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SPECIAL TOPIC — Structures and properties of materials under high pressure

Exploring Lifshitz transition and superconductivity
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The interplay between electronic topological phase transitions and superconductivity in the field of condensed matter
physics has consistently captivated researchers. Here we have succeeded in modulating the Lifshitz transition by pressure
and realized superconductivity. At 25.7 GPa, superconductivity with a transition temperature of 1.9 K has been observed
in 3R-NbS;. The Hall coefficient changes from negative to positive at 14 GPa, indicating a Lifshitz transition in 3R-
NbS,, and the carrier concentration continues to increase with increasing pressure. X-ray diffraction results indicate that
the appearance of superconductivity cannot be attributable to structural transitions. Based on theoretical calculations, the
emergence of a new band is attributed to the Lifshitz transition and the new band coincides with the Fermi surface at
the pressure of 30 GPa. These findings provide new insights into the relationship between the Lifshitz transition and

superconductivity.
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1. Introduction

In condensed matter physics, a topological phase tran-
sition is characterized by changes in topological invari-
ants, such as the Chern number and the Z, topological
number.[!?! Unlike conventional symmetry-breaking phase
transitions, topological phase transitions do not rely on lo-
cal symmetry breaking; instead, they arise from alterations
in the topological nature of the electronic band structure.3=!
Moreover, Lifshitz transitions represent a specific class of
topological electronic phase transitions that are intrinsically
linked to the topological characteristics of the electronic en-
ergy band structure.!®”] These transitions involve topologi-
cal changes on the Fermi surface of a material when ex-

ternal conditions, such as pressure, 8,91 doping,[lo]

e, 1612

magnetic
field,!'"! or temperatur I change, leading to phenom-
ena such as metal—insulator transitions,[!3! ferromagnetic—
antiferromagnetic transitions,'*! and abrupt changes in ther-

5] a5 well as exotic

modynamic quantities like heat capacity,
behaviors. During a Lifshitz transition, a new band may in-
tersect the Fermi surface, leading to a topological reconfig-
uration of the Fermi level by introducing additional pockets
associated with the new band. This topological reorganiza-
tion can lead to significant changes in the density of states
(DOS) at the Fermi level, which in turn affects the electron—
electron interactions and thus the conductivity of the mate-
rial, especially in strongly correlated electronic systems.!'6! In

these systems, the emergence of a new band may enhance the
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effective mass of the electrons, thereby influencing the con-
ductivity and other electronic properties, including those of
high-temperature superconductors.!!7!8 Consequently, the re-
lationship between Lifshitz transitions offers valuable insights
into the changes in electronic structures of materials.

The recent discovery of ultra-flat band, which gives rise to
strongly correlated states and superconductivity in twisted bi-
layer graphene, has sparked significant interest in investigating
superconductivity through changes of electronic energy bands
in layered materials.!'”) Therein, transition metal dichalco-
genides (TMDs), a class of layered materials, have garnered
significant research attention over the past two decades. The
unique structural characteristics of TMDs give rise to a di-
verse array of physical phenomena, including superconduc-
tivity, Mott insulating states, magnetoresistance, and charge
density waves (CDW).[?%-21 TMDs crystallize in two primary
structural polymorphs: the hexagonal (2H) and trigonal (1T)
phases. These layered structures consist of metal atoms coor-
dinated by either trigonal prismatic (2H) or octahedral (1T)
arrangements of chalcogen atoms.!”®! Among TMDs, NbS,
exhibits unique characteristics. Unlike other group V TMDs
such as TaS,,*”l NbSe,,[”?81 and TaSe,,[*’! the 2H poly-
morph of NbS; does not undergo structural instability at low
temperatures, consequently without the formation of charge
density waves owing to the large anharmonic effects.[2%-3]
Furthermore, 2H-NbS, exhibits a superconducting transition
temperature (7;) of approximately 6 K at ambient pressure. 3]

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Scanning tunneling microscopy (STM) measurements reveal
that 2H-NbS, possesses two superconducting energy gaps, in-
dicating that it is a multiband superconductor.*!! However,
superconductivity was not observed in other phases of NbS,,
such as 1T and 3R structures.3?!

It is well established that pressure can alter the properties
of materials by modifying their crystal structure and electronic
configuration.33-3% For 2H-NbS,, pressure increases the T,
from 6 K at ambient pressure to 8.9 K at 20 GPa. However,
the upper critical magnetic field does not vary monotonically
with pressure, likely due to pressure-induced changes in the
Fermi surface.’”! Current research primarily focuses on the
2H phase, with limited studies conducted on the 3R phase. [*8]
Moreover, angle-resolved photoemission spectroscopy indi-
cates greater energy band filling in 3R-NbS,.38 This in-
creased band filling enhances the interaction between elec-
trons and facilitates the exploration of various electronic phe-
nomena. Therefore, 3R-NbS; provides an excellent platform
to study the interaction between electrons.

In this work, we have comprehensively investigated the
structural and electronic properties of 3R-NbS; under high
pressure by synchrotron x-ray diffraction (XRD), electron
transport measurements and Hall experiments. Electron trans-
port measurements reveal the superconductivity of 3R-NbS;
at about 25.7 GPa. Hall experiments show a Lifshitz transition
in 3R-NbS, at 14 GPa and a continuous increase in carrier
concentration with increasing pressure. XRD results indicate
that the superconducting transition is not accompanied by any
structural phase transition. Comprehensive calculations indi-
cate that the appearance of superconductivity can be attributed
to the pressure-induced increase of DOS near the Fermi sur-
face.

2. Method
2.1. High-pressure experiments

The 3R-NbS, powder was purchased from Nanjing MK-
NANO Tech. Co., Ltd. Sample purity of 99.99% was achieved
and was directly used after purchase without further purifi-
cation. High-pressure electrical transport and Hall measure-
ments were conducted using a symmetric Be—Cu alloy dia-
mond anvil cell (DAC) and diamond with an anvil size of
200 um. Resistance and Hall measurements were performed
using the quasi-quadruple-probe method. We used tungsten
for the gasket and pre-compressed it to about 25 GPa, then
punched a 120 um hole right at the center of the gasket. A
mixture of aluminum oxide and epoxy resin was filled into the
hole and re-pressurized to 30 GPa to ensure that it is firmly
in the hole and to insulate the platinum electrodes from the
gasket. Then an 80 pm hole was drilled for the sample cham-
ber. The sample was placed as close as possible to the center
of the sample chamber to prevent uncertainty due to potential
pressure gradients. A small pressure (not exceeding 1 GPa)

was applied to ensure intact contact between the sample and
the platinum probes. A ruby with a diameter of no more than
10 um was selected and positioned in the space between the
electrodes in the sample chamber. For all measurements, we
determined the pressure by the ruby fluorescence method and
the edge of diamond Raman signal. [3740]

In situ high-pressure x-ray diffraction (XRD) experiments
on 3R-NbS, powder samples were conducted at the Shang-
hai Synchrotron Radiation Facility (SSRF) BL15U1 beamline
(20 keV, 0.6199 A). We also used a pair of diamonds with
anvil sizes of 200 pm to generate the high pressure. A tung-
sten foil gasket was used, the tungsten sheet was pre-indented
to a thickness of 45 um, a 100 wm hole was drilled at the
center of the indentation using a laser punch for the sample
chamber, and a ruby with a diameter of less than 10 um was
employed as the pressure calibrator. The XRD images were in-
tegrated and analyzed using the Dioptas software package. [*!]
The diffraction patterns were refined by the GSAS-II.[4]

2.2. Theoretical calculations

Structural optimization and electronic properties calcula-
tions were carried out using density functional theory (DFT)
with the Perdew—Burke—Ernzerhof (PBE) of generalized gra-
dient approximation (GGA), as implemented in the Vienna
Ab initio Simulation Package (VASP) code. The ion—electron
were described using the all-electron projector augmented
wave (PAW) method with 5s'4d* and 3s%3p* as valence elec-

(431 To obtain a better energy

trons for Nb and S, respectively.
convergence, we have chosen a plane-wave cutoff energy of
650 eV and Monkhorst—Pack k-meshes of 27t x 0.027! to en-

sure the enthalpy converging to less than 1 meV/atom.

3. Results and discussion

At ambient pressure, the 3R phase exhibits the R3m space
group (No. 160); it consists of a multilayered S—Nb-S sand-
wich structure stacked with layers connected by van der Waals
forces and predominantly covalent bonds within the layers;
and the relative translation between layers is one third of the
lattice constant.!38! In contrast to the 2H phase, there is not a
center of inversion symmetry between the layers (Fig. 1(a)).
To verify the purity and crystal structure of the purchased 3R-
NbS,, we first conducted x-ray diffraction (XRD) measure-
ment using Mo K« radiation (A = 0.7107 A) with a Rigaku
Nanopix WE instrument under ambient conditions, and the
results are shown in Fig. 1(b). It can be observed that the
Bragg peaks in the diffraction pattern correspond well with the
NbS; structure adopting R3m space group. Additionally, to in-
vestigate whether the sample exhibits superconductivity under
ambient pressure, we performed electrical resistance measure-
ments. As shown in Fig. 1(c), the samples exhibit good metal-
lic properties. Notably, no signs of superconductivity are ob-
served in the sample within the temperature range of 1.7 K to
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300 K, which is consistent with previous studies.[38!

To explore the electrical properties of 3R-NbS, under
high pressure, we conducted high-pressure electrical resis-
tance measurements, and the results are illustrated in Fig. 2. At
0.8 GPa, 3R-NbS; displays a typical metallic behavior. With
the pressure increasing, we observed a gradual decrease in re-
sistance over the entire temperature range, a trend that per-
sists up to 22.6 GPa (Fig. 2(a)). Upon further compression
to 25.7 GPa, a sudden drop in resistance occurs at approxi-
mately 1.9 K, indicating a potential superconducting transi-
tion in 3R-NbS;. At the same time, the appearance of super-
conductivity is accompanied by an increase in normal state
resistance (Figs. 2(b) and 2(c)), which was also observed in
the other TMDs. [*+%]" As pressure increases, the drop in re-
sistance becomes more pronounced, and the sample reaches
a zero-resistance state at 63.5 GPa (Fig. 2(d)). The pressure
dependence of 7; can be divided into two distinct regions.
Below 53 GPa, T; remains nearly constant, showing minimal
variation with increasing pressure. However, 7. experiences

a notable upsurge, escalating from 2.5 K to 5.6 K within the
pressure interval from 53 GPa to 76 GPa, without manifest-
ing any signs of saturation (inset in Fig. 2(c)). Therefore,
subsequent studies imposing higher pressures are expected to
obtain high transition temperatures for superconductivity. 46!
Corresponding observations have been observed in 2H-NbS,,
attributed to changes in the Fermi surface. Furthermore, to
verify that the resistance drop of 3R-NbS; was due to the
superconducting transition, we performed transport measure-
ments under varying external magnetic fields at 63.5 GPa.
As shown in Fig. 2(e), as the magnetic field increases in
the 0-2 T range, 7. is obviously suppressed to a lower
temperature, further confirming the superconductivity of the
sample. The upper critical field is extrapolated using the
single-band Werthamer—Helfand—Hohenberg (WHH) formula
and the Ginzburg-Landau (GL) equation,!*’! where the esti-
mated values of toH»(0) are 3.37 T and 3.96 T, respectively.
These values do not exceed the Pauli paramagnetic limit of
HoHp(0) = 1.84T, ~ 7 T for T, = 3.8 K.148

0.008
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Fig. 1. Structure and electronic transport properties of 3R-NbS, at ambient pressure. (a) Crystal structure of 3R-NbS,. The red and blue balls
represent the S and Nb atoms, respectively. (b) Rietveld refinement of 3R-NbS;. (c) Temperature dependence of resistance for 3R-NbS,.
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Fig. 2. (a) Electrical resistance of 3R-NbS; as a function of temperature below 25.7 GPa and (b) above 29.1 GPa. (c) and (d) Temperature-
dependent resistance of 3R-NbS; in the vicinity of superconductivity with different pressure ranges. (e) Temperature dependence of resistance
under various magnetic fields for 3R-NbS, at 63.5 GPa. (f) Temperature dependence of upper critical field yyHc, at 63.5 GPa. The solid lines
represent the Ginzburg—Landau (GL) and Werthamer—Helfand—Hohenberg (WHH) fittings.
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To further comprehend the superconductivity of 3R-NbS,
under pressure, we performed high pressure Hall measure-
ments by applying an external magnetic field from —3 T to
+3 T to the sample.
R,y as a function of H at different pressures at 10 K. We

Figure S1 shows the Hall resistance

extracted the Hall coefficients (Ry) from the Hall resistance
R.y(H) and established the function of Ry with pressure. As
shown in Fig. 3(a), Ry is overall negative below 14 GPa, re-
flecting that the electron carriers are dominant. In addition,
the Ry changes from negative to positive at 14 GPa, indicat-
ing a shift in the dominant carrier type from electrons (n-type)
to holes (p-type). The changed sign of the Ry with pressure
suggests that the Fermi surface of 3R-NbS, undergoes a pos-
sible reconstruction that can be seen as a sign of a Lifshitz

n.[4%-30] To investigate the variation of carrier concen-

transitio
tration with pressure, we estimated the carrier concentration
using the single-band Drude model n = —1/(eRy) based on
the linear relationship between R,, and toH. As shown in
Fig. 3(b), the carrier concentration shows a sudden increase at
14 GPa, followed by a rapid rise with increasing pressure. The
increase in carrier concentration implies that more electrons
are involved in the inter-electron interactions. It is possible
that the enhanced inter-electron interactions are the dominant

factor in the evolution of 3R-NbS; conductivity.

2
| ()
1_
) p
Y
= 0
(9}
b
2 1
QE\: n
72-
_3 ".. ! n I 0 I 0 !
0 10 20 30 40
Pressure (GPa)
6F (b) |
:
= 57 1
| |
= e
B 4r !
\Si : p
s
2 l
0o 10 20 30 40

Pressure (GPa)

Fig. 3. Hall effect of 3R-NbS, under high pressures. (a) Pressure-
dependent Hall coefficient Ry of 3R-NbS,. High-pressure Hall measure-
ments were carried out using the van der Pauw method. (b) Pressure-
dependent carrier concentration () of 3R-NbS,.

To check whether the superconductivity of 3R-NbS, orig-

inates from a structural phase transition, we carried out high-
pressure in situ XRD measurements at various pressures un-
der room temperature. Figure 4(a) presents the XRD patterns
of 3R-NbS; under high pressures, ranging from 0.8 GPa to
59.8 GPa. We found that as the crystal is compressed, the peak
shifts towards higher angles without the emergence of new
peaks (Fig. S2), indicating that 3R-NbS, does not undergo
pressure-induced structural phase transitions up to 59.8 GPa.
To assess the mechanical behavior under compression, we an-
alyzed the unit cell volume and lattice parameters as functions
of pressure. As shown in Figs. 4(b) and 4(c), the sample ex-
hibits significant anisotropy, with the c-axis demonstrating a
substantially higher compression rate compared to the a-axis.
Concurrently, both the lattice parameters and the unit cell vol-
ume decrease progressively with increasing pressure, with-
out any indication of discontinuity across the measured pres-
sure range. Fitting the P-V data using the third-order Birch—
Murnaghan (BM) equation of state®!! yields a volume at am-
bient pressure of Vo = 174(1) A3, a bulk modulus at ambient
pressure of By = 80.2(2) GPa, and the first-order derivative of
the bulk modulus at ambient pressure of Bj, = 10.7(2) close to

(521 Therefore, the in situ high-pressure XRD

previous studies.
results indicate that the pressure induced superconductivity in
3R-NbS; is not associated with a structural phase transition
(Fig. 4(d)).

Pressure can modify not only the structure but also the
electronic structure of the material. Therefore, to better un-
derstand the reasons behind the emergence of superconductiv-
ity in 3R-NbS,, we conducted first-principles computational
analyses to calculate its electronic band structure and den-
sity of states, as shown in Fig. 5. Figure 5(a) illustrates the
band structure of 3R-NbS, at ambient pressure, which ex-
hibits the typical metallic behavior and reveals three inter-
connected bands traversing the Fermi level, resulting in the
formation of electron-type and hole-type Fermi pockets. At
15 GPa, an energy band from near the G point below the
Fermi surface at 0 GPa is observed to cross the Fermi level
along the K—I"'-M direction, forming a new hole Fermi pocket
(Fig. 5(b)), suggesting that the material undergoes an elec-
tronic phase transition, specifically a Lifshitz transition. In-
terestingly, at 30 GPa (Fig. 5(c)), we observed the energy
band near the I" point, located close to the Fermi level, which
resembles flat band leading to a substantial increase in the
DOS.3 This high DOS provides favorable conditions for
strong electron—electron interactions, potentially facilitating
electron pairing and the emergence of superconductivity. As
shown in Fig. 5(d), a sharp peak in the DOS near the Fermi
level creates the necessary conditions for superconductivity
to develop. To better illustrate the evolution of the electronic
structure under pressure, we plotted the PDOS of the S atom
at 0 GPa, 15 GPa, and 30 GPa in Fig. 5(h). It can be seen
that the contribution of the S_p orbital to the Fermi level grad-
ually increases with increasing pressure. In addition, the 3D
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Fermi surface at different pressures is shown in Figs. 5(e)—
5(g). At 15 GPa, a new flattened Fermi pocket appears at the
center of the Brillouin, suggesting that a Lifshitz transition oc-

of the pressure, which is in agreement with the results of our
Hall measurements. Thus, the emergence of 3R-NbS, super-
conductivity is closely related to topological changes on the

curs, and the new Fermi pocket grows larger with the increase =~ Fermi level.
(2) (b) 18.0 (d)
P (GPa) W - 0.2 GPa o Observed
< 17.6 a — Calculated
5 17.2F c , Ryp=14% ——— Difference
£ 16.8F
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Fig. 4. XRD results of 3R-NbS, under high pressure at room temperature. (a) XRD patterns of 3R-NbS, collected at different pressures. The
dashed line indicates the variation of the tungsten peak with pressure. (b) Cell parameters as a function of pressure. (c) Pressure-dependent
unit cell volume. (d) Rietveld refinements for 3R-NbS, at 0.2 GPa and 59.8 GPa, respectively (A = 0.6199 A). The asterisks in the lower panel

represent tungsten peaks.
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Fig. 5. The calculated electronic band structure at (a) 0 GPa, (b) 15 GPa, (c) 30 GPa. (d) The calculated DOS at 30 GPa. (e)—(g) 3D Fermi
surface of 3R-NbS; at 0 GPa, 15 GPa, and 30 GPa, respectively. (h) The PDOS of the S atomic p-orbitals at 0 GPa, 15 GPa, and 30 GPa.

Phase diagrams were constructed based on high-pressure
electrical transport and XRD measurements, as illustrated in
Fig. 6. No structural transition was observed up to 60 GPa.
At the temperature of 297 K, the resistance initially decreases
with increasing pressure but begins to increase as the pres-
sure approaches the critical point for the emergence of super-
conductivity. This resistance behavior is predominantly gov-
erned by electron—phonon scattering. Notably, the pressure-
dependent variation of the 7; exhibits two distinct stages. Ini-
tially, the increase is gradual, but it becomes more pronounced

at pressures exceeding 53 GPa. The underlying reasons for

this phenomenon require further investigation.

R3m

0.04 [ <

Metal

R (D)
~

20 30 40 50 60 70 80

P (GPa)

10

Fig. 6. Pressure—temperature (P-T) phase diagram of 3R-NbS,.
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4. Conclusion

We have reported the pressure-induced superconductivity
in 3R-NbS,. The T; increases with the application of pressure;
however, the rate of change of 7; with pressure differs signif-
icantly below and above 53 GPa, with maximum 7. ~ 5.6 K
at 76 GPa. The Hall measurements indicate that the Hall co-
efficient changes from negative to positive at 14 GPa, which is
a sign of the Lifshitz transition, and the carrier concentration
continues to increase sustainably with increasing pressure af-
ter the abrupt increase at 14 GPa. In-situ XRD measurements
results show no crystal structural transition at the emergence of
superconductivity. Combination of experimental data and cal-
culations indicates that the onset of superconductivity in 3R-
NbS; under pressure can be attributed to the effective modula-
tion of its electronic structure. The Lifshitz transition induces
a new band closer to the Fermi level with increasing pressure.
This further enhances the DOS and promotes the formation of
electron pairs playing a key role in the superconductivity. We
report the first high-pressure experimental study of 3R-phase
pressure-induced superconductivity without structural transi-
tion in TMDs, providing new insights and sufficient experi-
mental evidence that pressure-induced superconductivity can
be achieved without altering the crystal structure, but by mod-
ulating the electronic structure.
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