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Evidence of unconventional vortex states in the Chevrel phase superconductor PbMo6Se8
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We present a comprehensive investigation of superconducting properties in the Chevrel phase compound
PbMo6Se8 by x-ray diffraction, dc magnetization, resistivity, heat capacity, and magnetic relaxation experiments.
We determine a bulk superconducting transition temperature Tc of 3.8 K. Key superconducting parameters such
as lower [μ0Hc1(0)] and upper [μ0Hc2(0)] critical fields, coherence length [ξGL(0)], penetration depth [λGL(0)],
Ginzburg-Landau parameter (κ), Pauli paramagnetic field (μ0H str

P ), and Maki parameter (αM ) are obtained. The
BCS model provides a reasonable description of the heat-capacity data. An unconventional vortex state is evident
from the investigation of the unusual fishtail effect and nonmonotonous magnetic field dependency of the vortex
pinning energy obtained from the magnetic relaxation experiments, indicating a deviation from the ideal type II
superconducting vortex, in PbMo6Se8. A detailed μ0H-T phase diagram has been drawn illustrating a multiphase
vortex crossover.
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I. INTRODUCTION

The Chevrel phases, discovered in 1970, represent a cap-
tivating group of materials distinguished by their unique
crystal structure and fascinating superconducting properties
[1]. These materials are generally denoted by the formula
AxMo6X8 (A = monovalent or divalent or trivalent cation, x =
chalcogenides S,Se,Te; the specific value of x varies from 0 to
4 depending on the charge and the ionic radii of the cation)
[1,2]. During 1975–1976, superconductivity was observed in
RMo6S8 and RMo6Se8, where R is the rare-earth atom [3]. The
coexistence of ferromagnetic order and the reentrant nature
of superconductivity was reported in ErRh4B4 and HoMo6S8

[3,4]. PbMo6S8 and SnMo6S8 were identified as high-field
superconductors (SCs) with a critical field of ≈60 T, mak-
ing them potential alternatives to Nb-Sn superconductors in
practical applications [3–9]. However, with the discovery of
high-Tc cuprates in the 1980s, the study and characteriza-
tion of these intriguing Chevrel phases remained incomplete
but still relevant [10]. In 2007, Fischer’s group observed
nodelike excitations in the superconducting gap structures of
the Chevrel phase compound PbMo6S8. A few years later,
in 2011, the same group confirmed the existence of multi-
gap superconductivity in both PbMo6S8 and SnMo6S8 using
scanning tunneling spectroscopy [11,12]. Despite sharing a
common structural identity, the different materials within this
family exhibit diverse superconducting properties, necessitat-
ing a comprehensive investigation into the superconducting
properties of each member.

PbMo6S8 stands out among the Chevrel phase compounds
as one of the extensively studied systems due to its remarkable
critical temperature (Tc) and critical magnetic field (μ0Hc2).
However, the corresponding selenium compound PbMo6Se8

*Contact author: sundaresan@jncasr.ac.in

has received limited attention regarding its superconducting
properties. This lack of comprehensive investigation
motivated us to conduct a detailed and systematic study on the
superconducting characteristics of PbMo6Se8 using various
techniques such as x-ray diffraction, magnetization, resistiv-
ity, heat capacity, and magnetic relaxation measurements. The
BCS theory gives a reasonable description of the heat-capacity
data. Notably, we have observed a fishtail effect in isothermal
magnetization in a three-dimensional (3D) crystal lattice
which is quite rare and has been observed earlier in quasi-2D
Fe-based SCs and high-Tc cuprates SCs, indicating an uncon-
ventional superconducting vortex state. A detailed multivortex
superconducting phase diagram has been established from all
the magnetic and resistivity measurements.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of PbMo6Se8 were synthesized
by the conventional solid-state method from elemental Pb
(99.99%), Mo (99.99%), and Se (99.99%) in an evacuated sil-
ica tube of pressure less than 10−4 torr as reported earlier [10].
The phase purity and crystal structure of the samples were
confirmed through Rietveld refinement analysis using x-ray
diffraction data (XRD), obtained from a PANalytical diffrac-
tometer with Cu Kα1 radiation. The refinement was carried
out using FULLPROF software [13] indicating the samples crys-
tallizing in rhombohedral structure which is consistent with an
earlier report [14]. Magnetic measurements were carried out
using Magnetic Properties Measurement System (MPMS),
Quantum Design, USA. The electrical transports and specific
heat were measured with Physical Properties Measurement
System (PPMS), Quantum Design, USA. A conventional
four-probe method and time relaxation technique were
used for electrical transport (resistivity measurements) and
heat capacity, respectively. Magnetization measurements
were carried out in a rectangular pellet of dimension
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FIG. 1. Rietveld refinement of room-temperature powder XRD
data with ≈1% MoSe2 and 5% MoO2 phase. Inset shows obtained
crystal structure of rhombohedral PbMo6Se8 phase with Mo6Se8

cluster inside the structure with Pb atoms at the corner.

≈ 6 mm × 2 mm × 0.6 mm with an external applied mag-
netic field perpendicular to the breadth of dimension 2 mm.
Electrical resistivity was measured in a rectangular pellet of
dimension 5.4 mm × 1.9 mm × 1.1 mm with 1 mA current.
Heat capacity was performed in a pellet of smooth surface
with a weight of 6 mg. Magnetic relaxation measurements

were carried out in the following protocol: after cooling
down the system from a normal state to a superconducting
state in the absence of any externally applied magnetic field,
we apply the magnetic field and start recording the magnetic
moment with time in MPMS, Quantum Design, USA.

III. RESULTS AND DISCUSSIONS

A. Structural characterization

The Rietveld refinement suggests that PbMo6Se8 crystal-
lizes in rhombohedral R3̄ structure (space group no. 148),
which is consistent with earlier reports [10,14]. The rhombo-
hedron of length 6.7968(1) Å and angle 89.107(2)◦ consists of
Pb atoms located at the corners and one Mo6Se8 cluster inside,
as shown in the inset of Fig. 1. The identifiable impurity
phases are MoO2 (≈5%) and MoSe2 (≈1%).

B. Magnetization and resistivity

The temperature-dependent volume susceptibility, mea-
sured under a magnetic field of 1 mT, is illustrated in Fig. 2(a).
The results indicate a sharp superconducting transition start-
ing at T onset

c = 4.2 K and ending at T full
c = 3.6 K with a

width of �T m
c = 0.60 K along with a high ratio of Tc

�Tc
≈ 7.

Furthermore, the volume susceptibility, measured using the
zero-field-cooled (ZFC) protocol with a magnetic field of
1 mT, is found to be 0.88 after considering the demagnetiza-
tion correction [15]. This observation suggests that 88% of the
volume of the system exhibits superconductivity at the low-
est achievable temperature of 1.9 K. Importantly, this value

FIG. 2. (a) Volume susceptibility after demagnetization correction measured at 1 mT. (b) Isothermal magnetization at 1.9 K. Inset shows
the same in expanded scale. (c) Evolution of magnetic isotherms from 1.9 to 3.75 K. Observation of two magnetic anomalies called Hm and HSP

and their shift with temperature. (d) Fitting of lower critical field (Hc1) from isothermal magnetization. (e) Temperature-dependent resistivity
and associated parallel resistor model fit. Magnetic field dependence of superconducting transition in resistivity data in the inset. (f) Fitting of
upper critical field (Hc2) from Ginzburg-Landau theory from 50% drop of resistivity data.
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closely aligns with the phase fraction of the superconduct-
ing phase PbMo6Se8 obtained from the Rietveld refinement,
which was found to be 0.94. We performed isothermal magne-
tization measurements at various temperatures ranging from
1.9 to 3.5 K, as illustrated in Figs. 2(b) and 2(c). From the
isotherms depicted in Fig. 2(c) we have obtained the lower
critical field μ0Hc1(T ) and fitted the T dependency [16] with
the following equation:

μ0Hc1(T ) = μ0Hc1(0)(1 − t2), (1)

where t = T
Tc

and μ0Hc1(0) is the lower critical field at abso-
lute zero, and Tc is the superconducting temperature obtained
from fitting. We obtained μ0Hc1(0) = 8.588 ± 0.146 mT and
Tc = 3.77 ± 0.03 K. Interestingly, the magnetization isotherm
in Fig. 2(c) exhibits two anomalies above μ0Hc1, shown in
Fig. 2(c), named the minimum (μ0Hm) and the secondary
peak (μ0HSP). This phenomenon is referred to as the fish-
tail effect in superconductors, mostly observed in high-Tc
cuprates and Fe-based superconductors [16–19]. The origin
of the fishtail effect is related to the complex interplay be-
tween superconductivity, magnetic field penetration, and the
behavior of vortices within the material. It is influenced by
factors such as the presence of competing order parameters,
the presence of defects, and the intricate interplay between su-
perconductivity and magnetism in these materials. However,
irrespective of origin, it is extremely rare to find a material
other than cuprates and the Fe-based SC family to exhibit
such phenomena. A detailed discussion of this unconventional
vortex state will be presented in the upcoming section.

The temperature-dependent resistivity in the absence of an
applied magnetic field is illustrated in Fig. 2(e). It demon-
strates a clear superconducting transition at temperature T R

c
(50% drop) = 4.11 K with a width of �T R

c = 0.24 K suggest-
ing a sharp superconducting transition with the ratio of Tc

R

�Tc
R ≈

17. We obtained a value of resistivity ρ6.5 K ≈ 493 µ� cm
indicating poor metallic behavior. The residual resistivity ratio
(RRR), ρ300 K

ρ6.5 K
, is found to be ≈ 3.65, which suggests sig-

nificant defect scattering at low temperature. At T > 100 K
the resistivity exhibits a flattening trend with temperature, a
characteristic commonly observed in superconductors based
on d-block elements [20]. Such saturation can be explained by
the parallel resistor model [21,22] described by the following
equation:

ρ(T ) =
(

1

ρsat
+ 1

ρideal(T )

)−1

, (2)

where ρsat is the saturated resistivity at higher temperatures
and independent of temperature T , and ρideal(T ) can be writ-
ten as Matthiessen’s rule given by the following equation:

ρideal(T ) = ρideal,0 + ρideal,L(T ), (3)

where ρideal,0 is the residual resistivity which is temperature-
independent, and ρideal,L(T ) is the temperature-dependent
term expressed by the generalized Bloch-Gruneisen model
[20]. The ρideal(T ) after this Bloch - Gruneisen approximation
can be written as ρG(T ) given by the following equation:

ρG(T ) = ρideal,0 + C

(
T

θR

)n ∫ θR
T

0

xn

(e−x + 1)(ex − 1)
dx, (4)

where θR is the Debye temperature obtained from resistivity
measurements, and C is a material-dependent constant, n = 3
or 5, depending on the mode of scattering. We obtained a best
fit with n = 3 which accounts for umklapp’s scattering be-
tween bands [20]. We obtained ρsat = 2128.52 ± 4.27 µ� cm,
C = 19120.55 ± 356.61 µ� cm, θR = 244.11 ± 2.47 K. The
calculated residual resistivity ρ0 = ρsatρideal,0

ρsat+ρideal,0
turns out to be

ρ0 = 522.2 ± 0.4 µ� cm, which is close to the experimental
value of ≈493 µ� cm. The electrical resistivity of our sample
is similar to the data of CuxMo6S8−ySey [23]. To calculate
the upper critical field Hc2, we have measured field-dependent
resistivity in several different magnetic fields of 0, 0.01, 0.05,
0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.80, 1.00, 1.25, 1.50,
1.75, 2.00, and 2.50 T shown in Fig. 2(e), inset. Taking the
point of 50% drop of normal resistivity as Tc, we have plotted
μ0Hc2 versus T in Fig. 2(f) and fitted with the Ginzburg-
Landau model [24] according to the following equation:

μ0Hc2(T ) = μ0Hc2(0)
1 − t2

1 + t2
(5)

obtaining μ0Hc2(0) = 4.62 ± 0.02 T and Tc = 4.08 ±
0.01 K.

C. Heat capacity

The superconductivity of PbMo6Se8 was further
investigated using temperature-dependent heat-capacity mea-
surements. The presence of a bulk superconducting transition
is evident from the anomaly at Tc ≈ 3.75 K of specific-heat
data shown in the inset of Fig. 3(a). The whole range plot of
Cp

T versus T 2 shows a saturation kind of behavior that deviates

much from a linearized version of low-temperature Cp

T versus
T 2 plot suggesting a possibility of the presence of low-energy
soft phonon modes in the system. However, before looking
into any low-energy phonon modes in it, it is essential to find
out the Sommerfeld coefficient correctly from the linearized
portion of Cp

T versus T 2 plot by the following equation [25]:
CP
T = γ + βT 2 + δT 4, typically valid for T � θD, where γ

represents the electronic contribution to the specific heat,
known as the Sommerfeld coefficient, and β and δ are the
phonon contribution. It is important to note that the Sommer-
feld coefficient obtained from whole range fitting considering
the low-energy Einstein modes often leads to the incorrect
value, and this is because of the huge differences in energy
scale between the Sommerfeld coefficient and the existing
Einstein modes [26]. We obtained a value of γ = 31.56 ±
6.13 mJ mol−1 K−2 from the above equation fitted in the linear
region from 4 to 6 K. Previous studies have predicted that
Chevrel phase compounds, such as PbMo6S8, exhibit low-
energy soft phonon modes [27]. Consequently, it is anticipated
that at low temperatures, the specific heat of PbMo6Se8 will be
influenced by these low-lying Einstein modes as well, leading
to perturbations in its low-temperature specific-heat behavior.
Considering the prediction for the isostructural PbMo6S8

[27], to get to know about low-energy excitations or soft
phonon modes we have used the following equation to fit the
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FIG. 3. (a) Cp/T vs T 2 plot of the normal state of PbMo6Se8 fitted with Eq. (6) with γ = 31.56 mJ mol−1 K−2 and observation of low-
energy soft phonon modes. The inset shows the enlarged scale low T fitting of Cp/T vs T 2. (b) Low-temperature normal state specific heat was
fitted with two closely spaced distinct phonon lines fitted with Cp = γ T + βT 3 + δT 5 from 16.4 to 37 K2 (phonon line 1) and from 17.4 to 37
K2 (phonon line 2). BCS model fitting is shown in (c) and (d) for two-phonon channels incorporating a Gaussian Tc distribution with Eq. (7) by
integration, at mean Tc,m = 3.77 up to 3σ . We derived an alpha model with α set as a free parameter, yielding a value of 1.676, which closely
aligns with the BCS limit of 1.764.

specific-heat data in the temperature range 4–30 K:

CP

T
= γ + βT 2 + 3R

∑
i

δi

( θEi
T

)2
e

θEi
T

T
(
e

θEi
T − 1

)2
, (6)

where δi is the fractional contribution of the low-lying
Einstein mode, and Ei is the ith level Einstein energy keeping
the γ value fixed (31.56 ± 6.13 mJ mol−1 K−2) as obtained
from the earlier fit of Cp

T versus T 2 from a T range of
4–6 K. We obtained β = 0.930 ± 0.026 mJ mol−1 K−4, δ1 =
1.17 ± 0.03, θE1 = 58.36 ± 0.96 K, δ2 = 0.071 ± 0.008,
θE2 = 44.09 ± 0.83 K from Eq. (6). The Debye temperature
obtained from the β term of Eq. (6) is given by θD =
( 12NRπ4

5β
)1/3, where N = total number of atoms in a unit cell =

15 for the case of our sample = 315.3 ± 3.0 K. The effective
Debye temperature was calculated as θ eff

D = θD[(N − δ1 −
δ2)/N]1/3 = 306.3 ± 3.2 K after consideration of Einstein
modes in the system. The effective Debye temperature
comes close in both approximations. The estimated Einstein
modes (θE ) obtained from the fitting are much lower than the

Debye temperature (θ eff
D ), which indicates the presence of low-

energy phonon modes in the system. Theoretical studies on
the isostructural compound PbMo6S8 have revealed flat bands
in phonon dispersion [27]. We stipulate the same reason for
obtaining much lower Einstein modes than that of the Debye
modes in PbMo6Se8. However, theoretical studies on it are
required to understand the thermodynamic properties in detail.

To investigate the superconducting gap value and related
parameters precisely, we have calculated Ce/γ T by subtract-
ing two different phononic contributions obtained from the
normal state specific-heat fitting of two different temperature
ranges of value from 16.4 to 37 K2 and from 17.4 to 37 K2,
named phonon line 1 and phonon line 2, shown in Fig. 3(b).
For a BCS superconductor [16,28,29], the superconducting
entropy [Ses(t )] and the specific heat (Ces) are given by the
following equations:

Ses(t )

γ Tc
= −3α

π2

∫ ∞

0
[ fx ln fx − (1 − fx ) ln(1 − fx )]dx,

Ces

γ Tc
= t

d

dt

(
Ses(t )

γ Tc

)
, (7)
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where t = T
Tc

and fx = [exp αt−1(x2 + δ2)1/2 + 1]−1, the
superconducting energy gap (�) is given by � = αkBTc, and
for an ideal s-wave BCS superconductor, α = 1.764.

The subtraction of the phonon’s contribution of phonon
line 1 and phonon line 2 from the total specific heat (Cp) data
has generated two closely spaced data sets, as illustrated in
Figs. 3(c) and 3(d). We obtained a reasonable BCS model
for both data sets after incorporating a Gaussian distribu-
tion in Tc with Eq. (7). The incorporation of the Gaussian
distribution of Tc was necessary to account for the broad-
ening of the transition temperature. In both data sets, the
specific-heat jump �Ce

γ Tc
is determined to be 1.26 (phonon line

1) and 1.22 (phonon line 2) after employing the optimized
Tc distribution with Tc,m = 3.77 K and �T = 0.8 K. This
values are slightly lower than the BCS limit of 1.43. This
reduction is associated with the broadening of Tc and might
lead to 1.43 for a sharp transition. Further, for the data set
of channel 1, we extended the BCS model to the α model
(with the same Gaussian distribution as stated earlier shown
by solid blue line in Fig. 3(c)) by keeping it as a free pa-
rameter, and we obtained α = 1.676, which is a bit reduced
but close to the BCS limit (95% of 1.764). We achieved
α = 1.732 (98% of 1.764) for phonon line 2. However, it has
not been depicted in the Fig. 3(d) as it closely approached the
BCS limit, resulting in negligible visual distinction. There-
fore, these results suggest a potential BCS superconductivity
in PbMo6Se8.

Nevertheless, the isostructural PbMo6S8 has a multigap
superconductivity reported earlier through STM studies [12].
Unfortunately, as we do not have any low-temperature data
points, we are unable to comment on this direction. However,
a detailed μSR investigation is required to comment on the
superconducting gap structure of PbMo6Se8, which is beyond
the scope of this study.

D. Superconducting parameters

By using the value of μ0Hc2(0) = 4.62 ± 0.02 T, we have
calculated the coherence length ξGL(0) using the formula
ξGL(0) = ( �0

2πHc2(0) )1/2, where �0 is the flux quantum, h
2e (h

= Planck’s constant, e = electronic charge). We obtained
a value of ξGL(0) = 8.43 ± 0.02 nm, which is 12 times the
dimensions of a single unit cell suggesting a long scale phase
synchronization of Cooper pairs [24]. The value of super-
conducting penetration depth λGL(0), calculated using the
equation μ0Hc1(0) = φ0

4πλ2
GL

ln λGL
ξGL

, is 252.9 ± 0.6 nm. We

obtained the value of the Ginzburg-Landau parameter κ =
λGL
ξGL

≈ 30, which is � 1√
2

(limit for type I superconductor)
suggesting PbMo6Se8 is a type II superconductor [16]. The
thermodynamic critical field μ0Hc, which is a measure of
superconducting condensation energy, measured from the re-
lation Hc1Hc2 = H2

c ln κ , is 108 ±1 mT. Above Hc2(T ) the
superconductivity is lost completely by breaking of Cooper
pairs into normal electrons. For an ideal BCS superconductor,
the orbital critical field Horb

c2 is given by the Werthamer-
Helfand-Hohenberg (WHH) formula [30] in the following
equation:

Horb
c2 = −ATc

(
dHc2

dT

)
T =Tc

, (8)

where A = 0.69 and 0.73 for dirty and clean limits
of superconductivity, respectively. We obtained μ0

dHc2
dT =

−1.38 T K−1 from a linear fit of the resistivity data of Hc2

versus T . From this, we obtained μ0Horb
c2 = 3.62 ± 0.03 or

3.83 ± 0.03 T for the dirty and clean limit of superconduc-
tivity, respectively. If we consider only the spin paramagnetic
effect, the Pauli critical field can be written as HP = �√

2μB
,

where � is the superconducting gap value. We estimate the
electron-phonon coupling constant λep by the McMillan for-
mula [16,30] given by the following equation:

λep = 1.04 + μ∗ ln(�D/1.45TC)

(1 − 0.62μ∗) ln(�D/1.45TC) − 1.04
, (9)

where μ∗ = 0.13 is Coulomb’s pseudopotential that is widely
used for intermetallic superconductors. We obtained λep =
0.59 ± 0.04, which indicates a moderately strong electron-
phonon coupling constant. We have also calculated the density
of states at the Fermi level N (εF ) from the relation N (εF )
= 3γ

π2k2
B (1+λep )

= 8.39 ± 0.44 states eV−1 f.u.−1. To compare
the pair-breaking mechanism among the orbital limiting effect
and Pauli paramagnetic limit [31,32], the Pauli paramagnetic
field HP can be calculated as HP = �√

2μB
, however for a

strongly coupled superconductor it can be referred to [33] as
H str

P and can be obtained by the equation H str
P = �√

2μB
(1 +

λep). We obtained μ0H str
P = 11.12 T (taking � = �BCS =

1.764KBTc,m), which is much higher than the orbital critical
field. Using this orbital critical field and the strongly coupled
Pauli paramagnetic field, we obtained the Maki parameter [34]

expressed as αM = √
2 Horb

c2
H str

P
, which turns out to be 0.46 or 0.48

for the dirty and clean limit of superconductor, respectively. If
the Pauli paramagnetic limiting field (H str

P ) is less than and
close to the value of the orbital limiting field (Horb

c2 ), then
the pair-breaking mechanism can be attributed to the Pauli
paramagnetic effect, but if the orbital limiting field (Horb

c2 )
is much lower than the Pauli limiting field (H str

P ), then the
Cooper pair breaking mechanism is solely dominated by the
orbital limiting field. The obtained value of αM � 1 indicates
the breaking of Cooper pairs in PbMo6Se8 is governed by the
orbital limiting effect [24]. All the superconducting parame-
ters are listed in Table I.

E. Vortex phase

The M versus μ0H loops shown in Figs. 2(b) and 2(c)
suggest that beyond the Meissner state, the system undergoes
different vortex phases at different magnetic field regions,
which can be associated with multiple anomalies in the M
versus μ0H data shown Fig. 2(c). The different vortex phase
transition is associated with magnetic fields μ0Hm, μ0HSP, and
μ0Hirr called first minima, secondary peak, and irreversibility
field between increasing and decreasing magnetic field lines,
respectively. From full-range M versus μ0H data at 1.9 K
shown in Fig. 2(b), we calculated the critical current density
from Bean’s model [35,36] as Jc = 20 �M

a(1−a/3b) ≈ 2 × 105

A cm2, which is quite large and comparable to LiFeAs single
crystals [37] and which is close to Ba-122 and 1111 super-
conductors where Jc ≈ 106 A cm2 [4,18,19,37–40]. With the
so far obtained data we have constructed the vortex phase
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TABLE I. Superconducting parameters.

Parameter Value

Tc,m 3.77 K
RRR 3.65
γ 31.56 mJ mol−1 K−2

θD 306.3 K
θE1 58.36 K
θE2 44.09 K
λep 0.59
N (εF ) 8.39 states eV−1 f.u.−1

μ0Hc1(0) 8.588 mT
μ0Hc2(0) 4.62 T
μ0Hm(0) 36.918 mT
μ0HSP(0) 136.282 mT
μ0Hirr(0) 3.72 T
ξGL(0) 8.43 nm
λGL(0) 252.9 nm
κ 30
μ0Hc 108 mT
μ0H str

P 11.12 T
μ0H orb

c2 3.62 T (dirty) or 3.83 T (clean)
αM 0.46 (dirty) or 0.48 (clean)

diagram of the system in this section. Figure 2(b) (inset)
shows the evolution of decreasing μ0HSP with increasing T ,
which discards the possibility of originating a secondary peak
from the order-disorder vortex phase transition [17,41,42].
According to the elastic creep to plastic creep phase transition
model, if μ0HSP is the associated point of transition, it
should follow a temperature dependency of μ0HSP(T ) =
μ0HSP(0)(1 − t4)1.4, where t = T

Tc
. Though we observed a

decrease of μ0HSP with increasing T , this equation did not
fit with our experimental data, suggesting that this model
may not be ideal for explaining the origin of a secondary
peak as observed earlier in few Fe-based superconductors
such as LiFeAs [37,43] and Ba(Fe0.97Co0.07)2As2 [18].
As the phase transition cannot be described by the elastic
to plastic creep transition evident from dc magnetization
studies, we are calling the states “elastic creeplike state,”
“plastic creeplike state,” and we have fitted the data with
the empirical model used earlier for several similar systems,
such as high-Tc cuprates and Fe-based superconductors
[37,40,41,43] as μ0HSP(T ) = μ0HSP(0)(1 − t )n obtaining
μ0HSP(0) = 136.282 ± 3.715 mT, n = 1.01 ± 0.04. From
magnetization data, the bifurcation temperature (T ) of
field-cooled line (FC) and zero-field-cooled (ZFC) line was
recorded at a different field (μ0Hirr) and was plotted with
the equation Hirr(T ) = Hirr(0)(1 − t )n obtaining a value of
μ0Hirr(0) = 3.72 ± 0.40 T and n = 1.20 ± 0.09. The fitted
value of Hirr at 1.9 K, i.e., μ0Hfit

irr (1.9 K), is ≈1.62 T, which
is close to the experimental value of FC-ZFC bifurcation of
increasing and decreasing M versus μ0H cycle at 1.9 K. The
fitted value of μ0Hdata

irr (1.9 K) is ≈1.58 T, shown in Fig. 2(b),
inset. This vortex liquid state can be referred to as the
movement of the vortices or the melting of the vortices. The
phase between μ0Hirr and μ0Hc2 is referred to as the “vortex
liquid state.” The crossover from “elastic creeplike state” to
“vortex solid state” can be associated with Hm fitted with the

empirical equation as μ0Hm(T ) = μ0Hm(0)(1 − t )n obtaining
μ0Hm(0) = 36.918 ± 0.556 mT and n = 0.58 ± 0.01. The
μ0Hc1(T ) line differentiates between the “Meissner state”
and the “vortex solid state” state obtained from the fitting
of Eq. (1). To get an insight about the origin of multiple
vortex phase crossover, we have investigated detailed vortex
dynamics by means of magnetic field (H) dependency
of the vortex pinning energy (U ) by magnetic relaxation
experiments [44,45]. When we apply an external magnetic
field to a type II superconductor beyond its Meissner state,
the magnetic field lines start to enter the SC by creating a
vortex state. As an outcome, these magnetic field lines exert
Lorentz force on the vortices causing their movement which
is attributed to the nonequilibrium special arrangements
causing change in M(t ) with time (t). Magnetization follows
a logarithmic dependency on time and is associated with some
energy costs. According to the Anderson model [40,46], the
dependency of M(t ) over time t at a particular temperature T
can be expressed by the following equation:

M(H, t ) = M0(H )

[
1 − kBT

U0(H )
ln

(
t

t0

)]
, (10)

where M0(H ) is initial magnetization at t → 0, U0(H ) is the
energy barrier to create a vortex, which is associated with
Lorentz force (pinning energy), and t0 is the characteristic
time. We obtained very slow relaxation with ≈1.5% change
in M(H ) at 2 K for 62.5 mT magnetic field for 7200 s,
which is much lower than the observed cuprates and Fe-based
superconductors [41,45]. We have obtained the characteristic
timescale t0 ≈ 10 s, which is much higher than that of
a typical type II superconductor (≈10−6 s). The rate of
relaxation calculated as S = − d (lnM(t ))

d (lnt ) turns out to be very
low, ≈ 0.005 (unitless quantity), which is even lower than
Ba-122 and 1111 materials where S > 0.01 [18,39,47]. We
have studied the magnetic field dependency of U0(H ) at 2 K
obtained from the relaxation measurements shown in the inset
of Fig. 4(b). This shows an anomaly near μ0H ≈ 27.5 mT
given in Fig. 4(b), which is close to μ0Hm suggesting a vortex
crossover near this magnetic field μ0H ≈ 27.5 mT. U0(H ) de-
creases monotonically after 27.5 mT suggesting that the cost
of energy for the magnetic field to get pinned starts decreasing
and this is physically valid from the context of type II BCS
superconductors. However, we did not see any anomaly in
this plot around μ0HSP ≈ 62.5 mT, which also suggests that
the origin of a secondary peak cannot ideally be described by
the elastic to plastic creep phase transition model. There has
been no theoretical model so far to explain the origin of these
kinds of vortex dynamics. These kinds of unusual properties
have also been found in a LiFeAs single crystal by Pramanik
et al. [37]. However, many more studies in a single crystal
are required in detail to understand the origin of it. We guess
that both anomalies in the U0 versus μ0H plot are associated
with μ0Hm and μ0HSP and have shifted to lower H values in
association with some unknown phase crossover mechanism.

In summary, we have established a μ0H-T phase diagram
based on the magnetization and resistivity studies classifying
different superconducting phases such as the Meissner state,
vortex solid, elastic creeplike state, plastic creeplike state,
vortex liquid state, and the normal state shown in Fig. 4(a).
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FIG. 4. (a) The μ0H -T phase diagram of superconductor
PbMo6Se8 classifying Meissner state, vortex solid, elastic solid,
plastic solid, vortex liquid like states and the normal state obtained
from magnetization data and resistivity data. (b) The magnetic field
dependency of pinning energy U0 at 2 K obtained from the magnetic
relaxation. The right side of the graph is represented as the relaxation
rates.

The detailed investigation of the vortex state from isother-
mal magnetization, magnetic relaxation, and magnetic field
dependency of pinning energy suggests an unconventional

vortex state whose mechanism is not theoretically developed
yet and was observed in a few materials earlier, e.g., LiFeAs
[37], Ba(Fe1−xCox )2As2 [18], SmFeAsO1−xFx [47–49], and
CaKFe4As4 [50], which suggests that many more studies
on this system are required both from an experimental and
theoretical point of view to understand the mechanism care-
fully. However, irrespective of the origin, this Chevrel phase
compound demands much more attention to understand its un-
conventional vortex state and fishtail effect, which is probably
one of the rarest cases apart from the class of cuprates and
Fe-based layered unconventional superconductors.

IV. CONCLUSION

In conclusion, we have established the Chevrel phase
compound PbMo6Se8 as a type-II superconductor with Tc =
3.8 K with μ0Hc2(0) ≈ 4.5 T, which is almost 3.7 and 14
times lower than the isostructural PbMo6S8, respectively. The
specific-heat data exhibit characteristics reminiscent of BCS
superconductivity in PbMo6Se8. The unconventional vortex
state was evident from the unusual fishtail effect, and the
nonmonotonous magnetic field dependencies of the vortex
pinning obtained from the magnetic relaxation experiments.
Further, a detailed multivortex phase diagram was constructed
based on magnetic, resistive properties. Hence, we believe
this study will accelerate the investigation of Chevrel phase
compounds in the context of the unconventional vortex state
and multivortex phase crossover. Nevertheless, microscopic
investigation through imaging of magnetic flux lines and prob-
ing the SC ground state through μSR is required to understand
the origin of this unconventionality.
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