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Two-dimensional multigap superconductivity in bulk 2H -TaSeS
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Superconducting transition metal dichalcogenides have emerged as a platform for hosting novel and nontrivial
physical phenomena. We report a detailed investigation of superconducting and transport properties on 2H -
TaSeS single crystals. It suggests that TaSeS is a multigap anisotropic superconductor with the upper critical
field, breaking the Pauli limiting field in both in-plane and out-of-plane directions. The angle dependence of the
upper critical field suggests the two-dimensional superconducting nature in bulk 2H-TaSeS.
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I. INTRODUCTION

Recently, superconductivity in layered transition metal
dichalcogenides (TMDs) [1-4] have drawn immense research
interest due to its ability to host unique physical properties
such as superconductivity, charge density wave (CDW) [5,6],
electron-electron correlation [7], and topological properties
[8] and can find application in novel electronic, optical, and
spintronics devices [9]. TMDs with a general formula MX,
(M = Mo, W, Ta, Nb and X = Te, Se, S) consist of a layer
of TM atoms sandwiched between layers of chalcogen atoms
exhibiting generally metallic behavior [10-12] and can exist
in different polymorphs such as hexagonal 2H, trigonal 17,
and rhombohedral 3R structures [4,13]. Among the different
families of TMDs, archetypal systems, NbSe, [11], NbS;
[10], TaSe; [14], and TaS, [15] are reported to be intrinsic su-
perconductors, while superconductivity has been successfully
induced by the application of pressure [16—18] and chemical
doping in semiconducting MoS, [19], MoSe; [20], and WTe,
[21].

The Ta-based TMD system, 2H-TaSe, and 2H-TaS,, is
known to host charge density wave and superconductivity
at low temperatures [22-24]. Moreover, 2H-TaSe, shows
CDW ordering at 90 K and the onset of superconductivity at
0.15 K [25,26], and 2H-TaS; exhibits a chiral charge order
system with superconductivity below 0.8 K [23,27]. The en-
hancement of the superconducting transition in monolayers,
pressure, and the intercalation of elements or organic com-
pounds [28-32] resulted from the suppression of CDW by
doping or disorder.

Recently, the 4H,-TaS, phase consisted of alternating
stacking of weakly coupled 17-TaS, (Mott insulator and
proposed gapless spin liquid [33]) and 1H-TaS, [two-
dimensional (2D) superconductor with charge density wave]
revealed the signature of time-reversal symmetry breaking
[34] in the superconducting ground state. Apart from this,
the different phase of TaSeS shows exciting superconducting
properties. Scanning tunneling microscopic studies on the
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disorder-driven superconductor 17-TaSeS suggest a nontriv-
ial link between superconductivity and charge order [35,36].
2H-TaSeS shows an enhanced superconducting transition
temperature resulting from suppression of the CDW due to
disorder, as the similar electronic structure of 2H-TaSe,,
2H-TaSeS, and 2H-TaS, ruled out the role of the dopant
[24,37]. However, the detailed superconducting, anisotropic,
and normal state properties of different phases of TaSeS are
not available, which are crucial to understanding the super-
conducting gap/ground state of any superconductors [24].

In this paper, we report single crystal growth and detailed
investigations of electronic and superconducting properties of
2H-TaSeS using magnetization, specific heat, and resistivity
measurements. It confirms the bulk superconducting transi-
tion 7, at 3.90 K. Field- and angle-dependent upper critical
field measurements suggest two-dimensional multigap super-
conductivity breaking the Pauli limiting field. Specific heat
measurements also confirm bulk multigap superconductivity
in TaSeS.

II. EXPERIMENTAL METHODS

2H-TaSeS single crystals were synthesized using the
chemical vapor transport method. High-purity (4N) Ta, S, and
Se, taken in stoichiometric ratios, were thoroughly ground
and sealed in a quartz ampoule with iodine (5 mg cm™3)
as a transport agent. The ampoule was placed in a two-zone
furnace at a temperature gradient of 850 °C-750 °C. After 15
days, shiny single crystals were grown in the cold zone of
the tube. The Laue diffraction pattern was recorded using a
Photonic-Science Laue camera. The orientation of the crys-
tal plane was also confirmed by x-ray diffraction (XRD) at
room temperature on a PANalytical diffractometer equipped
with Cu K« radiation (A = 1.540 56 A). Magnetization mea-
surements were done using a Quantum Design magnetic
measurement system (MPMS3; Quantum Design). Transport
properties were measured using the four-probe method and
specific heat measurements were performed using the two-tau
model in a physical property measurement system (PPMS;
Quantum Design).

©2022 American Physical Society
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FIG. 1. (a) Shows the microscopic image of the single crystal and the Laue image in the inset. (b) Single crystal powder x-ray diftraction
pattern indicates crystal oriented along the [00/] plane. (c) Refinement of powder sample for determining lattice parameters. (d) Side view of

2H -TaSeS unit cell.

II1. RESULTS AND DISCUSSION
A. Sample characterization

Figure 1(a) shows the microscopic image of 2H -TaSeS sin-
gle crystal. The inset of Fig. 1(a) represents the Laue pattern of
the crystal and confirms the orientation along the [00/] direc-
tion. Powder XRD also confirms the orientation [Fig. 1(b)]. To
determine the lattice parameters, powder XRD was performed
on crushed single crystals [Fig. 1(c)] and confirmed hexag-
onal structure with lattice parameters, a = b = 3.37(2) A,
¢ = 12.38(4) A, which is consistent with previous reports of
2H-TaS, [26]. The unit-cell structure of 2H-TaSeS is shown
in Fig. 1(d). The lattice parameters of 2H and 17 phases of
TaSeS are tabulated in Table I.

B. Electrical resistivity and magnetization

Resistivity and magnetization measurements have been
performed on cleaved crystals (2 mm x 2 mm) from as-grown
crystals. The temperature-dependent resistivity of 2H-TaSeS
above 10 K, which shows metallic behavior up to 300 K and
below 3.905(5) K, undergoes a superconducting transition.
The resistivity data above the transition temperature was well
fitted by using the Bloch-Griineisen (BG) model [38—40]. As
per this model, resistivity can be described as

p(T) = po + ppc(T), (1)
where pps(T) is defined as
T 5 ®p/T ®D x5
T)=r— ——dx, (2
po6(T) r(@)D) /0 T @-Di—en’™ @

where pg is the residual resistivity, r is the material-dependent
constant, and ®p, is the Debye constant. The fit using Eq. (1)

TABLE I. Lattice parameters for 2H-TaSeS and 17-TaSeS.

Parameter Unit 2H-TaSeS 1T-TaSeS [14]
Space group P63 /mmc P-3ml
a=b A 3.37 3.41

c A 12.38 6.14

T. K 3.90 3.60

can be seen in the inset of Fig. 2(a) giving py = 635.42(8)
u2cem, r = 1.70(2) m cm, and ®p = 115(1) K.

From the resistivity measurement, 2H-TaSeS exhibits
metallic behavior without containing any CDW signal,
whereas the two parent compounds, 2H-TaS, and 2H-TaSe;,
host both charge density wave and superconductivity [23,26].
Increasing the sulfur or selenium concentration in the parent
compounds, CDW is suppressed, and superconductivity is
enhanced [24].

The superconducting transition of the sample was con-
firmed by dc magnetization measurement on a single crystal
in zero field cooled warming (ZFCW) and field cooled cooling
(FCC) mode with an applied 1 mT field. The transition tem-
perature is observed at 7. = 3.90(1) K for H L ¢ [Fig. 2(b)]
and T, = 3.83(1) K for H | c. For both perpendicular and
parallel field directions, T is almost identical.

The lower critical field is extracted from magnetization
measurements at constant temperatures. Figure 3(a) rep-
resents the field variation of the deviation of isothermal
magnetization data from 1.8 to 3.6 K for different directions
after subtracting from Meissner lines [41—43]. The lower criti-
cal field value for the H L ¢ direction is also verified using the
method described in [44,45]. The temperature variation of the
lower critical field value is fitted with the Ginzburg-Landau
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FIG. 2. (a) Zero resistivity drop happens at 3.905(5) K, and the
inset shows the resistivity data above the superconducting transition
temperature is fitted by the BG model. (b) Magnetization data was
collected in ZFCW-FCC mode that shows the superconducting tran-
sition temperature at 3.90(1) K at 1 mT applied field.
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FIG. 3. (a) Low field variation of magnetization data in two dif-
ferent directions. (b) Lower critical field variation with temperature
is well fitted with GL equations and gives values 4.3(2) and 2.1(1)
mT for H 1 ¢ and H || ¢ directions.

equation by Eq. (3).

3

T 2
Ho(T) = Hd(O)[l -(3) }
T.
Figure 3(b) clearly shows anisotropy in a different direction,
and the value of H.;(0) for H L cis 4.3(2) mT, and for H || ¢
is 2.1 (1) mT.

The upper critical field [H.,(T')] of the 2H-TaSeS system
was measured from the transport measurement. The resistivity
was measured in both in-plane and out-of-plane directions of
the crystal. Figures 4(a) and 4(b) show the resistivity with
temperature in different directions in magnetic field up to
6 and 3 T, respectively. From the resistivity curves, H.(T)
values were extracted by taking the onset value of tran-
sition temperature for the corresponding field. Figure 4(c)
shows the temperature variation of the upper critical field and
provides an upturn near 7. in both H L ¢ and H || ¢ direc-
tions. It cannot be explained by the Ginzburg-Landau theory
and the Werthamer-Helfand-Hohenberg [46] model. How-
ever, this type of behavior was observed in MgB, [47-49],
LaFeAsQOg g9Fo.11 [50], and some iron-based superconductors,
which can be fitted using the two-band model [51-54]. It can

be expressed as

2 = Mo+ v + 2
IlT —2 S ns w
1/2
1 AT ApA
—{—[U(S)—U(US)——] +ﬂ} :
4 w w
20075 D,
Hc = 5 = -, 4
2 D, D, 4)

and
U =v(s+3) = v(3)

where A_ = )»11 - )»22, )\0 = ()»2, + 4)\12)\21)1/2, and w =
MiA22 — ApAz1. A1 and Ay are the intraband coupling con-
stants, and A1, and A,; are the interband coupling constants.
D, and D, are diffusivities of two bands, respectively. ¢y is
flux quantum, and ¥ (x) is the digamma function. Figure 4(c)
represents the multigap feature with anisotropy in the H L ¢
and H || c¢ directions. The fit using Eq. (4) gives the upper
critical field value HCJQ (0) 15.97(3) T for perpendicular and
H,(0) 9.59(1) T for parallel directions of field.

The Cooper pair can break in the applied magnetic field
via the orbital and Pauli paramagnetic limiting in a type-1I
superconductor. In orbital pair breaking, the field-induced
kinetic energy of a Cooper pair exceeds the superconduct-
ing condensation energy. In Pauli, paramagnetic limiting is
energetically favourable for the electron spins to align with
the magnetic field, thus breaking the Cooper pairs. For the
type-1I superconductor, the Pauli paramagnetic or Clogston-
Chandrasekar limit is defined as HCP2 = 1.86T,. The Pauli
violation ratio (PVR) is defined as H 6"2 0)/H C’;. For 2H-TaSeS,
PVR in perpendicular and parallel directions are 2.2 and 1.3,
respectively. Violation of the Pauli limit of the upper critical
field has been observed in other layered superconductors such
as NbSe, [55], NbS; [56], and BagNb;;Seyg [57], when the
applied magnetic field is perpendicular to the crystallographic
¢ axis (see Table II). However, in the case of 2H-TaSeS, this
violation has been observed in both in-plane (H L ¢) and
out-of-plane (H || ¢) directions with an anisotropy factor [y =
H5(0)/H,(0)] of 1.67 [57-59]. In the layered superconduc-
tors, Pauli limit violation can happen due to strong spin-orbit
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FIG. 4. (a) and (b) Shows resistivity variation with temperature for H L ¢ and H || c, respectively. (c) The two-gap fitting of the upper
critical field from resistivity data for perpendicular and parallel directions and the black dashed line shows the Pauli limit of the upper critical

field, i.e., HS = 1.86T. =7.25T.
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TABLE 1II. Superconducting parameters for 2H-TaSeS with
some layered compounds.

Parameter TaSeS NbSe, [55] NbS, [56] BagNb;Seys [57]
H(T) 15.97 17.3 8.84
H!\(T) 9.59 5.3 1.6 0.57
HE(T) 7.25 13.54 10.4 427
£1.(A) 58.61 78.8 143 240.4
£1c(A) 35.19 24.1 9.7 15.6

Y 1.67 3.3 7.94 10.53

coupling or finite-momentum pairing [60,61]. Strong spin-
orbit coupling leads to Ising-type superconductivity, which
has recently been observed in the monolayer 2H-NbSe,
[62,63]. The finite-momentum pairing can give rise to the
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state. Further low-
temperature angle-dependent measurements and theoretical
inputs are required to confirm the exact mechanism of Pauli
limit violation.

The resistivity was measured at different angles to explore
further the anisotropy, in-plane, and out-of-plane upper criti-
cal fields. The angle variation of the field dependence of the
resistivity at 2.5 K [64] is shown in Fig. 5(a), where 0 is the
angle between the magnetic field and the normal to the sample
plane. The angle dependence of the resistivity curve shows
a clear anisotropy signature from angles 6 = 0° (H || ¢) to
6 =90° (H L c). The upper critical field [H., (0, T)] data in
Fig. 5(b) shows a cusplike peak at & ~ 90°. This angular de-
pendence of cusplike feature can be explained by two models,
i.e., the three-dimensional (3D) anisotropic GL (AGL) model
and the model for thin film, the 2D Tinkham model [65-67].
The relevant equations for these models are in Eq. (5) and Eq.
(6), respectively.

(ch(Q, T)sin@)2 (ch(@, T)C089>2 =1, 4

H; H),
H,(0,T)sind\>  |H.(8, T)cosd
- ” =1. (6)
HCZ HCZ

The solid orange and green lines show the 3D GL and 2D
Tinkham model fitting. The 2D Tinkham model gives a better
fit than the others represented in the inset of Fig. 5(b). This

1
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FIG. 5. (a) The angle dependence resistivity variation indicates
anisotropy in the system. (b) The angle dependence upper critical

field from resistivity measurement 2.5 K fitted with the 3D GL model
and the 2D Tinkham model.

implies that the sample is better described by 2D supercon-
ductivity than 3D. Similar behavior was observed in 4H),-TaS,
[34].

The Ginzburg-Landau coherence length [£,.(0) =
58.61(2) A and &.(0) =35.19(2) A] is estimated using
H5(0) = it and HE(0) = 5. Using the
Ginzburg-Landau coherence lengths and the lower critical
field values [H(0) = 4.3(2) mT and H! (0) = 2.1(1) mT],
the penetration depth of Ginzburg-Landau [A,.(0) =
6115(13) A and Aie(0) = 2821(11) A] is calculated using
Egs. (7) and (8) [68].

e 90 [0 }
H;(0) = 477/\2“(0)1{&6(0) +0.12], (N

) %o Ac(0) }
HL0) = | 0.12, 8
o O = o “[m(m i ®

where ¢g (= 2.07 x 10715 Tm?) is the magnetic flux quan-
tum. The two characteristic length parameters are used to
calculate the Ginzburg-Landau parameter «,. = 104 and

Kje = 80 > \% by Eq. (9), indicating a type-II behavior of the
sample.
)\'LC(O)
Kle = . ©)
T 0

C. Specific heat

The zero-field low-temperature specific heat data show
a discontinuity at 3.793(5) K, the same as the supercon-
ducting transition temperature reported by resistivity and
magnetization measurements. The zero-field data above the
superconducting transition temperature is fitted with % =
Vo + B3T?, where ¥, 1s the electronic contribution, and
B3 is the phononic contribution. The parameters are 8.13
mJ mol~' K=2 and 1.33 mJ mol~! K—*, respectively. Further-
more, the Debye temperature, 0, = 163.34 K, was calculated

using Eq. (10).
o _ (12BN (10)
p = 58 )

where R is the universal gas constant (= 8.314 J mol~! K~)
and N is the number of atoms per formula unit.

To reveal the superconducting gap parameter, the detailed
electronic specific heat [C,;(T')] in the superconducting state
is analyzed. The C,;(T) [Eq. (12)] in the superconducting state
was calculated by subtracting the phononic contribution from
total specific heat C(T').

Cu(T) = C(T) — BsT°. (11)

The temperature dependence of the electronic contribution
of specific heat in the superconducting state can be described
using the fully gapped model given in Eq. (12).

s o (a0

wl. 7w

_ o ) /0 [FIn(F) + (1 — Hin(l — f)dy,

(12)
where (&) = {exp[E(£)/(kgT)] + 1}~ is the Fermi function
E@E)=+/&%+ A(@t)?, where & is the energy of the nor-

mal electron comparative to the Fermi energy, y = £/A(0),
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FIG. 6. (a) Low-temperature electronic contribution of spe-
cific data is better fitted with a two-gap comparative single-gap
model. (b) The Sommerfeld coefficient was calculated from a field-
dependent specific heat curve. The inset shows y depends on the
square root of H.

t =T/T,, and A(¢) = tanh[1.82(1.018[(1/¢) — 1])°'] is the
BCS approximation for the temperature dependence of the
energy gap. The normalized electronic specific heat is related
to entropy by Eq. (13).

Cu _ A1)

vaT, dr (13)

The temperature dependence of C,; (T ) was fitted using Eq.
(12) and Eq. (13). In Fig. 6(a), the dotted black line represents
the s-wave fitting and gives the gap value of 2.19 meV. It
reproduces the experimental data above T ~ 2.38 K. The
s-wave fitting deviates at lower temperatures. To explain the
temperature behavior, the two-gap phenomenological model
o (s + s wave) is used [69-71]. In this model, each band is
characterized by the corresponding Sommerfeld coefficient y,,
= y1 + ¥», and the total specific heat was calculated by two
gap parameters (A; and A,) and their comparative weights
(y1/vn = x and y»/y, = 1 — x). Figure 6(a) (red dotted line)
exhibits a better agreement across the whole temperature
range, in particular for 7 < 2.38 K. The gap values are 1.49
and 2.27 meV, with a fraction of 0.09. To obtain the true
nature of the superconducting gap, heat-capacity data is to be
analyzed well below T;./10.

The superconducting gap symmetry can be further con-
firmed by the magnetic field dependence of the Sommerfeld
coefficient y (H). In the type-II fully gapped superconductor,
it is proportional to the vortex density. As we apply more
field, the vortex density increases because of an increase in
field-induced vortices, enhancing the quasiparticle density of
states. This gives rise to a linear relation between y and H,
i.e., y(H) o H for a nodeless and isotropic s-wave supercon-
ductor [72-74]. For a superconductor with nodes in the gap,
Volovik predicted a nonlinear relation given by y (H) o< vH
[71,75-77]. The Sommerfeld coefficient y was calculated by
fitting with Eq. (14) for various fields and extrapolating it to
T = 0K [see Fig. 6(b)].

Ca - b 14

T _VJFTCXP( T)' 14
The inset of Fig. 6(b) shows that the Sommerfeld coefficient
varies with the square root of H. The linear deviation of y
indicates that TaSeS is a possible multigap system.
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FIG. 7. The plot of the superconducting transition temperature
versus the Fermi temperature for different superconducting families.
In between, two solid blue lines show the unconventional band of
superconductors. TaSeS lies close to the unconventional band.

The fundamental superconducting parameters such as
Fermi velocity (vg), effective mass (m*), and mean free
path (/) are calculated by considering carrier density n =
2.14 x 102 m~3 and y, = 8.13 mJ mol ! K2. Solving equa-
tions from [78] yields kr = 0.85 x 10'0 A~! vy = 2.04(1) x
10° m/s, m* = 4.86(2)m,, and [ = 2.60(1) A. The ratio of
coherence length [£) ~ 0.18% = T721(1) A [79]] and mean
free path is 277 > 1, which confirms that 2H-TaSeS in the
dirty limit superconductor.

Superconducting materials can be classified as conven-
tional or unconventional based on the 7./Tr ratio that was
proposed by Uemura et al. [80-82]. The known uncon-
ventional superconductors, such as Chevrel phases, heavy
fermions, high-7, and Fe-based materials, lie in the range
of 0.01 < T./Tr < 0.1. In order to classify 2H-TaSeS, the
Fermi temperature 77 has been evaluated by the following
equation:

n n*3
keTr = — Gy —, (15)
m

where n is carrier density 2.14 x 10%® m™3 and m*, ef-
fective mass = 4.86m,. The estimated Ty is 6725 K for
2H-TaSeS and the ratio of T./Tp = 0.0006 [83-85]. This
places 2H-TaSeS near the band of unconventional supercon-
ducting materials (see Fig. 7).

IV. CONCLUSION

In summary, we studied the magnetization, electrical, and
magnetotransport properties of 2H-TaSeS. It confirms multi-
gap superconductivity in 2H-TaSeS having a superconducting
transition temperature of 3.90 K and upper critical field break-
ing Pauli limit in both the in-plane and out-of-plane directions.
The upper critical field angle dependence well fitted with
the 2D Tinkham model suggests 2D superconductivity in
bulk 2H-TaSeS single crystals. All results indicate that 2H-
TaSeS is a new candidate for unconventional superconductors
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and can host Ising- or FFLO-type superconductivity. Further,
low temperature and thickness dependence measurements and
theoretical inputs are required to understand the exact super-
conducting pairing mechanism.
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