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Pressure-Sensitive Multiple Superconducting Phases and Their Structural Origin

in Van der Waals HfS, Up to 160 GPa
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Superconductivity has been observed in many insulating transition metal dichalcogenides (TMDCs)
under pressure. However, the origin of superconductivity remains elusive due to the lack of studies on their
structures at low temperatures. Here, we report the observation of a high-T', superconducting state (SC-I
phase) coexisting with other superconducting states in a compressed 17-HfS, crystal up to approximately
160 GPa. In situ synchrotron x-ray diffraction results exclude the presence of decomposed sulfur and
confirm two structural phase transitions at room temperature, as well as an additional transition at low
temperature, which contribute to the emergence of multiple superconducting states. The SC-I phase
exhibits an unsaturated 7', of 16.4 K at 158 GPa, and demonstrates the highest upper critical field among
the bulk TMDCs, pgH(0) #29.7 T for a T, ~ 15.2 K at 147 GPa, exceeding the weak-coupling Pauli
limit. These results reveal abundant SC properties together with sensitive structures in compressed HfS,,

and thereby extend our understanding on TMDCs’ superconductivity.
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Transition metal dichalcogenides (TMDCs) have gar-
nered broad attention due to their layered structure
and exceptional electronic properties [1-4]. Pressure can
enhance interlayer interactions in TMDCs, which finally
induces significant structural or electronic transitions and
even superconductivity [3-6]. 2H-MoS, undergoes insu-
lator-metal transition and becomes a superconductor
through a pressure-driven isostructural transition [7].
Bulk 2H-TaS, shows two superconducting (SC) phases
under ultrahigh pressure while the restacked TaS, shows
the highest 7. and a large critical field at ~150 GPa in
TMDC:s [8,9]. Pressure-induced superconductivity has also
been reported in HfSe, [10,11], TiTe, [12,13], SnS, [14].
However, the superconductivity looks very complicated
under megabar pressure, since diverse superconductivity
behavior can be observed in the same compound. 2H-TaS,
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shows multiple SC transitions, and its SC-II phase with
high 7, shows some similarity with pure sulfur (both of
them have similar 7, and low critical field) [8]. Restacked
TaS, shows a remarkable SC critical field, and it has the
same 7. with the bulk TaS, whose critical field is very
small [8,9]. Recently, 17-HfS, was reported to demonstrate
different superconductivity under ultrahigh pressure, as the
bulk HfS, shows a 7, ~12.2 K at 173 GPa [15], while
another work reports a 7, of only 4.4 K at 153 GPa [16].
The significant discrepancy in a same TMDC compound
suggests the possibility of complex phase transitions and
SC states under high pressure and low temperature. In
addition, there is no solid evidence to exclude the con-
tribution of decomposed chalcogens, considering the sim-
ilar 7. in pure chalcogens and TMDCs. To address these
issues, it is necessary and crucial to conduct detailed
structural studies on TMDCs under high pressure and
low temperature.

In this work, we conducted temperature-dependent
synchrotron x-ray diffraction (XRD) and transport

© 2024 American Physical Society


https://orcid.org/0000-0002-4570-8884
https://orcid.org/0009-0009-5873-1475
https://orcid.org/0000-0003-4451-4989
https://orcid.org/0009-0002-4956-6091
https://orcid.org/0000-0001-7361-0836
https://orcid.org/0000-0003-0189-4221
https://orcid.org/0000-0002-7784-2850
https://orcid.org/0000-0003-0060-2063
https://ror.org/0443s9p82
https://ror.org/05cvf7v30
https://ror.org/05cvf7v30
https://ror.org/05qbk4x57
https://ror.org/04ttnw109
https://ror.org/03c59nw07
https://ror.org/011ashp19
https://ror.org/01d1kv753
https://ror.org/020vtf184
https://ror.org/043nxc105
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.066001&domain=pdf&date_stamp=2024-08-09
https://doi.org/10.1103/PhysRevLett.133.066001
https://doi.org/10.1103/PhysRevLett.133.066001
https://doi.org/10.1103/PhysRevLett.133.066001
https://doi.org/10.1103/PhysRevLett.133.066001

PHYSICAL REVIEW LETTERS 133, 066001 (2024)

measurements on 17-HfS, and observed a much higher 7',
close to 17 K, which is unsaturated in current pressure limit
of 158 GPa. The SC transitions clearly show multiple
stages, and show different responses to the external
magnetic field. Low-temperature XRD excludes the exist-
ence of decomposed S, and provides evidence that multiple
SC states in HfS, originate from the coexistence of
I[4/mmm and R3m structure. Meanwhile, SC HfS, has a
large upper critical field ugH,(0) with 7.~ 152 K at
147 GPa, reaching ~30 T by empirical fitting [or ~45 T
using Ginzburg-Landau (G-L) formula fitting], the highest
among bulk TMDCs. The exceptionally poH,(0) sur-
passes the weak-coupling Pauli limit (uoH ). Apart from
the Ising superconductivity observed only in single or few-
layer TMDCs [17,18], HfS, stands out as the first bulk
TMDC superconductor with such a high pyH,(0). These
results suggest the presence of unconventional supercon-
ductivity linked to novel structures in compressed HfS,,
and it is promising to explore unconventional supercon-
ductivity in similar 4f-electron systems. HfS, thus emerges
as a valuable platform for investigating the interplay
between unconventional superconductivity, structure, and
electronic configurations.

The electrical transport experiments were conducted on a
1T-HfS, single crystal. Sample characterizations (Fig. S1),
experiments and theoretical calculations can be found in the
Supplemental Material [19]. The resistance-temperature
(R-T) curves under higher pressure are shown in Fig. 1.
At low pressure range, HfS, remains a semiconductor until
73 GPa in Fig. S2 [19], consistent with the previous
report [29]. Interestingly, a slight drop of resistance at
78 GPa is observed at a very low temperature in Fig. 1(a),
indicating a SC transition. As pressure increases, the SC
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FIG. 1. The electrical transport properties of HfS, under
ultrahigh pressure. (a) The R-T curves of superconductivity,
from 78 to 158 GPa. (b) The enlarged region of the SC
transitions, and zero-resistance state can be seen clearly at 147
and 158 GPa. The multistage drops of resistance indicate the
possibility of multiple SC states, and different colored arrows
show their 7.

transition becomes more pronounced, and a zero-resistance
state is observed at 147 GPa and 1.7 K. Figure 1(b) enlarges
the view of R-T curves below 20 K, clearly revealing
the superconductivity with multiple transitions. A possible
reason for the multiple transitions is the inhomogeneous
superconductivity caused by the pressure gradient, which is
shown in HfS; [30]. Another possible reason is that
multiple SC states could be due to the coexistence
of different phases. The multiple SC transitions can be
seen clearly in the differential of resistance (dR/dT) in
Fig. S3(a) [19]. Three SC states are named SC-I, SC-II, and
SC-III, respectively. The TS is enhanced by pressure
monotonously, and the transition region becomes sharper
and sharper. At the maximum pressure of 158 GPa,
the TSCT reaches 16.4 K, which is the highest record in
TMDC:s, the same as that in the compressed 2H-TaS, [8]. If
the T3¢ is defined by the crossing point of dR/dT [31], as
seen in Fig. S3(a) [19], it would be almost equal to the
T.(~17 K) of -Po type S measured near 160 GPa [32].
The highest T3¢ is also higher than the previous T\
record of 12.2 K for 17-HfS, [15]. In contrast, the
TSC1(~11.4 K) at 158 GPa is closer to this old record [15].

Figure 2(a) illustrates low-temperature R-T curves at
147 GPa under various magnetic fields. The T, clearly
shifts to lower temperatures with the magnetic field,
and zero resistance is also suppressed, which are typical
features of SC transitions. The SC-I surprisingly persists
under 8 T, while the SC-III is completely suppressed above
2 T. This behavior of SC-III under magnetic fields is very
similar to the previous results in HfS, witha T, of 4 K [16].
As the magnetic field increases to 4 T, the SC-II also
becomes indistinguishable. These different responses under
various magnetic fields give complementary evidence of
the multiple SC states, akin to 2H-TaS, [8].
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FIG. 2. The magnetic field effect on the SC transition in
HfS, at 147 GPa. (a) The R-T curves at various magnetic
fields. (b) The relation between upper critical field and 7.,
fitting by the Ginzburg-Landau (G-L) formula and empirical
formula (EF) H,(T) = Hy, x (1 —T/T,)'
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S 54| & dR/dT demonstrates the uoH.,(0) of SC-I exceeding
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é | 3411 = Werthamer-Helfand-Hohenberg formula [34] puoH,(0) =
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FIG. 3. High-pressure XRD results of HfS, at room temper-

phases at 295 K (trigonal P3ml with a Z number of 1,  May be unconventional superconductivity.

orthorhombic Immm with a Z number of 4, tetragonal To investigate the structure origin of multiple SC states
I4/mmm with a Z number of 2). The curves were fitted by ~ in HfS, under ultrahigh pressure, high-pressure powder
third-order Birch-Murnaghan equation of state. XRD is performed at both room (Fig. 3) and low temper-

ature (Fig. 4). In Fig. 3(a), the first phase transition (P3m1

to Immm) appears around 15 GPa, and the second phase

The pgH, as a function of T is plotted for SC-I and  transition (Immm to I4/mmm) occurs at ~43 GPa, con-
SC-II in Fig. 2(b), while such a relation for SC-III is sistent with Refs. [15,29]. HfS, remains a pure I4/mmm
not provided due to not enough data. The poH(0) is  phase from 66 to 153 GPa at 295 K. However, the ultrahigh
fited with the G-L formula and empirical formula  pressure XRD patterns exhibit significant differences from
(EF)H,(T) = Hey x (1= T/T,)'"™™ [33]. Here, the  another XRD result using a 4:1 methanol-ethanol mixture
parameter « itself does not have a specific physics meaning,  as pressure medium [16]. The ultrahigh pressure structures
but it can indicate the sensitivity of SC in magnetic fields. of that work are more likely to be a mixed state of Immm
A larger a value corresponds to a higher critical field and ~ and 74/mmm. This implies that different pressure con-
weaker sensitivity of SC to external magnetic field. The  ditions can induce distinct phase transition behaviors in
fitted poH.(0) value of SC-II is ~9.25 T(G-L) or  HfS, under ultrahigh pressure. The Rietveld refined exam-
~10.4 T(EF, a ~ 0.02), and both of them are lower than  ples for three phases at 295 K are provided in Fig. S6,
the Pauli limit, ygH, ~ 1.84T. = 20.24 T for T. ~ 11 K. and the lattice parameters of three phases are plotted in
Most notably, the EF fitted pyH(0) of SC-I is  Fig. S7 [19]. The volume per formula (V/Z) of the three
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FIG. 4. High-pressure XRD results of HfS, at low temperatures. (a) High-pressure powder XRD patterns obtained at 50 K. (b) The
XRD patterns obtained during the warming process at the highest pressure. The triangular and diamond symbols indicate peaks from
platinum and rhenium, respectively. (c) The original diffraction patterns at 11 K (154 GPa) and 295 K (165 GPa), showing the phase
transition features and the atomic structures of trigonal R3m and tetragonal /4/mmm phases. To enhance the visual clarity, the
diffraction peaks of I4/mmm phase at 11 K and 295 K are aligned. The (103) peak in /4/mmm phase is absent in R3m phase, and the
(200) peak in 14/mmm phase broadens toward lower diffraction angle at 11 K.
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phases at 295 K were fitted by the third-order Birch-
Murnaghan equation of state, as shown in Fig. 3(b).
For ease of comparing the bulk modulus, we fixed Bj, at
4. The resulting V() and B, for each phase are as follows:
Vo =66.3(3) A®, B, = 51.63(19) GPa for P3ml; V, =
53.7(4) A3, By=120(7) GPa for Immm; Vy=42.9(2) A3,
By = 315.7(7) GPa for I4/mmm.

Although the room-temperature XRD results show no
additional phase transitions beyond 66 GPa, distinct phase
transition trends emerge at low temperatures. The critical
pressures for phase transitions at low temperature, such as
50 K, are higher compared with those at room temperature
[Fig. 4(a)]. The first phase transition completes around
30 GPa, while the second phase transition emerges between
52 and 75 GPa. Above 80 GPa, low-temperature XRD
patterns exhibited significant differences, particularly at
11 K and 154 GPa shown in Fig. 4(b). At these extreme
conditions, the (002) and (103) peaks in 14/ mmm weaken,
and a tendency of splitting and broadening emerges in the
(101) and (200) peaks. This implies that the structures
giving rise to SC-I and SC-II are not solely of the
pure I4/mmm phase but rather a mixed phase. As the
temperature increases to 100 K, pure I4/mmm structure
gradually recovers, with all specific peaks reverting clearly.
In Fig. 4(c), we compare the raw data corresponding to
11 K and 295 K to visualize the phase transition features in
a much clearer way. The diffraction peaks of I4/mmm
phase at 11 K and 295 K have been almost aligned. Upon
cooling, the (101) peak in I4/mmm slightly shifts toward
higher angles, but the (200) peak in I4/mmm moves
toward lower angle and becomes broader. Meanwhile,
the (103) peak in I4/mmm is not noticeable at 11 K.
These outcomes suggest that [4/mmm gradually trans-
forms into a new structure with decreasing temperature.
However, this phase transition remains incomplete at
154 GPa and 11 K, maintaining a coexistence of two
phases. The coexisting phases hinder new structure iden-
tification, but the structural transition in other AB,-type
compounds with the I4/mmm structure may provide
valuable references. By referencing the phase transition
of BaC, under pressure [35], we purposed that the new
low-temperature structure adopt the space group R3m. A

schematic representation of R3m phase is illustrated in
Fig. 4(c). The d spacing of (012) in R3m closely resembles
that of (110) in I4/mmm. Hence, the structural transition
might be triggered by atomic slip parallel to the (110) plane
in I4/mmm. This slip disrupts the symmetry along the ¢
axis in I4/mmm, causing the disappearance of (001) and
(013) peaks. The (101) and (021) peaks in R3m also align
well with the previously observed low-temperature varia-
tions of (101) and (200) peaks in I4/mmm. Therefore, it is
reasonable to assign the new structure as the R3m phase.
The refinement of x-ray pattern for the coexisting phases at
154 GPa and 11 K is displayed in Fig. S8(c) [19].

Based on the experimental results, we propose the phase
diagram shown in Fig. 5(a). It is clear that the critical
pressures of phase transitions are different between room
and low temperatures. After the complete disappearance of
Immm at ~80 GPa, the coexistence of R3m and 14/mmm
at low temperature leads to the emergence of SC-I and
SC-II. By referring to the theoretical calculations [19]
(the results will be discussed later) and previous studies on
HfS, [15] and S [32,36,37], we attempt to allocate the SC-II
to the I4/mmm structure, while SC-I may be associated
with the R3m structure. It is noted that the $-Po type S is
also in form of R3m structure, and its highest T is very
close to that of SC-I of HfS,. However, the R3m phase of
HfS, has much larger lattice parameters [a = 3.612(2) A,
¢ = 5.616(3) A at 154 GPa], compared to those in the /-Po
type S [a=3.3780(1) A, ¢ =2.6919(3) A at 160 GPa] [37],
eliminating the possibility of HfS, dissociating into
elemental S. As for the SC-III, regrettably, whether new
phase transitions exist below 11 K remain unknown.

To understand the electronic behavior and the super-
conductivity in HfS,, a systematic theoretical calculation
on the band structures is performed and the results are
displayed in Supplemental Material [19]. At low pressure,
both P3m1 (Fig. S9) and Immm (Fig. S10) phases remain
in a semiconducting state, consistent with our experimental
results. Above 80 GPa, both /4/mmm and R3m phases
behave as a good metal. In /4/mmm phase (Fig. S11),
the density of states at the Fermi level is contributed by
the S-3p, S-3s, and Hf-5d electrons. For R3m phase

(a)  {semiconductor Metal (b) Thisse’ffﬂ‘i =’Emag (c) 30 Th'ssc"_"[°rk*;, * SC-I > WTe,
200 7 | % SC-I e 1T-HfSe,
15 2H-TaS, 25 o -
14/mmm o~ , =S ® 17-TiTe,
100F P3m1  Immm e — 1THS, | k=g Pauli limites © 2H-TaS, © 1T-TaS,
< = 12 2H-MoS,v_ w4 ~ g e
3 2 14immm & R3m | < 2 thiswork S . Re%ascked A 1T-HfS, = 2MV—WSez
~ o SC-II S5 irTiTe, L7 Thic work| ¥ 2MoS; x 1T"MoTe,
* . IS Wor|
15 or. 3::? 10 . % SCAI | * 2H-NDS, © 1T-VSe,
10 7, - s 7 .m 2H«MBSZ < 1T-TiSe,
5 Bl 4a S 2 Tag, & 2-Tase,
g ® oA ° S | ¢ Restacked TaS,
0 20 40 60 80 100 120 140 160 0 50 100 150 200 0 3 6_ 9 12 15
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FIG. 5. Proposed phase diagram of HfS, (a), and the summarized T, (b), and pyH ., (0) (c) for different bulk TMDCs and sulfur. The

T, of Sy, and Sgr are obtained from magnetic susceptibility and R-T curves, respectively.
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(Fig. S12), Hf-6s electrons made extra contribution to the
density of states at Fermi level. In addition, some param-
eters for superconductivity, such as the electron-phonon
coupling constant 4, logarithmic average phonon frequency
wy,, and theoretical 7', values, are also calculated and the
results are demonstrated in Table S1. The 7. in both
I4/mmm and R3m phases increases monotonically with
pressure, and R3m phase shows a higher T, than I4/mmm
phase at the same pressure. At 160 GPa, the calculated T,
for R3m (~18.00 K) and I4/mmm (~12.58 K) phases
match well with the experimental values of the SC-I and
SC-II phases, respectively. The multiband characteristic,
due to the electron contribution of additional electron
orbitals in Hf atoms at the Fermi level, may reveal the
mechanism of the high pyH.,(0) observed in the R3m
phase of HfS,, different from $3-Po type S [36]. Strong spin-
orbit interaction may be another possible reason for the
large uoH,(0) of R3m phase. The R3m phase could
possibly be described as f-Po type S doped with Hf atoms
like metal hydrides. For heavy rare-earth elements near Hf,
such as Yb and Lu, their hydrides exhibit a strong
correlation between the 4f-electron states at the Fermi
level and superconductivity [38]. According to Werthamer-
Helfand-Hohenberg theory, the strong spin-orbit scattering
would counteract the effects of the spin paramagnetism and
then enhance the critical field [34]. The large atomic
number of Hf with 4f electrons indicates the possibility
of a strong spin-orbit interaction.

To demonstrate the interesting SC behavior in HfS, in a
clear way, we summarize the SC features of compressed
TMDC:s in Figs. 5(b) and 5(c) [6-9,13,15,39—-45]. Besides
the highest T, (16.4 K), SC-I stands out with the largest
uoH(0). Unlike the dome-shaped T, seen in 1T7-HfS,
[15], 2H-TaS, [8], and S [46], it is absent within the
pressure limits in SC-I and SC-II [Fig. 5(a)], suggesting the
potential for HfS, to create a higher T, record in TMDCs.
HfS, becomes an alternative system showing promising
unconventional superconductivity apart from the 17-TiTe,,
which also surpasses the uyH,, due to the possible multi-
band superconductivity [13]. The special SC behavior
also further distinguishes SC-I from previous studies
on HfS, [15,16]. This distinction is likely attributed to
variations in the pressure gradient effect induced by differ-
ent pressure media of NaCl [15], KBr (this work), and
no media [16]. The smaller bulk modulus of KBr than NaCl
in the B2 (Pm3m) phase provides better hydrostatic
conditions [47,48], while a no medium environment
is considered as a uniaxial pressure condition. Such
discrepancies might result in different phase transitions
or physical properties, as seen in examples like WTe, [42],
TiSe, [41,49], and TiTe, [13].

In summary, we report the multiple SC transitions in
1T-HfS, combined with in situ low-temperature synchro-
tron XRD up to ~160 GPa. The coexistence of 14/mmm
and R3m in the low-temperature XRD results, coupled

with the different response to the magnetic field observed
in the SC resistance drop, collectively corroborate the
existence of the multistep superconductivity. This also
rules out the possibility of superconductivity induced by
elemental sulfur. The highest 7.~ 16.4 K in SC-I is
observed at 158 GPa, and a large uoH.,(0)~30T is
obtained for a T, ~ 15.2 K at 147 GPa. Because of the
violation of the weak-coupling Pauli limit, it may be an
unconventional superconductor, which is worthy of fur-
ther study. Such a high T, of SC-I equals the previous
record observed in 2H-TaS, and restacked TaS,. Contrary
to the saturation trend of T in TaS,, the T, in SC-I of this
study is unsaturated, hinting at the potential for achieving
a higher 7. under higher pressure. Importantly, the
superconductivity in HfS, sets a new record for bulk
TMDCs due to its large uoH.,(0). These exciting results
show us the abundant transport behavior and sensitive
structures of HfS, under high pressure, and opens a new
window for us to study the novel superconductivity in
other TMDC compounds.
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