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Multiband superconducting state and Lifshitz transition in V ;Re( ;Se, at high pressure
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Tracking the mechanism behind the unconventional superconductors has been recognized as a great challenge
and remains one of the major problems in multifields. Layered transition metal dichalcogenides (TMDs)
offer an important platform for exploring novel physics. Here, we have discovered that the synergetic Re
doping and pressure effect on VSe, prompts the appearance of multiband superconductivity at 11.5 GPa with
T. ~ 3.8 K. By the application of external magnetic fields, this superconducting state is signified by the unusual
temperature-upper critical field relationship and the upper critical field characteristic with an upward curvature
in the whole pressure range of 12.4-72.7 GPa. The clear experimental evidence of a dominant carrier-type
change from electron to hole strongly supports the Lifshitz transition at 37.3 GPa. The tendency of 7. (P) with a
dome shape derives from the structural transition and Lifshitz transition at 20.9 and 37.3 GPa, respectively. The
first-principles calculations further clarify that the V-3d, Re-5d, and Se-4p orbitals at the Fermi level contribute
to the transformation from the single-band into multiband superconductivity. This work reports the multiband
superconductivity in TMDs materials via pressure treatment.
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As an exotic quantum phenomenon, superconductivity
has attracted extensive attention for more than a century
[1-3]. Exploring new superconducting materials and unveil-
ing the secrets of superconducting pairing have been the
main driving force behind the continuous effort in super-
conductivity research due to the scientific challenges and
technological prospects. To date, the most promising sta-
ble high-temperature superconducting systems seem to be
layered cuprates [4], iron-based superconductors [5], and
hydride superconductors [6—8]. Different types of supercon-
ductors include the single-band [9], multiband [10], s-wave
[11], p-wave [12], and d-wave superconductors [13]. Among
the various superconducting states, multiband superconduc-
tors have triggered the possible unexpected superconducting
mechanism because of intriguing properties and novel phe-
nomena different from single-band s-wave superconductors,
for example, the record high superconducting transition tem-
perature (7;) in conventional superconductor MgB, [14] and
the observation of the inverse isotope effect in iron-based
multiband superconductor [(Ba, K)Fe,As;] [15].

It has been well established that superconductivity in elec-
tronic correlated systems can be determined by the degrees
of freedom of lattice, charge, orbital, and spin, all of which
can be manipulated by external stimuli [16—19]. One of the
important directions to induce new superconducting states
is through doping or substitution, particularly for cuprates
and iron-based superconductor systems [20,21]. The doping
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method has created many exotic physical properties, such
as double-dome superconductivity [22], non-Fermi-liquid be-
havior [23], and anomalous Hall effect [24]. These findings
have renewed interest in investigating the manifestation and
mechanisms of superconductivity in the doped system. On
the other hand, pressure has played a key role in the gen-
eration and control of the superconducting states by tuning
the crystal and electronic structures [25,26]. For example, the
application of high pressure on HfSe, induced dimensional
transformation from a two-dimensional layered structure to
an isotropic three-dimensional network structure [27]. Studies
on 17-Fe( ¢sTaS, indicated that with increasing pressure, the
antiferromagnetism state was suppressed and a superconduct-
ing state appeared [28]. Obviously, pressure has constantly
broadened our perceptions of the structural and electronic
properties of transition metal dichalcogenides (TMDs), and
more intriguing phenomena in layered materials are highly ex-
pected through pressure regulation. In this regard, it is greatly
attractive to achieve new superconducting states in the doped
TMDs at high pressures.

The synergetic doping and pressure effect could modulate
the Fermi surface topology, which is significant for discover-
ing new quantum matters. To this end, here we have chosen
doped VSe, (namely V;Req3Se,) as the target, considering
the binary 17-VSe, exhibiting unique electronic properties
with both the charge density wave (CDW) phase and the
superconducting state under pressure, as well as being demon-
strated to be an electron-dominated single-band compound
[29]. Intriguingly, an uncommon multiband superconducting
behavior is observed in Vj;Re3Se, at high pressure. The
present work opens an avenue for finding more unique super-
conducting states in the TMDs materials.
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FIG. 1. Temperature dependence of electrical resistance in
Vo7Rep3Se, sample (no. 1) under high pressures. (a) The plot of
resistance as a function of temperature up to 82.1 GPa. (b) Enlarged
views of the resistance versus temperature below 40 K at 10 GPa. (c)
The magnified curve of the resistance versus temperature below 40 K
at 11.5 GPa. The significant resistance drop was indicated by the ar-
row at T, ~ 3.8 K. (d) The low-temperature resistance in the pressure
range of 25.2-82.1 GPa, displaying the superconducting transitions.
T. is defined as the intersection point between two straight lines
below and above the superconducting transition.

Vo7Rep3Se, crystals were synthesized through a high-
temperature solid-state reaction method. The details about
the experimental and computational methods are provided
in the Supplemental Material [30] and Refs. [31-40]. After
synthesizing the target sample V(;Req3Se,, we performed
electrical resistance measurements on the Vy7Rep3Se, sam-
ple (no. 1). Figure 1(a) presents typical plots of temperature
versus resistance for different pressures from 0 to 82.1 GPa.
Over the investigated pressure range, R(7') displayed metallic
behavior, as observed at ambient pressure. With the increase
of pressure, the resistance was progressively reduced, and
resistance upturn below 10 K was considered to be the Kondo
effect caused by the localized magnetic moments of interlayer
V ions to the scattering of conduction electrons [Fig. 1(b)].
As the external magnetic field increases, the phenomenon
of low-temperature upturn in resistance still can be detected
[Fig. S3 [30]]. Above 10 GPa, this special resistance upturn
contributed by the Kondo effect was suppressed [Fig. S4 [30]].
Accompanying the collapse of the Kondo effect order, we
found a sudden drop of resistance below ~3.8 K at 11.5 GPa
[Fig. 1(c)], which became pronounced upon further com-
pression. A zero-resistance state was observed at 25.2 GPa,
indicating a possible superconducting transition [Fig. 1(d)].
T. increased rapidly with pressure and maintained a constant
value of ~5.5 K from 20.9 to 35.5 GPa, followed by a slow
decrease rate with 0.02 K/GPa up to the highest pressure.
Another sample (no. 2) attained reproducible experimental
results in the studied pressure range of 0-78.1 GPa [Fig. S5
(3011

The existence of pressure-induced superconductivity is
further verified by measuring the resistance curves around
T. at different magnetic fields. We have presented the field

dependence of R—T curves in Figs. S6-S8 [30]. At all pres-
sures, T was gradually suppressed with increasing magnetic
fields, which gave complimentary evidence of the supercon-
ducting transition above 11.5 GPa. We determined 7; by using
the intersection point between two straight lines below and
above the superconducting transition from the R(T") curves
[Fig. S9 [30]], and summarized the upper critical field values
[1oH:(T)] for various pressures in Fig. 2. Strikingly, the
temperature-dependent woHq.2(T) of Vo7Rep3Se, deviated
from the single-band model-based conventional Werthamer-
Helfand-Hohenberg (WHH) formula [41] [Fig. 2(b) and Fig.
S10 [30]]. Although the unconventional superconductivity is
recognized by surpassing the expected WHH limit, alternative
models should also be taken into account. We found that
the modified Ginzburg-Landau (GL) formula puoHe(T) =
1oHe(0) x [(1=12)/(1 + )]"(t = T/T.) [42], where m is
a constant, fitted these woH,(T) data well. The corre-
sponding fitted parameters obtained at different pressures are
presented in Fig. 2(c). This unusual pressure and temper-
ature dependence of the uoH.(T) curve characterized by
a pronounced upward positive curvature (or kink) was also
observed in other types of superconductors [43,44]. The kink
of woH(T) may reflect multiband superconductivity, which
has been confirmed in other layered superconductors, such as
MgB,[45] and FeSe [46]. More evidence for this multiband
superconductivity could be found from the Hall resistance
measurements and calculated band structures in the below
parts. This is a successful example that the multiband super-
conducting state was induced into the doped TMDs by the
regulation of the pressure.

In order to compare the data with existing models, it is very
necessary to determine the simplified critical field A*(¢) =
woHe /1Te x (dpoHe/dT |7=1.)], where t = T /T represents
the normalized temperature [Fig. 2(d)]. All the woH(T)
curves collapse on a single function 4*(¢), indicating that
the functional behavior does not change with pressure. We
also traced the universal #*(t) models for a spin-singlet s-
wave superconductor with orbital limited upper critical field
poHX® = 0.72T.(dpoHer /dT |7=1,) [41], and a polar p-wave
superconductor of #*(0) ~ 0.85 [47]. The experimental 7*(¢)
apparently deviated from the standard spin-singlet behavior
predicted by WHH theory and the calculated maximum value
for a polar p-wave state. Notably, the fact that our #*(¢) data
matched the d-wave model function better [48], but there were
minor discrepancies below ¢ ~ 0.4. We have summarized the
derived superconducting critical parameters in Table S3 [30].
The spin-triplet p-wave and single-band conventional WHH
models were not sufficient to interpret the puoHe(7) data in
pressurized Vj7Rep3Se,. A similar situation exists for the
h*(t) data reported for the superconductor Bi;Ses [49]. The
Bardeen-Cooper-Schrieffer (BCS) theory gave the relation-
ship uoH(0) TC2 for the clean limit superconductor [50],
whereas for Vy7Req3Se, below 30 GPa, poH.,(0) decreased
nearly by a factor of 1.8, but 7; increased by 44% [Fig. 2(e)].
At higher pressures, both ©oH:»(0) and T; decreased con-
currently. This phenomenon further hinted at the noticeable
change of the Fermi surface for the high-pressure supercon-
ducting state around 30 GPa. In order to better understand the
superconducting properties, we extracted the Fermi velocity
(vr), which is closely related to the Fermi surface, using
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FIG. 2. Upper critical field for V;Req3Se; (no. 1) under various pressures. (a) Temperature-dependent resistance under various magnetic
fields up to 1.0 T at 28.0 GPa. (b) The upper critical field poH., versus T curves at different pressures. The solid lines are fitted by the modified
GL formula. The inset shows the position of the kink at 41.2 GPa, indicated by an arrow. (c) The noH(0) and fitted exponent m at different
pressures. (d) The reduced upper critical field 4*(¢) as a function of reduced temperature t = T /T.. The green, blue, and pink solid lines denote
model calculations for an orbital limited s-wave superconductor, a polar p-wave state, and the d-wave state, respectively. (e) The evolution of
upper critical field puoH(0) and 7. under pressure. (f) The Fermi velocity (ug) as a function of pressure. vp was determined by the relation

S = —(dpoHe/dT )|z, /T, o 1/v} from Fig. S12 [30].

the relationship S = —(dpoHe2/dT )|z, /Tc < 1/ UI% [48]. Since
each poH. (T ) curve has two branches, we have obtained the
different slopes (duoHc/dT) of the upper kink temperature
(Kabove) and the lower kink temperature (Kpelow) Via linear
fitting poHq(T), respectively [Fig. S11 [30]]. Then, we can
estimate the S, and S, of the two respective branches [Fig. S12
[30]]. Finally, the calculated vr at different pressures is shown
in Fig. 2(f). One can see that v, first increased at a large
rate but decreased at a smaller rate above 30.0 GPa, while
upp increased slightly between 30.0 and 41.2 GPa. These phe-
nomena manifested the possible changes of the Fermi surface.
Altogether, V(7Req 3Se, not only exhibited unusual supercon-
ductor behavior but also possessed multiband characteristics.

To further prove the peculiar multiband superconducting
feature in Vj7Rep3Se;, we have carried out high-pressure
Hall effect measurements by sweeping the external magnetic
field (H) parallel to the ¢ axis from —7 T to +7 T. Figure 3
displays the Hall resistance Ry as a function of H for different
pressures at 10 K. During the compression process, the mor-
phology of the sample remained intact without the fracture
phenomenon [Fig. S13 [30]]. As can be seen in Fig. 3(a),
the Ryy(H) curve at 0.5 GPa exhibited linear character with
a negative slope at the low field range (0-3 T), but it be-
came nonlinear in the high field region, manifesting that both

electron and hole carriers contribute to the electrical transport
properties. This nonlinear behavior also proves the multiband
characteristic after Re atom doping into the original binary
1T-VSe,. We have extracted the Hall coefficient (Ry) from
Hall resistance R,y (H ) below 3 T at different pressures and es-
tablished the pressure dependence of Ry [Fig. 3(b)]. The slope
of Ryy(H) first showed a decreasing trend with increasing
pressure and then increased upon further compression above
37.3 GPa. Ry was overall negative below 37.3 GPa, reflect-
ing that the electron carriers were dominant. Moreover, the
value of Ry changed from negative to positive at ~37.3 GPa,
suggesting a dominant carrier-type inversion from electron (n
type) to hole (p type). The sign variation in Ry with pressure
implied that the Fermi surface of V(;Rep3Se, underwent a
possible significant reconstruction and could be regarded as
a sign of the Lifshitz transition, consistent with the above
conclusions from the data of critical magnetic fields.

To investigate whether the observed uncommon supercon-
ducting state is associated with the pressure-induced crystal
structural changes, we performed high-pressure synchrotron
x-ray diffraction (XRD) measurements on the Vj;Req3Se;
sample under different pressures. As shown in Fig. 4, all
diffraction peaks gradually shifted to higher angles with in-
creasing pressure, and the patterns can be nicely indexed
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FIG. 3. Hall effect of V;Req3Se; (no. 2) under high pressures. (a) Hall resistance (Ryy) as a function of the magnetic field at 10 K under
various pressures. (b) The pressure-dependent Hall coefficient Ry of V;Re(3Se,. The inset shows the photograph of V(;Re(3Se, using the
Van der Pauw method for high-pressure Hall measurements.

with the hexagonal P3ml phase below 21.1 GPa [Fig.  are presented in Figs. 4(b) and 4(c). The third-order Birch-
S14(a) [30]]. At 21.1 GPa, a new diffraction peak at ~17°  Murnaghan equation of state (EOS) [51] fitting to the data
appeared, indicating the emergence of a structural phase  gave ambient-pressure bulk modulus By = 43.5(9) GPa, its
transition. The new phase could be possibly determined as first-order derivative Bj, = 8.6(3), and ambient-pressure vol-
the monoclinic 17" structure with the C2/m space group  ume Vo = 59.8 A* for the 17 phase, and By = 99.5(7) GPa,
[Fig. S14(b) and Table S4 [30]]. The lattice parameters and By = 3.3(2), and Vo =56.9A° for the high-pressure 17’
unit cell volume for Vy7Rep3Se; as a function of pressure phase. Furthermore, no significant volume change was
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FIG. 4. Structural information for Vy;7Re(3Se, at high pressures. (a) X-ray diffraction patterns were collected in the pressure range of
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state and structural phase transition, respectively.

detected during the transition from the 17 to the 17’ phase,
so this transition was considered as a second-order structural
transition. As shown in Fig. 4(d), we exhibited the struc-
ture schematic diagram of the 17 and 17" phases to clearly
demonstrate the pressure-induced structural transition. Upon
compression, the 17 phase distorted into the high-pressure
1T’ phase, and transition metal atoms were displaced from
the octahedron centers to form trimers, resulting in a 3 x
1 periodic lattice distortion. We found that the emergence
of superconductivity (11.5 GPa) was earlier than the struc-
tural transformation (21.1 GPa). Therefore, we consider that
the unusual multiband superconducting state does not orig-
inate from the crystal structural changes of V;Req3Ses,
but is related to electronic structural changes of the Fermi
surface.

Electronic properties of Vo7Rep3Se, were further in-
vestigated by density functional theory (DFT) calculations
to figure out the origin of superconductivity under pres-
sures. Figures 5(a) and 5(b) show the electronic structure
of Vo7Rep3Se;, at different pressures. At ambient pressure,
Vo7Rep3Se, was metallic with hole pockets at A, I', M,
and electron pockets between I'-A, I'-M, and L-H. The co-
existence of electron and hole pockets at the Fermi surface
indicated the multiband characteristics of V7Re( 3Se,, which
was consistent with the Hall effect experimental results. In
Figs. 5(a) and 5(b), we can see that the bottom of the con-
duction band (CB) mainly originates from the V-d and Re-d
orbitals, and the top of the valence band (VB) mainly comes
from the V-d orbital. Remarkably, the typical multiband fea-
ture at ambient pressure is shown in Fig. S15 [30], with
significant contributions from V dz? and dx>-y*, Re dz* and

dx?-y? orbitals around the Fermi level. With the increase of
the applied pressure, the populations of electron and hole
pockets changed, with hole pockets at A, L, and electron
pockets between I'-A, I'-M, and L-H. The calculated DOSs
at ambient pressure and 15 GPa are shown in Fig. 5(c). Two
crossed bands near the Fermi level mainly deriving from
V-3d,Re-5d, and Se-4p orbitals played an essential role in the
increase of electronic DOS, which was considered to facilitate
the superconducting transition.

To fully comprehend the high-pressure behavior, we
mapped out structural and superconducting phase diagrams of
Vo.7Rep3Se;. As shown in Fig. 5(d), room temperature resis-
tance first decreased with pressure, where it started increasing
rapidly at 30-45 GPa, and thereafter exhibited the opposite
tendency as pressure increased further. The observation of
the varying relationship between the upper critical field and
T. in Vy7Rep3Se, might provide additional support for the
pressure-driven variation of the Fermi surface [Fig. 2(e)]. In
addition, the upturn in Kondo resistance moved to higher
temperature with increasing pressure up to 8.7 GPa, beyond
which it decreased and eventually vanished in the resistance
data at 11.5 GPa. T increased quickly and retained a constant
value of about 5.5 K, followed by a slight decrease with
elevated pressure. The variation of 7, with pressure exhibited a
dome-shaped superconductivity behavior. Such a P—T phase
diagram of V(7Rep3Se; resembled those of unconventional
superconductor cuprates [52,53] and some heavy fermion
compounds [54,55].

Until now, the numerous previously reported supercon-
ducting TMDs have belonged to the single-band supercon-
ductors category. At ambient pressure, binary 17-VSe; is an
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electron-dominated single-band material [Fig. S16 [30]]. Our
high-pressure work proposes the multiband superconductivity
in Vo 7Req3Se; compared to the parent VSe, under high pres-
sure [29]. The upward curvature character poH., (T ) with zero
temperature in V(7Re( 3Se, does not exceed the BCS param-
agnetic limit. This behavior is in part quite different from that
of the archetypal multigap superconductors (MgB, and oxyp-
nictides) [56-59], which may be due to quite different Fermi
surfaces and gap structures, especially the Fermi velocities.
In this context, it should be emphasized that the difference
in Fermi velocities in the two branches of V(7Req3Se, could
cause different coherence lengths in each branch, which fur-
ther leads to the existence of the two-band feature in puoHe(7T')
curves and an obvious upward positive curvature near the 7.
The Fermi velocities increase rapidly with elevated pressure
while they are much slower beyond 30.0 GPa, suggesting
remarkable changes in the electronic structure under pressure
[Fig. 2(f)]. On the other hand, the sign change of Ry above
37.3 GPafor Vj7Re( 3Se, material reveals the pressure-driven
Lifshitz transition while preserving C2/m crystal symmetry.
We thus believe that the reconstruction of the Fermi surface is
triggered by the change of the dominant carriers. In contrast
to binary 17-VSe,, the reported temperature dependence of
oHe(T) coincides with the isotropic single-band WHH the-
ory, which presumes a simple spherical Fermi surface [29].
So the synergetic Re doping and pressure effect on 17-VSe,
prompt the appearance of a different superconducting state.
In addition, the CDW state disappears when the Re par-
tial substitution V, resulting in the superconducting pressure
of Vy7Rep3Se, being lower than that of the parent VSe,.
With the further increase of the Re doping amount in VSe,,
the preparation pressure of the superconducting phase in the

Re-V-Se system increases. The d-wave symmetry has been
found in a limited number of compounds such as cuprates
[60]. The high-pressure superconducting state of Vo 7Reg 3Se,
may be a promising candidate for a d-wave-like supercon-
ductor, which awaits in-depth research by superfluid density,
scanning tunneling microscopy (STM), and angle-resolved
photoemission spectroscopy (ARPES) experiments.

In conclusion, we carefully investigated the impact of high
pressure on the metal V7Re( 3Se,, establishing the supercon-
ducting phase diagram up to 82.1 GPa. When the Kondo effect
was completely suppressed, superconductivity was observed
and displayed a superconducting dome with the maximal T;
~5.5 K at 20.9 GPa. We have discovered that the peculiar
temperature dependence of the upper critical magnetic field
and the nonlinear R,y (H) varies pointed to the multiband
superconductivity character in V7Re(3Se,. Theoretical cal-
culations proposed the main roles of V-3d, Re-5d, and Se-4p
orbitals in multiband superconducting states. The reconstruc-
tion of the Fermi surface resulted in the change of dominant
carrier types caused by the Lifshitz transition above 37.3 GPa,
which further contributed to the decrease of the 7. with in-
creasing pressure. These results impact our knowledge about
the unusual superconducting states that could be achieved by
the appropriate modulations.
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