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Adjusting the electrical and optical properties of two-dimensional materials by pressure is an important

method to realize their applications in the fields of electronics and optoelectronic devices. Here, we report
the highly tunable transport properties of the layered semiconductor HfS, under high pressure, including
metallization and superconducting transition. HfS, is one of the IVB group transition-metal dichalcogenides,
exhibiting a large band gap in ambient condition. The bandgap decreases from ~2.0 to ~1.1eV within 15 GPa
by pressure tuning, and HfS, becomes metallic at ~60 GPa. Moreover, a superconducting transition is observed
under ~126 GPa, and the superconducting critical temperature (7;) increases with further compression, reaching
~4.4 K at ~153 GPa. Hall-effect measurements show that pressure changes the carrier-concentration type from
electron dominated to hole dominated at ~145 GPa. Two structural transitions are found at moderate pressure,

and one of them agrees with the changes observed in absorption and Raman spectroscopy measurements.

Manipulation of the transport and optical properties of HfS, by pressure provides important information for

its practical applications.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) [1] have at-
tracted great interest in materials science and condensed-
matter physics due to their novel physical properties and
potential applications [2,3], especially in the fields of elec-
tronics and optoelectronics. Among them, transition-metal
disulfides MX,(X =S, Se, Te) are representative due to
their abundant properties and versatility under compres-
sion [4]. Most of these materials have a hexagonal lattice
structure similar to graphene, and the types of symmetry
can be controlled by sample synthesis. Since interlayer in-
teractions are sensitive to compression, pressure engineering
becomes an efficient way to modulate the physical properties
of MX, materials. Specifically, phenomena such as charge-
density waves (CDW) [5-7], superconductivity [7-11], and
Mott transitions [11] have been found in transition-metal
disulfides through pressure modulation [12].

Different from 3d sulfides, 4d and 5d systems exhibit
stronger spin-orbit coupling, higher levels of hybridization,
and more diffuse orbitals [13]. Therefore, materials containing
4d and 5d centers generally have reinforcing or emergent
properties [14—17]. Theoretical calculations show that the mo-
bility in HfS, at room temperature is much higher than in
MoS; [18]. The lamellar current density of HfS,-based field-
effect transistors is about 80 times higher than MoS, [19].
Few-layer HfS, field-effect transistors were fabricated by
Kanazawa et al., and high drain currents and mobility were

*Corresponding author: chenbin@hpstar.ac.cn
TCorresponding author: cc060109@qqg.com

2475-9953/2023/7(10)/104802(7)

104802-1

observed [20]. As a clean tuning method, pressure can di-
rectly modify the lattice parameters and effectively change
its electronic structures and optical properties. Previous stud-
ies found that HfS, is sensitive to strain and pressure. The
band-gap state, gap energy, and phase transition of mono-
layer HfS, can be tuned by strain engineering in different
deformation modes [21]. Calculations show that the thermo-
electric properties of monolayer HfS, can be significantly
improved by introducing stress [22]. Recently, studies have
shown that the Raman peaks of bulk HfS, have abnormal
changes at 5.7-9.8 and 12.8-15.2GPa [23], and structural
transitions and metallization in Hf S, under pressure have been
reported [24]. However, the minimum temperature measured
by the variable-temperature electrical conductivity measure-
ments in these results is only 120 K, and the evidence of
structural transformation is insufficient. Therefore, further
high-pressure studies with solid evidence of metallization and
potential superconducting transition are needed to fully under-
stand the high-pressure behavior of HfS,.

Here, we have investigated HfS, by electrical trans-
port measurements, optical absorption, Raman spectroscopy,
and synchrotron x-ray diffraction (XRD) measurements.
Metallization was confirmed to occur above 50 GPa and
superconductivity was observed at ~126 GPa, with the T; in-
creasing with pressure (~4.4 K at 153 GPa). Hall coefficients
show a change in carrier-concentration type from electrons
to holes at about 145 GPa, implying a change in electronic
structure. Optical absorption reveals the evolution of the band
gap. A highly tunable band gap of HfS, under pressure is
found, which decreases from ~2.0 to ~1.1 eV within 15
GPa. XRD and spectroscopic results show that there are two
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structural phase transitions at around 11 and 35.5 GPa. Fi-
nally, a possible phase diagram of HfS, as a function of
pressure and temperature is summarized.

II. EXPERIMENTS

HfS, single crystals were purchased from HQ-graphene.
The sample was characterized by XRD combined with
energy-dispersive spectroscopy. Two runs (run 1 and run 2) of
electrical transport measurements (van der Paul method) were
conducted. Diamond-anvil cell was used to create pressure,
with a nonmagnetic copper-beryllium alloy disk between the
anvils as gasket. An insulating layer of cubic boron nitride
(cBN) was prepared on the prepressed gasket. The diame-
ters of the anvil culets in run 1 and run 2 were 100 and
200 um, respectively. The sample was loaded into the chamber
directly without a pressure-transmitting medium (PTM). Plat-
inum foils were used as electrodes that contacted the sample
in the chamber. The temperature-dependent resistance was
measured with Quantum Design’s PPMS (2-300K, 0-9 T).

As for optical and spectroscopy measurements, the high-
pressure experiments were performed with a DAC with
300—um-culet diamonds, and T301 steel gaskets were used.
Silicone oil was loaded as the PTM. In sifu high-pressure
ultraviolet-visible near-infrared (UV-VIS-NIR) absorption
spectra were measured on a custom spectroscopy system
(Gora-UVN-FL, Ideaoptics, Shanghai, China). And, a 633-nm
laser-excited micro-Raman system (Renishaw, UK) was used
to obtain Raman spectra of the sample.

III. RESULTS AND DISCUSSION

The temperature-dependent resistance R(7') of HfS, for
two runs from ~7.6 to ~153 GPa is shown in Fig. 1.
Figure 1(a) is the results of run 1, where the R—T7 curve
exhibits a typical semiconductor behavior under low pres-
sure (P <~ 60 GPa). Around 60.6 GPa, the R—T curves in
the high-temperature range exhibit metallic behavior, while
there is still the semimetallic trend below ~175 K. With the
pressure increasing, the rising trend of the low-temperature
resistance is further suppressed, suggesting the completion of
the semiconductor-to-metal transition. Figures 1(b)-1(f) are
the results of the second run, and it can be seen that the R—T
curve shows metallic across the entire temperature range when
the pressure is increased to 65 GPa. Importantly, the super-
conducting transition, characterized by a sharp decrease in
R(T), starts to appear at pressure above 126 GPa, as shown
in Fig. 1(b). The critical temperature of the superconducting
transition 7; defined as the temperature at which the resistance
drops to 90% is enhanced from 2 K at 126 GPa to 4.4 K
at 153 GPa. By analyzing the normalized resistance at 10 K
in Fig. 1(c), it is found that the resistance drop is almost
~80% of the normal state value within the temperature from
4.4 to0 2.0 K under 153 GPa. Due to the nonhydrostatic pres-
sure condition, the large pressure gradient across the sample
may broaden the transition temperature range and produce a
nonzero resistance in the superconducting state [9,25]. No-
tably, the 7. of HfS, monotonically increases from 126 to
153 GPa and there is a high possibility that higher 7; can be
obtained by higher pressure.

To further confirm the presence of pressure-induced
superconductivity in HfS,, resistance measurements were
performed under an external magnetic field. Figure 1(e) shows
the R—T curves at 153 GPa under different magnetic fields
applied along the crystal ¢ axis from 0 to 1.4 T. It can be seen
that as the magnetic field increases; 7. is clearly suppressed
to lower temperatures, which is typical in the bulk supercon-
ducting transition. Figure 1(f) displays the upper critical field
WoHcy as a function of critical temperature T.. woHcr(Tc)
was fitted by the single-band Werthamer-Helfand Hohenberg
(WHH) formula and the Ginzburg-Landau (GL) equation,
respectively. The upward curvature of pwoHez(T¢) near the
zero-field limit is inconsistent with the WHH theory. A well-
fitted curve of Hc»(T') can be obtained by using the empirical
formula n.,(T) = ncz(—T/TC)H"‘ [26,27]. Similar positive
curvature of 9., (T) was first discovered in UPt; and URu,Si,,
and it has been attributed to the coexistence of charge-density
wave, multiband effect, strong coupling, and field- and tem-
perature dependence of normal state parameters [28,29].The
positive curvature is also found in TaS, and TaSe,, which
have similar structures to HfS,. Considering the previously
discovered two-band model in NbS, [30] and NbSe, [31],
the fit suggests that instead of the WHH single-band model,
a multiband superconducting pair state is likely to exist in
the sample. The fitted upper critical field H.,(0) at 0 K is
2.37 T (WHH) and 4.37 T (GL), respectively. H.>(0) is much
smaller than the Bardeen-Cooper-Schrieffer weakly coupled
Pauli paramagnetic limit [32,33], uoH, = 1.84 T. = 8.1 T for
T. = 4.4 K. The validity of the Pauli limit field implies the
existence of phonon-mediated superconductivity in HfS, [9].

The Hall effect of materials reflects the conduction mech-
anism, energy band structure, etc. And, the Hall coefficient
Ry is an important parameter for studying and understanding
the electronic structure evolution of superconductivity under
pressure. The Hall measurement was performed on HfS, at
the temperature of 10 K, the current is applied in the a-b plane,
and the magnetic field is in the direction perpendicular to the
a-b plane. The dependence of Ry on pressure is shown in
Fig. 2(b). It can be seen that Ry is always negative from 60
to 133 GPa. Thus, the dominant charge carriers are electron-
ics (n type). As the pressure reaches 145 GPa, Ry increases
and turns to positive, and the dominant carriers change from
electrons to holes (p type). The transformation of carrier type
indicates that the energy band structure near the Fermi surface
of HfS, changes during the compression process and the orbit
across the Fermi surface changes. Carrier concentration as a
function of pressure can be calculated through Ry, as shown
in Fig. 2(a). After metallization, starting from 60 GPa, the
effective carrier concentration increases linearly with pressure
until the superconducting transition occurs at 126 GPa. When
the Ry turns to positive, the corresponding carrier concentra-
tion tends to show an upward trend, starting from 130 GPa.
Correspondingly, the 7. increases faster from this point. The
emergence of superconducting transition and the larger in-
creasing rate of T is accompanied by a steady increase in
carrier concentration and a change in carrier type. There-
fore, the important factor determining the change of 7; could
be the pressure-induced redistribution of the energy-state
density near the Fermi surface of HfS,. In fact, this cor-
relation between pressure-induced Fermi-surface anomalies
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FIG. 1. Temperature dependence of the resistance of HfS, samples at different pressures: (a) Compression process in run 1; (b) compres-
sion process in run 2; and (c) temperature-dependent normalized resistance in run 2 at 10 K, which shows nearly 80% decrease in resistance
at 153 GPa. (d) Decompression process in run 2; (e), (f) determination of zero-temperature upper critical magnetic field uoHc,(0) of HES; at
~ 153 GPa. (e) R—T curve under external magnetic field up to 1.4 T with step of 0.2 T. (f) oHc,-T phase diagram. Solid line in blue and red

represents fitting by WHH formula and GL equation, respectively.

and superconductivity are the key to initial the discovery
of the CDW state and its competition with superconduc-
tivity, and it also provides an important reference for our
conjecture [34,35].

In order to investigate the effect of pressure on the optical
and electronic properties of HfS,, optical UV-VIS-NIR ab-
sorption measurements were carried out, as shown in Fig. 3.
A series of images of samples under different pressures are
shown in Fig. 3(a). The initial sample is transparent and in
tangerine. The color of the sample darkens as the pressure
increases, turning to brown at 11.6 GPa, and becomes black-
ish when the pressure increase to 17.1 GPa. UV-VIS-NIR
absorption spectra provide more information. At 0.2 GPa
the emergence of an absorption edge corresponding to an
indirect optical band gap of ~1.96eV is observed and is

in good agreement with previous results [36]. When pres-
sure increases, the absorption edge moves to a lower-energy
region, as shown in Fig. 3(b). The evolution of the band
gap as a function of pressure is obtained by fitting the Tauc
equation (hv)®? = a(hv — E,), as shown in Fig. 3(c). Since
the absorption spectrum data at 17.1 GPa exceed the range
of the measurement instrument and is improper to be fitted
by the Tauc equation, Fig. 3(c) only shows the transformation
of the optical band gap up to 15.6 GPa. Below ~11 GPa, the
band gap of HfS, decreases linearly with the increased pres-
sure, and it decreases more rapidly at higher pressures. The
abrupt change is shown in the slope of the pressure—band-gap
curve.

In order to obtain the vibration characteristics of the
sample and study the structure change of HfS, under high
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FIG. 2. Hall-effect measurements at 10 K under high pressure.
(a) Carrier concentration of HfS, under compression in run 2. Ver-
tical coordinate on right side is 7. at different pressures. There is
high correlation between carrier concentration and 7. (b) Pressure-
dependent Hall coefficient (Ry) at 10 K.

pressure, in situ Raman spectra up to 50 GPa were measured.
As shown in Figs. 4(a)-4(d), HfS, has six normal vibra-
tional modes: I' = A, + E, + 245, + 2E,. The A, and E,
modes are Raman-active modes and the A,,(LO), A,,(TO),
E,(LO), and E,(TO) are infrared-active modes [37-39]. The

Raman spectrum of HfS, measured at 0.7 GPa consists of
four modes [see Fig. 4(a)] with frequencies at ~138, 262,
323, and 342 cm™!, respectively. This is consistent with prior
research [23,38,39] and demonstrates the high purity of the
single-crystal sample. The peaks at 262 and 342 cm~! were
attributed to E, modes, corresponding to the the in-plane
vibrational mode of the S-Hf-S lattice and A;, mode is
corresponding to the out-of-plane vibrational mode, respec-
tively. The peak at 325 cm~! is attributed to an IR-active
E,(LO) [13,39] or A,,(LO) [24,38] similar mode. Due to the
long-range Coulomb forces resulting from charges localized
on atoms, both the LO and TO components of infrared-active
modes can be observed in the Raman spectrum despite the
formal Raman inactivity [38]. Previously, resonance proper-
ties of Raman spectrum involving such phonons have been
reported [36]. This paper will be attributed to A;,(LO). The
weak feature at 138 cm™! is assigned to E,(TO) [13].

As the pressure increases, all vibration modes move toward
higher wave numbers [see Fig. 4(b)]. The pressure coefficient
of Aj, mode is significantly higher than that of E, mode,
which indicates that the effect of pressure on the external
vibration is more pronounced than that on the internal vibra-
tion. When the pressure increases to about 11.3-14.8 GPa, the
M3 vibrating mode disappears, and a new Raman peak M4
appears at about 339 cm™'. The pressure coefficients of E,,
Ajg, and M1 modes show a significant discontinuity, indicat-
ing a typical structural transition. As the pressure continues
to increase above 14.8 GPa, M1, E,, M4, and A, continue
to blueshift and gradually weaken until all Raman peaks
disappear under about 50 GPa, corresponding to the metalliza-
tion behavior under about 60 GPa in the electrical transport
experiments.
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FIG. 3. Results of absorption spectra of HfS, under high pressure. (a) Optical images of sample under different pressure in DAC chamber.
(b) Representative optical absorption spectra of HfS, under high pressure. (c) optical bandgap as a function of pressure.
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FIG. 4. (a) Raman spectra of HfS, at room temperature from ambient pressure to 50.1 GPa. (b) Evolution of each vibrational mode during
compression. (c), (d) FWHM and normalized intensity of A;, and E, modes.

In order to further confirm and analyze the abnormal
changes of Raman vibration, we analyzed the full width at
half maximum (FWHM) and normalized intensity of E, and
Ay, as shown in Figs. 4(c) and 4(d). For the E, mode between
0 and ~11.3 GPa, the FWHM slowly increases with pressure,
while the intensity decreases rapidly. When the pressure rises
to 14.8 GPa, the Raman peak broadens rapidly, while the
intensity decreases slowly after the transition. For the Ay,
mode in the range of 0-11.3 GPa, the FWHM increases slowly,
and the intensity continues to increase. The FWHM increases
rapidly after the pressure reaches 14.8 GPa, and the intensity
suddenly decreases by about 80%.

To confirm the structural properties of HfS, under high
pressure, we collected the XRD results up to ~125 GPa [see
Fig. S3(a)]. Two structural transitions were found at ~11.0
and ~35.5 GPa, which were referred to as phase I and phase
II, respectively. After the pristine phase P—3ml was com-
pressed to 11.0 GPa, three peaks appeared, indicating the
beginning of a structural transformation. Further compressing
of the sample to 15.5 GPa revealed the increasing of the
intensity of these peaks, while the peaks from the original
structure weakened, and some peaks even disappeared. When
the pressure was increased to 35.5 GPa, another two peaks
appeared, and the transition to phase II occurred. In the sub-
sequent compression up to 125 GPa, no new diffraction peaks
could be observed. It is noteworthy that when the pressure is
increased above 13.8 GPa, the peak intensity weakens and the
structure starts to be disordered, as shown by the appearance
of broad peaks, indicating the possibility of an amorphous
phase in addition to the crystalline phase [40,41]. We calcu-
lated the enthalpy of P—3m1 and other potential structures in
the range of 0-125 GPa. As shown in Fig. S3(b), the Pnma
phase has a lower enthalpy compared with the P—3m1 phase
when the sample is compressed to ~10.0 GPa [42]. When

the pressure is above 30.0 GPa, the /4/mmm phase is en-
ergetically more favorable than the Pnma phase. Therefore,
our experimental and theoretical calculation results show that
there are two structural transitions in HfS2: at about 11.0 GPa,
there is a transition from P—3m1 phase to Pnma phase, and
at 35.5 GPa, there is a structural transition from Pnma phase
to /4/mmm phase. The first structural transition is in good
agreement with the anomalous pressure changes observed in
the UV absorption and Raman-scattering results.
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FIG. 5. Schematic pressure-temperature (P-T) phase diagram of
HfS,. Blue and pink regions demarcate semiconducting and metallic
states, respectively. Yellow region corresponds to superconduct-
ing states. Black dotted line indicates pressure of structural phase
transition.
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Figure 5 schematically illustrates the whole picture of this
research. Electrical transport measurements, along with XRD
and spectroscopy measurements, reveal a significant correla-
tion between electronic, vibrational, and structural transitions
in HfS, at 11 GPa. Metallization occurs after a structural tran-
sition at 35.5 GPa. We believe that the metallization in HfS, is
closely related to the change of the electronic structure caused
by the pressure-induced reduction of the interlayer distance.
With further compression, the sample remained in phase II
without further structural transformation. The detected super-
conductivity after metallization has nothing to do with the
structural phase transition, but corresponds to the steady in-
crease of carrier-concentration and carrier-type changes under
high pressure. That is to say, the change of the electronic band
structure near the Fermi surface is the key to understanding
the transport behavior of HfS, at high pressures.

IV. CONCLUSION

In summary, the structural, electrical, vibrational, and op-
tical properties of HfS, under high pressure are reported. It
is found that HfS, transforms into a superconductor above
126 GPa, and T; reaches ~4.4 K at 153 GPa with increasing
compression. The Hall-effect measurement detects a change

in carrier type and the increase in carrier concentration,
which corresponds with the upward trend of 7; at very high
pressures. In addition, two structural phase transitions were
observed. The structural transition at ~11 GPa explains the
abnormal changes of the optical band gap and Raman vi-
bration mode in the low-pressure range. Our study not only
reveals pressure-induced superconductivity in HfS,, but also
enriches the understanding of the structural changes and elec-
tronic states of TMDs. A highly tunable band gap of HfS,
under pressure was also discovered, which can be tuned from
~2.0 to ~1.1 eV within 15 GPa. This provides a window
for more applications of HfS, in optoelectronic devices, such
as high-performance field-effect transistor, photovoltaic cells,
and infrared optoelectronic devices.
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