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Anisotropic superconductivity and quantum oscillations in the layered dichalcogenide TaSnS,
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TaSnS, single crystal and polycrystalline samples are investigated in detail by magnetization, electrical
resistivity, and specific heat as well as Raman spectroscopy and nuclear magnetic resonance (NMR). Studies
are focused on the temperature and magnetic field dependence of the superconducting state. We determine the
critical fields for both directions B || ¢ and B_L c. Additionally, we investigate the dependence of the resistivity,
the critical temperature, and the structure through Raman spectroscopy under high pressure up to 10 GPa. At a
pressure of ~3 GPa the superconductivity is suppressed below our minimum temperature. The Sn NMR powder
spectrum shows a single line which is expected for the TaSnS, phase and confirms the high sample quality.
Pronounced de Haas-van Alphen oscillations in the ac susceptibility of polycrystalline sample reveal two pairs
of frequencies indicating coexisting small and large Fermi surfaces. The effective mass of the smaller Fermi
surface is ~0.5m.. We compare these results with the band structures from DFT calculations. Our findings on
TaSnS, are discussed in terms of a quasi-two-dimensional BCS superconductivity.
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I. INTRODUCTION

Superconductors with layered crystal structures have at-
tracted the interest of researchers since the earlier 1960’s.
This is mainly due to their anisotropic superconducting prop-
erties and the associated very high critical fields [1-4]. In the
1980s, this research got a strong impetus with the discovery of
high-T; superconductivity (SC) in cuprates [4-9]. In the last
decade, the investigation of such quasi-two-dimensional (2D)
materials invigorated after reports about anisotropic supercon-
ductivity in BiS;-based compounds and Fe pnictides [10-16].

The layered crystal structure is also characteristic for
transition-metal dichalcogenides (TMD). Therefore, their
properties are frequently said to be reminiscent of those of
high-T; cuprates and iron-based pnictides [4,17]. The most
common polymorphic modifications of TMDs are the trig-
onal 17- and hexagonal 2H-polytypes. Interestingly, pristine
TMDs with the 17-polytype structure were found to be mostly
semiconducting or semimetallic, while SC is never observed
for them at ambient pressure. The reason is a charge density
wave (CDW) instability of these materials which is eventually
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suppressed by application of high pressure. In contrast, some
2H-TMDs do not show this instability and frequently become
superconducting at ambient pressure and low temperatures,
as, e.g., 2H-NbS; (T, = 5.8 K) [18], 2H-TaS, (I, = 0.8 K)
[19,20], 2H-NbSe, (T, = 7.0 K) [21].

Interestingly, there are several routes to enhance 7; of
TMDs: (i) by increasing the transition-metal content, as it is
observed for TaSe, (T, = 0.14 K) [22,23] and Ta; g¢Se, (T. =
3.2 K) [24]; (ii) by third elements, e.g., by substitutions on the
transition-metal site of pristine 2H-TMD. One example, TaSe;
doped with Nb (i.e., TaggNbgSe,) reveals a 7 up to 2.01 K
[25,26]; (iii) intercalation of some organic molecules into
TMD crystals by soft chemistry methods. These species are
located between the chalcogenide layers which are separated
by a van der Waals gap [27]. The most prominent example
is TaS,(pyridine);,, a very anisotropic superconductor with
strongly enhanced 7. = 3.5 K [3,4,28].

(iv) Finally, there are various ‘intercalation’ compounds,
where in the space between the layers metals as Hg, In
Pb, Sn, etc. but also transition metals are incorporated [17].
Several such TaM,S, (x = 1/4 — 1) materials are based on
2H-TaS,. Concerning superconductivity TaS, intercalated
with Pd reveals a 7, up to 4.2 K [29], whereas Cu [30]
and Ni intercalation [31] lead to maximum 7; = 4.5 K and
T. = 4.15 K, respectively.

Among the numerous intercalated layered TMDs with the
basic 2H-TaS, structure [32,33], TaSnS, (SG: P63/mmc,a ~
3.3 A, ¢ ~ 17.4 A) attracted special attention due to its rare
structural arrangement, which is characterized by the linear
coordination of the intercalated Sn atoms (i.e., appearance of
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linear S-Sn-S units), which connects the hexagonal 2H-TaS,
layers [34,35]. Magnetic susceptibility and transport measure-
ments revealed TaSnS, to be a diamagnetic metal with a
superconducting transition temperature 7, = 2.95 K and the
normal state transport properties to be mainly determined
by the Sn5p,p, band [36-38]. The average valency Sn'*,
which arises from rapid valence fluctuations between Sn°
and Sn** [38,39], was deduced from photoelectron- [37-39],
Mossbauer- [40-43], and NMR-spectroscopy [44] measure-
ments. This unusual valence state was confirmed by band
structure calculations [38,45,46] and is associated with elec-
tron donation of the intercalated Sn until the Ta d,> band is
completely filled [38]. Powder neutron and x-ray diffraction
[34] as well as single crystal x-ray diffraction [35] confirmed
the presence of only one crystallographic Sn site in TaSnS,.
These studies revealed a rather long Sn — S distance of about
2.8 A, which again could be explained by the low charge of
Sn.

Superconductivity in TaSnS, was reported recently [47].
As expected, TaSnS; is an anisotropic superconductor, where
the second critical magnetic field BCL2 ~ 300 mT is much

larger than that measured parallel to the ¢ direction (B!2 A
20 mT). The same study reports TaSnS, to be a SC with mod-
erately strong electron-phonon coupling as well as a nodal line
semimetal.

Recently, some TMDs gained attention as a possible real-
ization of topological SC. Candidate materials are Weyl type
II systems like MoTe, [48] and WSe; (SC is induced by
applying pressure) [49]. The ternary compounds TaSnS, [47],
TaPbS, [50], and TaPbSe, [51-54] are discussed in the same
context as superconducting topological nodal line semimet-
als. The signatures of such a behavior are band structures
(spin-orbit coupling is not considered) exhibiting several band
crossings near the Fermi level (Er), which form three nodal
lines in the k, = 0 plane, resulting in drumheadlike surface
states. However, the crystal structure of TaPbSe; is noncen-
trosymmetric. With this structural difference, the question
remains open if superconductivity observed in both systems
has to be associated to the presence of topological line node
states at the Fermi level or to residual trivial states form-
ing a flat band near the Er. Contrasting that, recent findings
(SC at T, = 2.6 K) on the related centrosymmetric nodal line
semimetal TaPbS, [50] are reminiscent of our TaSnS, results.

These new and controversial findings triggered us to per-
form a comprehensive study on TaSnS, single crystals and
polycrystalline material. Anisotropic SC is studied as a func-
tion of temperature and magnetic field via magnetization,
specific heat, and electrical transport, and results obtained are
in good agreement with findings from Ref. [47]. TaSnS, is
identified as an anisotropic BCS-like superconductor. Investi-
gations beyond bulk properties presented here are resistivity-
and Raman spectroscopy measurements under pressure, Sn-
nuclear magnetic resonance (NMR) as well as the evaluation
of quantum oscillations in the dc field dependent ac magnetic
susceptibility. Pronounced de Haas-van Alphen oscillations
confirm the presence of light charge carriers in the semimetal
TaSnS,. Resistivity measurements and Raman studies under
high pressure reveal the suppression of superconductivity with
pressure and suggest a pressure-induced structural phase tran-
sition.

II. EXPERIMENTAL

To synthesize polycrystalline TaSnS, the elemental pow-
ders (Sn: Chempur, 99.995 wt.%, Ta: Chempur, 99.9 wt.%,
S: Chempur, 99.5 wt.%) were mixed with iodine (40 mg per
g TaSnS;) under protective Ar-atmosphere (MBraun glove
box system [p(H,0) <1 ppm; p(O;) <1 ppm]), pressed into
a pellet and enclosed in an evacuated quartz ampoule. The
heat treatment was performed in two steps: first heating up to
450 °C within 24 h (kept at this temperature for another 24 h)
and second heating up to 800 °C within 12 h and annealing for
7 days. The obtained powder was compacted applying spark
plasma sintering (SPS-15 ET setup, Dr. Sinter Lab, Japan).
It was also used for single crystal growth by chemical vapor
transport (CVT). For this purpose, TaSnS, was mixed with
chlorine (4 mg cm™3 of NH4Cl [AlfaAesar, 99.999 wt.%]
calculated for total ampoule volume of A8 cm?) as transport
agent and placed in an evacuated quartz ampoule (10 cm x
1.6 cm). The temperature gradient from 925 °C (source) to
800 °C (sink) in the ampoule was kept for 12 days. Further it
was cooled (60 Kh™!) down to 300 °C and finally air cooled
to room temperature. The obtained crystals were thin plates
with dimensions of 1 x 1 x 0.1 cm®.

The samples (i.e., polycrystalline powder, compacted
polycrystalline SPS sample, and single crystals) were char-
acterized by powder x-ray diffraction (XRD) on a Guinier
camera G670, CuK«, radiation. High-resolution powder
XRD data were collected at room temperature at BM20
beamline of the European Synchrotron Radiation Facility
(ESRF) (A = 0.45923 A, 26,2 = 32°) on powder enclosed
in a quartz capillary with an outer diameter of 0.3 mm. Phase
analysis was performed with the WinXpow [55] software
package. Single crystal x-ray diffraction was performed on a
Bruker AXS D8Quest single crystal diffractometer [56] with
MoK a-radiation A = 0.71076 A, a Photon100 detector and a
TRIUMPH monochromator. Integration and correction was
performed with the APEX software [57]. The lattice param-
eters by least-squares fitting and crystal structure were refined
with WinCSD [58].

Magnetization measurements are performed on single
crystals using a standard magnetometer (MPMS XL7, Quan-
tum Design) and ac susceptibility measurements are con-
ducted on the powder sample (ACMS option, PPMS14,
Quantum Design). The electrical resistivity was measured on
a SPS sample down to 1.9 K and the specific heat on a SPS
sample down to 0.35 K as well as on a single crystal in
two orientations (with the applied magnetic field parallel and
perpendicular to the ¢ axis) in a commercial system equipped
with a *He cooling stage (ACT and HC options, PPMS, Quan-
tum Design).

Field swept NMR measurements on polycrys-
talline material were performed using a Tecmag spectrometer
employing standard pulse techniques at a given temperature
of 5 K and at 35 MHz. The spectral intensity was obtained
by integrating the spin echo in the time domain. In order to
determine the Larmor field (NMR shift zero) we measured
SnO, powder as a nonmagnetic reference with 'K = 0.5%
[59].

For high-pressure Raman spectroscopy and electrical resis-
tivity measurements, a screw-clamped diamond anvil cell with
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a 500 um culet was used. The tungsten gasket was insulated
with a cubic BN/epoxy mixture. A single crystal sample
of suitable size (~120 um x 120 um x 30 um) was cut and
placed into the central hole of the gasket filled with NaCl as
a pressure-transmitting medium along with a ruby chip for
pressure calibration. The electrical leads were fabricated from
5 pm thick Pt foil and attached to the sample in a van der
Pauw configuration. Electrical resistivity was measured in the
temperature range 1.8-300 K using a direct current source and
nanovoltmeter. The inaccuracy in the 7; in high-pressure ex-
periments is estimated from calibration of our high-pressure
measurement setup by measurements of pressure dependence
of T of lead.

Raman spectra were collected at room temperature in
backscattering geometry using a customary confocal micro-
Raman spectrometer equipped with 20x long-working-
distance objective, HeNe laser as the excitation source, and
a single-grating spectrograph with 1 cm™~' resolution.

Full potential linear augmented plane wave (LAPW) cal-
culations were performed using the WIEN2k package [60].
We used the generalized gradient approximation [61] in the
form of PBEsol [62] for the exchange-correlation potential. It
is furthermore essential to use a very fine mesh in k space;
we employed a 39 x 39 x 21 mesh, corresponding to 1617
nonequivalent k points. To get the areas of the orbits (given
here in Tesla units) with sufficient accuracy we used an in-
tegration engine built in the SURFER program [63], which
internally interpolates the integrand with splines. The results
reported here include the effect of spin-orbit coupling.

III. RESULTS AND DISCUSSION

A. Crystal structure

To check the quality of the synthesized TaSnS, crystals
single crystal XRD was performed. All peaks in the collected
dataset were successfully indexed in hexagonal symmetry
with unit cell parameters presented in Table I. The analysis of
the extinction conditions indicated three possible space groups
(SG): P63mc, P62c, and P63 /mmc. The highest symmetri-
cal SG P63/mmc was chosen for the first attempt to find a
structural model. The atomic coordinates obtained from direct
methods (Table I) were consistent with those reported for
TaSnS; in Ref. [35]. The crystallographic details of the fur-
ther performed refinement, atomic coordinates, equivalent and
anisotropic displacement parameters are collected in Table I.

The obtained crystal structure is considered in the liter-
ature [34,35] as an intercalation of Sn layers in 2H-TaS,
(Fig. 1). It is also characterized by interatomic distances close
to the sums of atomic radii (rp, = 1.43 A, rsn = 1.41 A, rg =
1.04 ;\). The elongated (by &14%) Sn — S contacts allow
enlarged thermal displacements B.q which are much larger in
comparison with the displacements of other atoms (Table I).

To confirm the obtained structural model NMR powder
spectra were measured. They revealed two lines (Fig. 2),
which could be assigned to the two predominant NMR
active (spin 1/2) Sn isotopes. The NMR shift of those lines
is positive and small (about +0.4%, in reasonable agreement
with Ref. [44]) which indicates a small residual density of
states at the Fermi level as expected for a semimetal. The

TABLE I. Crystallographic data and shortest interatomic dis-
tances for TaSnS, {SG P6;/mmc, Z =2, Ta in 2¢ (1/3, 2/3, 1/4),
Sn in 2a (0, 0, 0), S in 4e [0, 0, 0.16036(8)].

Lattice parameters'

a(A) 3.30648(1)
c(A) 17.4416(1)
V(A% 165.14(1)
o (gcm™) 7.31(1)
MoK, X (A) 0.71076
20max (°) 81.74
Minimum A, k, [ —6, —5, —31
Maximum 4, k, [ 6, 6,31
N(hkl )measured 6140
N(hkl )unique 254
N(hkl )observed (Fhkl 2 20 (F )) 5334
Rint/Rs 0.082/0.069
Refined parameters 12
Extinction coefficient 0.0101(6)
Goodness of fit, S 1.010
Rp/wRp? 0.039/0.040
Min. and max. residual

electronic density (e A~%) —4.5;46.1

Beq3, Bll, 333 for Ta.4
Beq3, By1, Bs; for Sn*
Beq3v Bll, B33 for S4

d(Ta-6S); d(Ta-6Ta), (A)
d(Sn-2S); d(S-1S), (A)

0.29(1), 0.28(1), 0.32(1)
1.45(1), 1.69(2), 0.96(2)
0.45(2), 0.48(3), 0.40(4)
2.4675(9), 3.3065(1)
2.797(1), 3.127(2)

"Powder XRD data

R=[Z(|IF|—|FD]/ZIF]; w=0.11761g(F,)*; wR = {Z[w(F —
FHY/Zlw(FH Y2

3By = 1/3[Bi1a*a® + ...2Byb*c*be cosa]

*By, = By1, Bi; = 1/2By1, B3 = B3 =0

-«

VA

®Sn - Ta S

FIG. 1. The structural relationship between TaSnS, (left) and
TaS, (right) illustrates the intercalation of Sn layers in 2H-TaS,.
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FIG. 2. Sn NMR field sweep spectra of the TaSnS, polycrys-
talline sample. The vertical dashed lines indicate the Larmor fields
for the two Sn isotopes.

difference in the shift value to Ref. [44] (determined at about
0.5 T) might originate from dHvVA oscillations in the shift
itself. This is frequently found in semimetals [64]. There are
no further NMR lines found which evidences that there is no
additional line associated to other phases like Sn;3TaS, (with
19K ~ 0.08%) [44]. The line positions (resonance fields) and
the absolute intensities match with the prediction from the gy-
romagnetic ratios and the natural abundance of the respective
Sn nuclei. So from our NMR study we have clear evidence
for a well defined stoichiometry in the powder material and
we could rule out other Sn containing foreign phases (like
Snj/3TaS;). This observation is in good agreement with the
results of phase analysis performed on high-resolution powder
XRD patterns (see Fig. S1 in Supplemental Material [65]).

B. Magnetic measurements

The temperature dependence of the critical fields B.;(T)
and By (T) was determined from temperature- and field-
dependent (ZFC-FC) isothermal magnetization measurements
as well as ac susceptibility (for more details see Supplemen-
tal Material [65]). Figure 3 shows the transition curves at
a nominal magnetic field B = 0.5(2) mT for the orientation
Bl ¢ [Fig. 3(a)] and B || ¢ [Fig. 3(b)], respectively. In the
case of Bl c, the resulting susceptibility leads to a maxi-
mum superconducting volume fraction of ~82%. For B | ¢
the measured magnetization is considerably enhanced due to
the large demagnetization factor of the platelike sample. We
define critical temperatures 7; by the onset of the diamagnetic
transition as indicated by arrows in Fig. 3. For the lowest
applied field the 7; is 3.0(1) K. Figure 4 shows further ZFC-
FC transition curves for both field orientations. The resulting
B (T) curves are plotted in Fig. 6. The transition temperature
extrapolated to zero field is 7, = 3.04 K.

One branch of an isothermal magnetization curve at T =
2 K for the orientation B_L ¢ is plotted in Fig. 5. It shows
a nearly reversible behavior indicating weak flux pinning in
the sample. A very similar behavior was found for TaPbS,

B=0.5mT Lc B=05mT// ¢
(a) T. (b) T
‘ 0F .
0.00 | FI0.0
[ ]
|
—~ & FC<
g 004 Eql ]
s 2 .
< 008} 105 2
= FC< L1 1
. :
012} ZFC
: ZFC> .
L L _1 .0 _3 L L
2 3 4 1 2 3 4
T (K) T (K)

FIG. 3. Zero-field cooled (ZFC, shielding effect) and field cooled
(FC, Meissner effect) susceptibility for TaSnS, single crystals with a
nominal field of 0.5 mT applied in two directions: (a) B L ¢, (b) B ||
C.

single crystals [50]. In the inset the respective ZFC and FC
values are also plotted showing excellent agreement. The
visible deviation from linearity with increasing field allows
the estimation of the lower critical field at this temperature:
B (2K) ~ 1.95 mT.

The temperature evolution of the direction dependent upper
critical fields B} and Bgz estimated from the measurements
of isothermal magnetization, electrical resistivity, and spe-
cific heat are depicted in Fig. 6. Interestingly, the results
obtained from c¢,(7') and p(T) measured on polycrystalline
samples nicely coincide with those observed for B || ¢ and
B c, respectively. Fitting B || ¢ data to the Ginzburg-Landau
(GL) relation: By(T) = B (0)(1 —12)/(1 + %) with ¢t =
T /T, [66] the upper critical field is estimated as 3!2(0) =
27(2) mT (inset to Fig. 6).

The upward curvature of the B.,(7;) dependence is known
for both doped [67] and intercalated [68] tantalum dichalco-
genides, including TaSnS; [47]. In the case of TaPbSe, [68] it

Blc Bll ¢
0.0 @ I (®) <40.0
0.2F __.' b L 4-0.5
<04} ; s
€ - 4-1.0 £
;‘ <
06} i @
S - {15 2
*osl ] ——05mT 2
5 ——1 mT Jy,
2.5mT
A0r i / ~—~+—5 mT
L 10 mT 125
A2 . . . . . .

15 20 25 30 3515 20 25 30 35
T(K) T(K)

FIG. 4. Magnetic susceptibility of TaSnS, single crystals with
higher applied magnetic fields: (a) BL c and (b) B || c.
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FIG. 5. Positive field branch of the magnetization curve of
TaSnS, for the orientation B_L ¢ and the temperature 7 = 2 K. The
inset contains additionally the respective ZFC and FC values for
comparison and the deviation from the first linear part to determine
the lower critical field B;.

could be fitted with By (T) = Bex(0)(1 — £3/%)3/2. However,
this equation is reported to fail in the description of B5(T:)
for TaSnS, [47]. As is seen from Fig. 6, this finding is also
confirmed in our study. Interestingly, B (T) = B (0)(1 —
22y°/2 with Bi‘z(O) = 170(10) mT describes well the data
deduced from the field dependent p(7') measurements on
the polycrystalline sample. Obviously, this critical field can
be under/overestimated, taking into account the lack of the
points for T, < 1.7 K.

The anisotropy parameter of ~6.3 is calculated from the
relation of two upper critical fields. The GL coherence lengths

150

= 4
§, 100
m‘Zﬁ
L
o cp
sof & z°
| o ppolycr

- — (1_t3/2)3l2
I o (1-£52)52

0 R S R S R . TP Ay
0.0 0.4 0.8 1.2 1.6 2.0 24 2, 3.2
T(K)

FIG. 6. Upper critical field B, of TaSnS, versus temperature
from ¢,, x, and p measurements on polycrystalline (polycr) material
as well as ¢, and x measurements on single crystals. Inset: Detailed
view on the data in the temperature range 1.6-3.0 K. For the fits
(lines) see the text.

(U,L = 17(2) nm and ‘EGLL = 110(6) nm were estimated using
Egs. (1) and (2), where ®( is the magnetic flux quantum,
respectively.

1 LOX
— _— l
i 2B, )
I o )

GL 2nrB5Eq

Using Bci1 (2 K) from the magnetization measurements,
the London penetration depth At = 280(10) nm has been
determined by a numerical solution of the equation B, =
(Po/47w (A H)H)In(A /€5 ). Thus, the GL parameter kg =
At/E4 = 2.5(2) indicates TaSnS; to be a type-1I supercon-
ductor.

Due to the positive curvature of the Bi-z(TC) curve, the
anisotropy decreases to a value of ~3. Similarly low values
have been reported for other doped (e.g., with Nb [69]) or
intercalated with Sn [70], Na [71], Pd [72] as well as with
organic molecules [67,73] layer structured tantalum dichalco-
genides. These observations are in agreement with the
prediction by the dimensionality crossover model of Klemm
et al. [74] developed for superconductor/insulator superlat-
tices. It was also found in metal intercalated dichalcogenides
[72,26] and was explained by special Fermi surface prop-
erties. Also for other layered superconductors like graphite
intercalation compounds (GICs) [75] and especially for the
high-T-cuprates [6,7,16] positive curvatures were reported.
It was speculated that such a behavior is a common fea-
ture for two-dimensional superconducting systems. However,
there also exist distinct deviations from this rule, espe-
cially for GICs, where extended linearity of B (T) was
reported [76]. The positive curvatures near 7; occasionally
found in isotropic systems like superconducting fullerenes
[77,78] might originate from the presence of different phases
with variations in the local 7;. In view of such a vari-
ety of results further investigations are desired to find an
appropriate model for the positive curvature analysis for
TaSnS,.

C. Electrical resistivity and specific heat

The electrical resistivity p(7) in different magnetic fields
is measured on the SPS-compacted TaSnS; sample (Fig. 7). In
zero-field p(T) decreases with decreasing temperature down
to ~3 K indicating TaSnS, to be a metallic system. The
residual resistivity ratio RRR = p3®K/p, = 10.6 indicates
a fair quality of this SPS-compacted polycrystalline sample.
The onset of the rounded superconducting transition occurs at
T. = 2.9(1)K, slightly lower than the value of 3.04 K deduced
for single crystalline material.

The specific heat was measured on single crystals applying
different magnetic fields B || ¢ and B_L ¢ (inset Fig. 8) as well
as on the polycrystalline SPS sample. Further analysis of the
¢p(T, B) data is performed on the base of bulk specimen, since
they reproduce the B || ¢ results of single crystal (Fig. 8) and
reveal a better statistic due to higher sample mass.

The overcritical specific heat is fitted in the tempera-
ture range 0.35-1.7 K to the ansatz ¢, = 1T + BT (not
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FIG. 7. Electrical resistivity p(T) for SPS-compacted polycrys-
talline TaSnS,. Inset: p(7) in different magnetic fields.

shown in Fig. 8) with y = 5.4(1) mImol~'K~2 and 8 =
0.64(2) mJ mol~! K~* [corresponds to an initial Debye tem-
perature 6p = 229(2) K].

The transition temperature midpoint 7. = 2.88(2) K (i.e.,
the middle of the falling flank of the anomaly) observed in
¢p measurements is in agreement with the 7; derived from
the other properties. The steplike anomaly corresponding to
the superconducting transition is rounded (Fig. 8), which is
due to chemical inhomogeneities appearing in the specimen
after SPS. The estimated specific heat jump for the sintered
sample and single crystal is Ac,/yT. ~ 1.2 (obtained by a
graphical equal-areas construction in a ¢,/T vs T plot, i.e.,
entropy conserving) and is in fair agreement with the BCS
model (1.43).
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FIG. 9. Quantum oscillations in polycrystalline TaSnS, (a) os-
cillatory component of the ac susceptibility (b) Fourier transform
over 2-14 T window (c) decay of the oscillatory amplitude with
increasing temperature at the field value By, = 13.1 T (dominated
by the 90 T oscillation at this field value) and (d) Fourier transform
over the field window 6-14 T.

After subtracting the phononic part (873), we obtain the
electronic specific heat for polycrystalline sample and single
crystal (Fig. 8). Both curves excellently match for 7 < 0.87;
and are well described by the « model for ¢ = A(0)/kgT; =~
1.3. Although the value of « is below that for the weak-
coupling limit of the BCS theory (agcs = 1.76 [79]), there are
no visible indications for possible multigap superconductivity
in our data. We thus conclude that TaSnS, is a weak-coupling
s-wave superconductor.

D. Quantum oscillations and electronic structure

The small effective masses of semimetals tend to result
in a pronounced de Haas-van Alphen (dHvA) effect [80].
Here, the frequency F of the oscillation is related with the
extremal Fermi surface (FS) cross section Sy perpendic-
ular to the applied magnetic field by the Onsager relation
F = hSexi/2me. The temperature damping of the oscillation
amplitude A(T') at a fixed magnetic field Bos is given by
the Lifshitz-Kosevitch formular A(T') = x /sinh (x) with x =
2m2m*kgT /ehiBos. [80]. This behavior allows us to extract
the effective cyclotron mass m* of the charge carriers. Fig-
ure 9(a) shows well-resolved quantum oscillations (QO) in
the ac magnetization as a function of applied dc field of the
polycrystalline sample. Since the dHVA signal is periodic in
1/B, the field axis is inverted and a Fourier transform (FFT)
performed over a window of 2—14T [Fig. 9(b)] and 6-14 T
[Fig. 9(d)]. The FFT reveals two sets of QO frequencies, each
one split into two: One at 90/100 T and one at 1400 and
1500 T. The beating patterns observable in Fig. 9(a) are a
result of the splitting of the lower frequencies. The fact that
we found pronounced QOs even in polycrystalline powder
certifies the high sample quality.
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Given the quick decay of the amplitude with temperature,
we can get a rough estimate of the effective mass of the
orbit corresponding to the dominant 90 T frequency. The
temperature dependence of the amplitude at 13.1 T is shown
in Fig. 9(c). With this, we estimate the effective mass to be
~0.48m,.

We can also compare the QO frequencies we found with
the ones observed in the related material TaPbS, and pris-
tine 2H-TaS,, in order to get an idea which pockets or
orbits are responsible for the observed QOs. In TaPbS, a
rather large FS was found by density-functional theory (DFT)
and confirmed by angle-resolved photoemission spectroscopy
(ARPES), consisting of a hexagonal center connected to an-
other, almost cylindrical surface along the H-K line at the
corner of the Brillouin zone (BZ) [81,51]. Within this there
are also a number of cylindrical nested FS pockets. Around
the I' point, two nested pillow-shaped FS pockets are found.
Experimentally, QO frequencies between 6 and 1200 T with
an angular dependence in agreement with the predicted almost
2D nature (i.e., cylindrical shape of the FS) were observed.

In the pristine compound 2H-TaS,, two large 2D FS both
located at the center and the corner of the BZ are found by
electronic structure calculations [82]. These common quasi-
2D structures of the two closely related materials lead us to
search for similar FS pockets in TaSnS,. As the calculations
below show, the small, almost cylindrical FS sheets at the
corner of the BZ in TaSnS, (similar to those observed in
TaPbS,) could appear if the Fermi energy is slightly shifted to
the electron-doped region. This could explain the lower pair
of QO frequencies.

Since the QOs are observed in the polycrystalline sample it
is difficult to assign FS pockets with observed frequencies, be-
cause of the expected angular dependence of the frequencies
and arbitrary field directions in the polycrystal. A full angular-
dependent study on single crystals would give further insight
if the observed FS pockets have quasi 2D or 3D character. We
observed dHVA oscillations in fields of several Tesla on the
largest presently available single crystal (m =~ 30 mg). They
were more or less consistent with the slow ones observed
on the much heavier polycrystalline sample. However, the
obtained data were noisy, indicating the sample mass to be
too low. Therefore, to perform such a study syntheses of large
enough crystals should be further optimized.

The band structure of TaSnS, has been reported before in
the context of ARPES results [38] and very recently upon
the discussion of TaSnS; as a nodal line semimetal [47]. In
order to estimate the extreme orbits observed in the dHvA
experiments we performed highly accurate and well con-
verged LAPW calculations. Figure 10 shows the FS of TaSnS,
which consist of an ellipsoid sheet (holelike) and—due to
symmetry—doubly degenerated open hexagonal sheet (elec-
tronlike), which nearly shows no k, dispersion.

The extremal cross section of the hole sheet in the I'-K-
A plane (field perpendicular to that plane) is about 1700 T.
Shifting the Fermi level up by 4 mRy (54 meV) would bring
this value to 1500 T. In contrast, shifting the Ex down would
increase the extremal area and at some point even create
an open orbit where no QO would be observable. Similar
discrepancies between calculation and experiment have been
observed before [83]. One possible explanation could be the

o

FIG. 10. Fermi surface of TaSnS, (a) and the same with shift of
the Fermi level by 20 mRy (= 0.27 eV) (b). The hole sheet in the
I'-K-A plane is given in yellow color.

well known limitation of DFT caused by the error introduced
by the self interaction. This will lead to the overestimation of
the delocalization of atomic orbitals and thus should overesti-
mate the interplane interactions.

However, the small orbits of about 100 T would not be
consistent with this FS without shifting the Fermi level Ep. As
one can see in Fig. 10(b), small pockets close to the K point
of the Brillouin zone will open and the size of these orbits de-
pends on the shift of Ep. As discussed in Ref. [47] for TaSnS;
this could lead to the line nodes under some conditions. For
TaPb$S, the band structure and the observed dHvA oscillations
are discussed in great detail [81]. The studies confirm that the
position of Ef is crucial in the formation of line nodes around
K and T'". A relatively large shift of about 20 mRy (0.27 eV)
would be required for TaSnS; to get a match with some of the
dHvVA oscillations observed. While the disagreement could be
at least partially due to failures of DFT, this appears to be
somewhat large and inconsistent. Eventually it may also be
a hint towards a small deviation from stoichiometry, because
electron doping could have a similar effect to Er. Another
possibility could be a small deviation of the c/a ratio of the
polycrystalline samples compared to the single crystal due to
slightly different compositions, which could produce relative
shifts of the bands to each other.
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FIG. 11. The in situ resistivity measurements at high pressures
reveal the pressure dependence of T; (inset). No superconducting
transition was observed down to 1.5 K for pressures of 3.7 and
5.5 GPa (not shown), so that we assume 7 to be in the temperature
range 0-1.5 K. The solid line is a guide to the eye.

E. Pressure effect on superconductivity and structure of TaSnS,

Electrical resistivity measurements under application of
high pressure reveal a continuous decrease of the super-
conducting 7. with pressure increase (inset to Fig. 11).
This behavior is contrary to the related misfit layered
(SnS);.15(TaS;) compound [70]. The decrease of T; in TaSnS,
results primarily from a weakening of electron-phonon cou-
pling due to the stiffening of the crystalline lattice (shift of
phonon spectrum to higher frequencies) upon compression
[84]. The onset of SC can be observed as small resistivity
drop at the temperature below 1.8 K as pressure increases
up to the 2.5 GPa while no indication for SC is observed
by cooling down to 1.5 K at further pressure increase above
3 GPa (Fig. 11).

The suppression of superconducting state at pressures
above 3 GPa might be associated with onset of structural
phase transition indicated by emergent asymmetry (low-
frequency shoulder) of the Raman peak located at ~ 400 cm ™!
as pressure increases above 3 GPa and its split with further
pressure increase (Fig. 12). To clarify the structure of the
TaSnS; high-pressure phase, high resolution synchrotron x-
ray diffraction studies are required.

IV. CONCLUSIONS

The fully-intercalated TMD compound TaSnS, was syn-
thesized by powder metallurgical methods and further com-
pacted by SPS. Single crystals of asizeupto 1 x 1 x 0.1 cm
were grown by chemical vapor transport. Single crystal x-ray
diffraction confirmed the earlier reported [34], [35] space
group P63 /mmc with the lattice parameters a = 3.30648(1) A
and ¢ = 17.4416(1) A. No indications for a possible struc-
tural phase transition were observed below 300 K.

Measurements of the magnetization, specific heat, and re-
sistivity show superconductivity at 7, = 3.0(1) K. The upper
critical fields in both directions (i.e., BLc and B || ¢) evidence
a moderate anisotropy in TaSnS,. The observed specific heat

35 M\W _10Gpa

—90GPa

8.5 GPa
30r ——8.0GPa

7.2 GPa
——55GPa
251 3.7 GPa
——2.5GPa
——1.2GPa
20} —08GPa
—05GPa

Intensity (arb. units)

1.5 - E

200 300 400 500 600
Raman shift (cm™)

FIG. 12. Raman spectra in the pressure range 0.5-10 GPa show-
ing a peak splitting at 400 cm ™!

jump Acp/yT. ~ 1.2 and energy gap ratio A(0)T /kpT. ~ 1.3
agree fairly well with the values (i.e., 1.43 and 1.76, re-
spectively) predicted by weak coupling BCS theory. Together
with the Ginzburg-Landau parameter kg o, ~ 3 > 1/ V2, we
conclude TaSnS; to be a weakly coupled type-1I BCS s-wave
superconductor.

De Haas-van Alphen quantum oscillations, revealing an
effective mass of about 0.5m,, have been observed in TaSnS,
polycrystalline sample. These oscillations originate probably
from a small Fermi-surface pocket at the corner of the Bril-
louin zone and an ellipsoid in the center as comparisons with
the band-structure calculations show.

In contrast to other nodal line semimetals the application
of pressure leads to a strong suppression of the supercon-
ductivity in TaSnS,. A pressure of p. = 3.7 GPa is sufficient
to shift the superconducting transition temperature below
T = 1.5 K. Such a comparatively strong pressure dependence
could originate from a pressure-induced structural phase tran-
sition, which is seemingly visible in the pressure dependent
Raman study.

Our results demonstrate that TaSnS, is an interesting su-
perconductor with a moderate anisotropy. So far the impact of
the topological line nodes present in the band structure on the
physical properties and especially on the superconductivity
has not been fully clarified which certainly triggers further
studies on TaSnS,.
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