asymptotically approaches the minimum value
reached at 35 GPa. The value of the resistivity at ambient conditions
indicates that the material is an intrinsic semiconductor and, therefore,
resistivity is proportional to Ref. efw/2T[ 34 | where Egyp is the
band-gap energy and Kj is the Boltzmann constant. Thus, a decrease of
band-gap energy will explain the observed decrease of the resistivity up
to 15 GPa. This is consistent with band-structure calculations. The
abrupt change of the resistivity beyond 15 GPa suggests the mechanism
of charge transport changes, which might be due to the pressure-induced
phase transition. The resistivity beyond 23 GPa is within the order of
magnitude of metallic values, suggesting a semiconductor-to-metal
transition at much higher pressures that reported before [16,17]. The
resistivity as a function of pressure can be divided into three regions. At
low-pressure, the resistivity change from p = 1.25 x 10° Q em to p =
1.58 x 10% Q cm is due to the decrease of the band gap. Then, in the
region of phase coexistence it decreases from these values to p =12.5Q
cm, as the semiconductor and metallic phases coexists; and finally, re-
sistivity has values around p = 0.28 Q cm in the HP metallic phase. The
pressure-induced  metallization of HfSep is verified by
temperature-dependent resistance measurements discussed in the
following section. Beyond 26 GPa, the change of resistance is negligible,
and it remains almost pressure independent with a value 0.21 Q cm.

To verify the pressure-induced metallization and achieve a more
comprehensive understanding of electrical properties, temperature-
dependent resistivity measurements were carried out down to 2 K
from 5 GPa up to 38 GPa, as shown in Figs. 1(b), Fig. 2(d) and S1(Sup.
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Fig. 1. (Color online); (a) Resistivity behavior of HfSe, as a function of pressure at RT. Regions corresponding to different phases are shown in green, blue, and
yellow. A picture of the sample and contacts is shown in the inset. (b) Temperature-resistivity curves at different pressures, numbers show pressures in GPa. The
asterisk in the zoom indicates the jump caused by changing the cooling speed while arrow indicating the CDW order.

Mat.); three regimes can be identified upon compression. Firstly, below
20 GPa, a typical semiconductor behavior is observed as it exhibits
negative dp/dT throughout all temperatures. Interestingly, it exhibited
an anomalous behavior between 150 and 250 K, as indicated by the
arrows in the inset of Fig. 1(b). The existence of a hump-type anomaly (a
negative differential resistance) in the resistivity data is not unexpected
for TMDs and it has been related to the presence of a weak CDW order in
these materials [35]. Such phenomenon results in a crossover on the
temperature-dependent transport behavior due to the electronic scat-
tering by a CDW which affect the electronic density of states, changing
the resistance-temperature slope [35-38]. The CDW behavior persists up
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to at least 15 GPa and is almost suppressed with further compression at
about 21.3 GPa. Secondly, at 24 GPa a positive dp/dT is observed for all
temperatures, implying the metallic behavior of HfSe,. Thirdly, from 26
GPa to the highest pressure of 38 GPa, the resistivity shows a metallic
state (dp/dT > 0) between 300 K and 7 K. Interestingly, at 26 GPa we
observed a sudden drop in resistance below 7 K, which suggests a
pressure-induced superconductivity (SC) with a superconducting T, of
6.6 K at 26 GPa. Further compression increases the T, from 6.6 K to 7.5 K
at 38 GPa, as presented in Fig. 2 (See Fig. S1(c) in Sup. Mat. For a zoom
of the 29-38 GPa range). These results show that superconductivity is
observed only at pressures beyond the pressure where the CDW state is
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Fig. 2. (Color online) (a)Temperature dependence of resistivity under different magnetic fields (b) poHc>-T phase diagram. The solid line represents fitting by the GL
equation. (c) Variation of T, with increase pressure (d) Electrical resistivity as a function of temperature for pressures of 26-38 GPa. Electrical resistivity drops and
zero-resistance at low T are an indication of superconductivity. A zoom of Fig. 2(d) is provided in Fig. S1(c) of Sup. Material.
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suppressed [39]. The competition between both states is related to the
fact that CDW order gaps out certain regions of the Fermi surface, and as
such, the suppression of the CDW order leads to an enhancement of the
superconducting transition temperature.

Superconductivity is further verified by the suppression of the T,
with increasing magnetic field (Fig. 2(a).). Zero resistance at 33 GPa is
gradually lifted as the applied magnetic field increases, and simulta-
neously, the T, decreases towards low temperature. The super-
conducting state is almost fully suppressed at the applied magnetic field
of 3.4 T. In Fig. 2(b), we show the upper critical magnetic field, Hc2,
determined from the onset of the resistivity drop [40]. The Hc2 vs. T,
curve was then fitted with the empirical expression based on the
Ginzburg-Landau (GL) theory (e.g. Refs. [40,41]) which takes the form:
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It can be seen that the data in Fig. 2(b) can be well-fitted using Eq.
(1). The value of y,H,(0) at 33 GPa is determined to be 3.4 T. We note
that our derived value of yi,H.,(0) is much lower than the Pauli limiting
field for a singlet pairing of y,Hp(0) =1.84T.[42], whichis 13.6 T for T,
=7.4K

Another interesting feature is the variation of the superconducting
critical temperature T, with pressure, shown in Fig. 2(c) and (d). The
superconducting transition temperature increases from 6.6 K to 7.5 K
with increasing pressure then gradually levels off at 38 GPa.
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Fig. 3. (Color online) (a) Angle-dispersive XRD patterns at selected pressures at room temperature. (b) Rietveld refinements for the ambient phase, mixed phase, and
new HP phase at 0.4 GPa, 19 and 24 GPa, respectively (A = 0.6199 A). (¢) Raman spectra at different pressures between 0.4 and 38 GPa, (d) Pressure dependence of
the Raman modes at different pressures between 1 atm and 38 GPa, where the solid lines show the linear fits corresponding to the specific modes.
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3.2. Structural phase transition under compression

To reveal the structural origin of superconductivity and other
interesting transport behavior of 1T-HfSey, we examined the crystal
structure of the sample by high-pressure XRD measurements up to 35
GPa. XRD patterns are shown in Fig. 3(a). 1T-HfSey crystallizes in a
trigonal structure with space group P 3 m1 at ambient pressure. XRD
patterns up to 18 GPa can properly be refined with the same structure;
see a representative refinement of the XRD patterns at 0.6 GPa in Fig. 3
(b). All XRD peaks are continuously shifted to a larger angle without the
appearance of new peaks up to 18 GPa. After this pressure, additional
diffraction peaks, indicated by arrows in the figure, started to appear.
The new peaks become more prominent just over 22 GPa. This fact and
the changes in the shape and intensity of the several peaks indicate the
onset of a phase transition.

The superposition of the low- and high-pressure phases is observed in
a pressure range of 19-23 GPa. At 24 GPa, prominent changes occur in
the XRD pattern, which was refined by the hexagonal space group P63/
mmc and with further compression up to 35 GPa, no prominent change
in the XRD pattern confirms the stability of the high-pressure phase.
Representative Rietveld refinements of the HP-XRD patterns at 19 and
24 GPa are provided in Fig. 3(b). The low-pressure trigonal phase sup-
ports semiconducting behavior, and the pressure dependence of the
conductivity supported the metallic behavior of the high-pressure hex-
agonal phase. The pressure-induced changes in the lattice parameter and
unit-cell volume before and after the phase transition are discussed in
Supplemental Material (Note 6). The discontinuity of the volume around
24 GPa (see Fig. S5 in Sup. Mat.) confirms the existence of a phase
transition, which could trigger changes in the electronic topology. The
transition is partially reversible and has the signature of a HP phase (see
Fig. 3(a)). It is worth noting that the phase transition sequence found in
this study is in good agreement with previous XRD measurements [17],
although the authors could not solve the intermediate phase as it was
mixed with 1T-phase and/or HP phase. In our study, a careful loading to
avoid sample bridging [43] enable us to obtain the HP phase as a single
phase from 24 to 32 GPa. We identified it with space group P63/mmc.
This is consistent with our Raman experiments as we will show in the
following paragraphs.

Raman spectra of HfSe; as a function of pressure at room tempera-
ture are shown in Fig. 3(c). They qualitatively agree with previous
studies in the pressure range where comparable [32,44,45]. All the
modes shift to higher frequency as the pressure increases. The peak in-
tensity of main Raman modes especially Ay shows a jump with
compression after 16 GPa as compared to the ambient Raman spectrum.
This is due to phase coexistence, which has been observed in XRD
measurements. Upon compression to 23 GPa, the appearance of the two
new modes, a discontinuity in the pressure shift of one mode, as well as
changes in the rate of mode-shift versus pressure in another mode
indicate the lowering of crystalline symmetry, which corroborates the
transition from trigonal (semiconductor) to hexagonal (metallic) as
detected by XRD and electrical transport measurements. Indeed, the
appearance of new modes cannot be explained by the tetragonal struc-
ture proposed in a previous work, which has the same number of
Raman-active modes than the low-pressure phase. In contrast, calcula-
tions show that the P63/mmc HP phase has four Raman-active modes
(A1g + 2Eog + Eig). The calculated Raman frequencies for the observed
mode (242, 286 em 1) are almost equal to the experimental values (240,
290 cm’l). Detailed information about these Raman modes is illustrated
in the Supplemental Material (Note 4). The pressure evolution of the
Raman modes is shown in Fig. 3(c—d) and illustrating the lowering of the
crystalline symmetry. Upon decompression, the Raman spectrum is
recovered to the original one at 0.2 GPa, as shown in Fig. S2 (Sup.
Material), manifesting the partially reversible structural transition, in
consistent with the observation of our XRD measurements.
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3.3. Interpretation by density-functional theory calculations

To gain a better understanding of the electronic evolution of 1T-
HfSe, in which its highly tunable optical and transport properties are
determined, we carried out ab-initio calculations. Results from the
structural optimization are shown in the Supplemental Material (Fig. S3,
Sup. Material). According to these results, in the pressure range of in-
terest of our study, the hexagonal HP structure (P63/mmc) has a higher
enthalpy that the ambient-pressure trigonal structure (P 3 m1). Thus, the
P63/mmc transition is found in calculations to be a metastable phase. In
contrast, calculations predict a transition to a tetragonal structure (space
group I4/mmm) at 16 GPa (see Fig. S3 in Sup. Material), in agreement
with calculations previously reported. However, this tetragonal struc-
ture cannot explain the XRD patterns of the HP phase (see Fig. S4 in Sup.
Material where we show the tetragonal structure has a very different
XRD pattern). The fact that a different structural sequence is experi-
mentally observed could be related to the existence of kinetic barriers
blocking the P 3 m1-I4/mmm transition [46]. This transition is recon-
structive and involves the formation of many Hf-Se bond (the coordi-
nation number in the tetragonal phase is 10) and the formation of Se-Se
bonds (see Fig. S3 in Sup. Material). In contrast the P63/mmc structure
only differentiates from the low-pressure P 3 m1 in the stacking of the
stacked 2D HfSe, layers, which provide a simple mechanism to trans-
form the P 3 m1 structure into the P63/mmc structure. Thus, the pres-
ence of kinetic barriers favors the stabilization of the P63/mmc structure
as a metastable phase. A detailed discussion of this issue is beyond the
scope of this work. Despite this, the description of the DFT of the pho-
nons and electronic properties of the low- and high-pressure phase with
trigonal and hexagonal structures is accurate.

The electronic band structures and density of states (DOS) of the LP-
phase were investigated by using an HSE06 hybrid functional at 1 atm,
5, 11, and 24 GPa, as shown in Fig. 4(a). The results clearly show a band
gap narrowing in the low-pressure phase, which is consistent with the
observations of transport measurements. At ambient pressure, our band
structure calculations reveal a semiconducting ground state of HfSes
with an indirect band gap of about 0.82 eV, which is very close to the
experimentally observed value of 0.8 eV (Fig. 4(a)). Under compression,
the band-gap energy decreases to 0.2 eV at 5 GPa along with decreasing
resistivity, as shown in Fig. 1(a). Above 5 GPa, there is a change in the
slope of the resistivity, which is consistent with calculations showing
HfSe; becomes a normal semimetal between 5 and 11 GPa, with the
coexistence of electrons and hole pockets. From 11 to 24 GPa, the top of
the valence band moves to 1 eV above the Fermi level, which justifies the
decrease in resistivity by several orders of magnitude. Finally, the phase
transition occurs at 24 GPa, and the sample becomes metallic with a
resistivity of 1071Q cm, as illustrated in Fig. 4(b). Thus, our calculations
are fully consistent with our experiments. The semiconductor-semimetal
transition can be interpreted as a symmetry-preserving phase transition,
which modifies the topology of the band structure, similar to that re-
ported for TiS, at 4-6 GPa [47]. From the projected DOS, we can see that
the metallicity is derived mainly from the Hf d and Se p orbitals. Notice
that the metallic character of the HP phase is fully consistent with the
low intensity of its Raman signal.

We further calculated phonon spectra and EPC for P63/mmc HfSe, at
29 GPa to provide an explanation of the observed superconductivity.
The results are shown in Fig. S(7). The Eliashberg spectral function a®F
(0)/® between 2 and 7 THz have significant peaks, showing that the
vibrations in this frequency range have a main contribution to the EPC.
The calculated logarithmic average frequency wjog is 216 K and the EPC
parameter 1 is 0.34. To further explore the contribution of different
phonon modes, red circles with the area proportional to the EPC strength
are also plotted in the phonon dispersion curves. Most of the phonon
modes along the I'-A, H-K, and M-L direction have large contributions to
the EPC, as well as the soft modes around the I" point, which are asso-
ciated with both Hf and Se atoms. The T, of P63/mmc HfSe, at 29 GPa
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Fig. 4. (Color online) Calculated band structures of HfSe,. (a) Ambient pressure (1atm), LP (5 GPa), LP (11 GPa), LP (24 GPa) (b) HP (24 GPa).

was calculated by using the Allen-Dynes modified McMillan equation.
The estimated T, is 0.7-2.8 K by applying a Coulomb pseudopotential y*
of 0.1-0.13. The estimated low T, is mainly due to the weak EPC and
weak lattice vibrations. Although a discrepancy in T, exists between the
calculation and observation, it still qualitatively supports that P63/mmc
HfSe; is a superconductor at high-pressure.

Fig. 5 schematically illustrates the whole picture of this communi-
cation. Resistivity measurements, along with XRD and Raman spec-
troscopy, reveal a significant correlation between electronic,
vibrational, and structural transitions in pristine 1T-HfSe; above 22
GPa. In the Raman spectrum and XRD patterns we noticed numerous
changes, which provide strong evidence of a first-order structural
transformation from trigonal (P 3 m1) to hexagonal P63/mmc around
24 GPa. In layered crystal structures like 1T-HfSe; there are strong van
der Waals interactions between layers at ambient conditions. The
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Fig. 5. Schematic pressure-temperature (P-T) phase diagram of IT-HfSe,. The
yellow and red regions demarcate the semiconducting and metallic states,
respectively, illustrating the low-pressure and high-pressure structural phases.
The CDW order and superconductor regions are indicated by CDW and SC,
respectively. Symbols represent experimental data points of region boundaries
(Insets) Schematic representations of the LP and HP crystal structures. White
and Red circles represent Hf and Se, respectively. Stars indicates the resistivity
behavior of HfSe, as a function of pressure at RT. The dashed-line box has been
included to represent that structural determination has not been carried out at
low temperature.

modification of van der Waals forces, which are highly sensitive to
pressure, is usually accompanied by first-order structural transitions
where massive structural reconstructions and atomic movements take
place [48]. Therefore, in the case of HfSey, the metallization process
involves the change in both the electronic and crystal structure. We
believe that metallization phenomenon in HfSe; is intimately linked
with the reduction of the pressure-induced interlayer distance. With
compression, the distance of the neighboring Se atom planes decreased
rapidly, resulting in the strong Se-Se interactions and further leads to
the occurrence of metallization [49]. Our calculated electronic density
of states (DOS); (see Fig S6); have shown that the density of the Se atoms
around the Fermi level has significantly increased due to the enhance-
ment of the interaction between the Se atoms under pressure. This is the
key fact that drives metallization. Hf atoms also make a small contri-
bution since the conduction band moves slightly down under pressure.
Fig. 4 illustrates the complimentary evidence of the superconducting
transition and metallization where the band structure of LP phase shows
semiconducting behavior, and the HP phase shows metallic behavior.
The fact that superconductivity is detected only after metallization is
observed at room temperature implies that pressure-induced supercon-
ductivity is closely linked to the emergence of a first-ordered structural
phase transition. Therefore, the superconductivity observed in HfSe; is
an intrinsic phenomenon related to the structural changes observed in
our experiments. The new approaches used in this article and the
observed phase transitions involve versatile phase-control factors (such
as temperature, pressure) creating new platforms and the resulting
phases have also provided opportunities to explore novel 2D physics in
the future.

4. Conclusions

1T-HfSe; undergoes a pressure-induced (P 3 ml to P63/mmc)
transformation near 24 GPa accompanied by a successive
semiconductor-metal transition, resulting in the appearance of super-
conductivity at low temperature. This first-ordered phase transition is
confirmed by Raman spectroscopy and the metallization associated with
it by ab-initio electronic band structure calculations. The super-
conducting T, increases gradually from ~6.5 K at 26 GPa to ~7.5 K at
38 GPa and becomes almost stable upon further compression. The
extensive and continuous tuning of its electronic structure could be
potentially used for energy-variable (IR-visible) optoelectronics and
photovoltaics applications.
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