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Abstract

Tin sulfide (SnS) single crystals were synthesized using a melt and slow-cooling method. The
obtained crystals were characterized by X-ray diffraction, energy dispersive spectrometry and by X-
ray photoelectron spectroscopy. Electrical transport properties of SnS were investigated under high
pressure using a diamond anvil cell with boron-doped metallic diamond electrodes and an undoped
diamond insulating layer. We successfully observed an insulator to metal transition between 8.1 GPa
and 12.5 GPa and pressure-induced superconductivity with a transition temperature (7¢) of 5.8 K under
47.8 GPa as predicted by theoretical calculations. Comparing with the pressure-induced
superconductivity in related SnSe compound, it is expected a possible 7¢ enhancement in SnS by an

increase of density of states at the Fermi level.
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1. Introduction

Tin chalcogenide binary compounds have been studied as superior functional materials with

high thermoelectric performance in the past several years [ 1-7]. Especially, tin selenide (SnSe) shows

remarkable thermoelectric property of an ultrahigh figure of merit Z7 value of 2.6 at 923 K, due to its

low thermal conductivity, controllable resistivity, and high Seebeck coefficient [1,8]. Also,

superconductivity in tin selenide was recently reported under high pressure [9]. Tin telluride similarly

shows superior thermoelectric property as lead-free materials [10]. The carrier-doped SnTe shows

superconductivity around 2 K under ambient pressure [11]. These indicate that tin chalcogenides

binary compounds are a new vein of superconducting materials.

According to recent first principles calculations, superconductivity in tin sulfide binary

compounds SnS and Sn3S; are predicted under high pressure [12]. In the beginning, the stable phase

0-SnS-Pnma, at ambient pressure, undergoes a phase transition to a f-SnS-Cmcm phase at 15 GPa

[13]. Recently, it was reported that this transition from a-SnS to f-SnS could occur at 9 GPa [12].

Under further compression, an appearance of y-SnS-Pm-3m phase was experimentally reported under

18 GPa [14]. Recent theoretical calculations suggested that the y-SnS phase should be stable at 39 GPa

exhibiting superconductivity with a transition temperature (7c) of 9.74 K [12]. The higher Tt

compound SnzS4 (space group /-43d) shows an instability at ambient pressure. However, the metallic

phase is stable at 15 GPa and a maximum 7t of 21.9 K appears at 30 GPa. Although similar structural

transition and superconductivity were experimentally observed in similar compounds, such as SnSe

[9] and Sn3Ses [15], there is no report regarding tin sulfide. Experimental investigation of the high-
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pressure properties of tin sulfides is an important step for advancing the physics of chalcogenide binary
compounds, including the pressure-induced topological and superconducting phase of SnSe [9]. In
this study, we experimentally confirm the predicted superconductivity in tin sulfide via resistance

measurements under high pressure. The observed transport properties were then compared with SnSe.

2. Experimental

SnS and Sn3S4 single crystals synthesis were attempted via conventional melt and slow-cooling
method. Starting materials of Sn grains (99.99%) and S grains (99.99%) were put into an evacuated
quartz tube in stoichiometric compositions of SnS and Sn3S4. The ampoules were heated at 350°C for
4 hours, then subsequently at 900°C for 20 hours, slowly cooled to 880°C for 20 hours followed by
furnace cooling. The crystal structures of obtained samples were analyzed by X-ray diffraction (XRD)
using a Mini Flex 600 (Rigaku) with Cu Ka radiation (4 = 1.5418 A). The diffraction peak from Cu
Ko and the background were subtracted from the observed XRD patterns. The compositional ratios
were investigated by energy dispersive spectrometry (EDX) using a JSM-6010LA (JEOL). X-ray
photoelectron spectroscopy (XPS) analyses were carried out using an AXIS-ULTRA DLD
(Shimadzu/Kratos) with Al Ka X-ray radiation (hv = 1486.6 eV) to clear the surface states of the
obtained crystals. The XPS measurements were operated under a pressure of the order of 10~ Torr.
Photoelectron peaks were analyzed by pseudo-Voigt functions peak fitting with a background
subtraction by an active Shirley method using the COMPRO software [16]. Superconductivity was

examined by electrical transport measurements via a standard four probe method under high pressure
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using an originally designed diamond anvil cell [17,18]. Cubic boron nitride powders with a ruby

manometer were used as a pressure-transmitting medium. Applied pressures were estimated by

fluorescence from the ruby powders [19] and by the Raman spectrum from a culet of the top diamond

anvil [20] obtained using an inVia Raman Microscope (RENISHAW).

3. Results and Discussion

Figure 1 (a) shows the powder XRD pattern of ground SnS. All observed peaks were well

indexed to an orthorhombic Pnma structure. Figure 1 (b) exhibits the XRD pattern of a piece of the

obtained SnS crystal. An optical microscope image of this piece is shown in the inset. The pattern only

exhibits 400 diffraction peaks indicating that the sample is a high quality single crystal. The EDX

analysis showed a composition of Sn 52.04% and S 47.96%. The Sn-rich quasi-stoichiometric

composition of SnS is consistent with previous reports [21,22]. On the other hand, the obtained crystals

from the Sn3S4 nominal composition contained only SnS, SnS> and Sn2S; phases. In order to obtain

the Sn3S4 phase, which would show a higher 7¢ of 21.9 K according to the theoretical predictions, high

pressure synthesis above 15 GPa should be required [12].
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Figure 1. XRD patterns with Cu Ka radiation (A = 1.5418 A) of (a) ground SnS and (b) a piece
of SnS single crystal. The diffraction peak from Cu Ko, and the background were subtracted
from the XRD patterns. The inset shows the optical microscope image for a piece of SnS single

crystal.

High-resolution XPS measurements of Sn 3d orbital were carried out to investigate the surface
state of the obtained SnS single crystal. Figure 2 (a) shows the Sn 3d spectrum of SnS single crystal
without cleaving treatment. The spectrum was deconvoluted into four peaks as labeled in the fig. 2(a).
The main components of peak 1 at 485.7 eV and peak 2 (centered at 494.1 eV) are corresponding to a
Sn?" valence state with a spin—orbit splitting of 8.4 eV [23]. The shoulder components of peak 3
(centered at 486.9 V) and peak 4 (centered at 495.3 V) are originated from a Sn** oxidization state
because of a chemical shift of 0.7-1.5 eV between Sn*" and Sn?* as accordingly reported by previous

studies [24,25].



1 Figure 2 (b) shows the spectrum from a cleaved SnS single crystal using scotch tape in a highly

2 vacuumed pre-chamber in the order of 107 Torr to obtain its intrinsic valence state. In both Sn 3ds/

3 and Sn 3ds); orbitals, only sharp peaks were observed at 485.7 eV and 494.1 eV according to the Sn>*

4  state. These results indicate that the outermost surface of SnS is oxidized by air similar to SnSe [26].

5  Here, the thickness of the Sn** layer was estimated using the equation, d=LcosOIn(/a/Ig+1) [16], where

6  disthe thickness, L is the inelastic mean free path of a photoelectron from the sample, 6 is the emission

7  angle, Ix and s are the peak area intensities from Sn*" and Sn** peaks respectively. The values of

8  are 0°relative to the sample surface normal, L is 2.4 nm [27] and I/l is 0.63. This estimation indicates

9 that the valence state of Sn*" exists within 1.2 nm depth from the surface, while the valence state of

10  the bulk sample is Sn?*. Therefore, we can easily evaluate the intrinsic property of SnS by cleaving

11  the sample surface before transport measurements.
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13 Figure 2. High-resolution XPS measurements of Sn 3d orbital of (a) SnS single crystal without
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cleaving treatment, and (b) cleaved SnS single crystal in a highly vacuumed pre-chamber of the

order of 107 Torr using scotch tape.

Electrical resistivity measurements for the obtained SnS single crystals were carried out at
ambient pressure via a standard four probe method. To prevent surface degradation, we cleaved the
sample crystal just before applying the silver paste paint. Figure 3 (a) shows a temperature dependence
of the resistivity for SnS. The order of resistivity of 50 Q-cm at 300 K is consistent with the typical
value of SnS [28]. To evaluate the activation energy of the obtained SnS, the measured resistivity was
fitted by the Arrhenius relationship of p=poxexp(Ea/ksT), where po is the residual resistivity, £, is the
activation energy, kg is the Boltzmann constant and 7 is the temperature, as shown in the inset of Fig.
3 (a). The straight-line fit yields the £, value near room temperature of 0.12 eV. This shallow acceptor
level is in agreement with a well-observed tendency in the Sn-rich SnS [29,30].

Figure 3 (b) shows a Hall voltage of SnS as a function of the applied magnetic field to confirm
the carrier type and concentration at room temperature and ambient pressure. From the slope of Hall
voltage versus magnetic field, the carrier concentrations of samples have been calculated using the
formula, (Vu/l) = (1/ned)H, where Vy is the Hall voltage, [ is the current, n is the number of carriers,
e is the elementary charge, H is the magnetic field and d is the sample thickness. The V'u curve shows
a positive slope, indicating a p-type characteristic with a carrier concentration of 6.5x10!7 cm.

Although a typical carrier concentration of SnS is in the order of 105 cm™ [31], it can be increased up

to the order of 10!7 cm™ in the quasi-stoichiometric composition [21], which is consistent with our
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EDX result. The relatively high carrier concentration would contribute to the observed smaller energy

gap in the synthesized SnS.
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Figure 3. Transport properties for SnS at ambient pressure. (a) Temperature dependence of
resistivity. The inset shows an Arrhenius plot of the resistivity near room temperature (b) Hall

voltage of SnS as a function of applied magnetic field at 300 K.

To examine the predicted superconductivity in SnS, the temperature dependence of resistance
was measured under high pressures. Here, we used the originally designed diamond anvil cell [17,18]
for the high pressure measurements as shown in a schematic image of Fig. 4 (a). Sample voltage is
detected by a heavily boron-doped metallic diamond (BDD) electrodes on the bottom anvil. The

electrodes and the metal gasket are electrically separated by an insulating undoped diamond (UDD)

9
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layer. The fabrication process details of these special diamonds are described in references [17,18]. In
the measurement of SnS, a 6-probe design of electrodes was used as shown in Fig. 4 (b). Figure 4 (¢)
is an optical image of a piece of single crystal that was placed on the center of the bottom diamond
anvil with the BDD electrodes. The crystal was cleaved by the scotch tape just before the pressure
application to remove any oxidized surface. Since the sample space of DAC was filled by the cBN,

the surface degradation of the sample during the high pressure experiment could be prevented.
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Figure 4. (a) Originally designed diamond anvil cell with boron-doped diamond (BDD)

electrodes and undoped diamond (UDD) insulating layer. (b) Enlargement of 6 probe electrodes,

(c) Sample space of bottom diamond anvil with one piece of SnS single crystal.

Figure 5 (a) shows the temperature dependence of the resistance for SnS under pressures up to

47.8 GPain a log scale. The energy gaps of £, = 2F, as a function of the applied pressure were plotted

in Fig.4 (c) via the Arrhenius fitting for the resistance curves as shown in the inset. The sample first

shows an insulating behavior under 4 GPa with the energy gap of 0.17 eV which is smaller than that

of ambient pressure. The resistance was strongly decreased with applied pressure up to 8.1 GPa. As

10
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pressure was increased beyond the theoretically predicted phase-boundary of a-SnS to [-SnS at 9

GPa [12], the sample resistance drastically dropped more than three orders of magnitude in the low

temperature region. This jump in the resistance of SnS could be one of the experimental evidences for

the pressure-induced structural transition as predicted by J. M. Gonzalez et al [12]. On the other hand,

it was found that the energy gap was smoothly decreased with the increase of pressure, with a slope

of 16 meV/GPa and extended line approached to zero around 14 GPa. We believe that the metallization

in SnS is independent of the structural phase transition.

Fig. 5 (b) shows the enlarged plot of the temperature dependence of the resistance for SnS

around low resistance region in linear scale under applied pressured between 18 GPa to 47.8 GPa. The

resistance behavior clearly changes under a pressure variation from 18 GPa to 23.6 GPa, which

coincides with the experimentally reported phase-boundary of a-SnS to y-SnS [14]. The compressed

SnS exhibited complete metallic tendency under 23.6 GPa with a residual resistance ratio (RRR = R3oo

k/Riox) of 1.46. After 23.6 GPa there is no change of the resistance behavior up to 43 GPa except for

the decrease of RRR. Under the highest applied pressure of 47.8 GPa, the compressed SnS exhibited

a sudden drop of resistance from 5.8 K corresponding to superconducting transition. Under this critical

pressure of 47.8 GPa for superconductivity, the shape of the resistance curve in the normal state and

the RRR were almost the same as those of 43 GPa. These results suggest that there is no structural

transition between 23.6 GPa and 47.8 GPa. Here we assume that the transition from a-SnS to f-SnS

and f-SnS to y-SnS occurred around 8.1 GPa and 18 GPa, respectively. Although it is required to

conduct in-situ XRD analysis for more precise determination of the critical pressures of these phase

11
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transitions, we first observed the pressure-induced insulator to metal transition and the

superconductivity in SnS based on theoretical predictions. The pressure-phase diagram from our

experimental measurement of resistance in SnS was concluded in Fig. 6. Due to inhomogeneous

pressure distribution in the sample space, zero resistance could not sometimes be observed even when

the critical pressure was applied [32]. Although we expected the observation of zero resistance under

higher pressure region, the diamond anvil was broken after the measurement under 47.8 GPa,

unfortunately. As a future investigation, further resistance and magnetization measurements will be

carried out in order to confirm the zero resistance and Meissner effect, respectively.

PRI ISR A RSN A RS S R 0.3 EJ — 1
47.8 GPa © e
» © 025 g, 00— on |
= 18 GPar > g,
9/ ‘\ EJ/ 0.2 =
3 - 8
= L o
% 7 >\0.15
% . 2 od
S 1eoGPa ' c O i
=18 GPa, 47.8 GPa 0.1+ 236GPa | ™
10-1*‘5—' 0.05
\23.6 GPa, N Superconducting transition
102 e o.osﬂ,,,,‘,v‘,.--‘..w.v,_-‘, 0 —
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 5 10 15
Temperature (K) Temperature (K) Applied pressure (GPa)

Figure 5. (a) Temperature dependence of resistance in SnS single crystal under various pressures

from 4 GPa to 47.8 GPa in log scale and (b) enlarged plot around low resistance region in linear

scale. (¢) Estimated energy gap of SnS as a function of applied pressure. The inset shows

Arrhenius plots for resistance under ambient pressure, 4 GPa, 8.1 GPa, and 12.5 GPa.
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Figure 6. Pressure-phase diagram from resistance measurement in SnS.

To confirm that the drop of resistance in SnS under 47.8 GPa is originated from a

superconducting transition, we measured the temperature dependence of resistance under magnetic

field up to 1.5 T, as shown in Fig. 7 (a). The drop of resistance was gradually suppressed by an increase

of the applied magnetic field and completely disappeared above 2 K under 1.5 T. This suppression

indicates that the drop of resistance in SnS under 47.8 GPa comes from the superconductivity. Figure

7 (b) shows a temperature dependence of upper critical field H.; estimated from the Werthamer-

Helfand-Hohenberg (WHH) approximation [33] for Type II superconductors in a dirty limit. The

extrapolated He (0) was 1.6 T under 47.8 GPa. From the Ginzburg—Landau (GL) formula Hc»(0) =

®y/21&(0)?, where the @ is a fluxoid, the &(0) is the coherence length at zero temperature, the obtained

value for &(0) was 1.4 nm.

13
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Figure 7. (a) Temperature dependence of resistance at 47.8 GPa under magnetic field up to 1.5
T. (b) Temperature dependence of upper critical field H.; estimated from the Werthamer-

Helfand-Hohenberg (WHH) approximation.

According to the above investigation, SnS exhibits higher 7: of 5.8 K than that of
superconducting SnSe with Pm-3m structure [9]. To discuss the difference in their superconducting
properties quantitatively, we additionally synthesized SnSe single crystal and evaluated the high
pressure effect as a comparison. The synthesis conditions were referred to the literature [34] and details
are described in supplemental material [35]. In the high pressure measurements, we used the same
configuration of DAC with a pressure-transmitting medium of cBN. Figure 8 shows the temperature
dependence of the resistance in the SnSe single crystal under pressures ranging from 1.9 GPa to 30.4
GPa in log scale. The insulating behavior of SnSe changed to a metallic character at 14 GPa. Here the
critical pressure of metallization for SnSe is in accordance with those of previous reports [9,36]. Upon

further compression, the resistance dropped to zero at 30.4 GPa, corresponding to a superconducting

14
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transition, with a 7c of 4.2 K which is 28% lower than that of SnS.
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Figure 8. Temperature dependence of resistance in SnSe single crystal under various pressures

from 1.9 GPa to 30.4 GPa in log scale.

Theoretical studies suggested that there is a possibility of a phonon-mediated Bardeen-Cooper-
Schrieffer (BCS) superconductivity in y-SnS-Pm-3m structure [12]. In this case, the 7t of such a

conventional superconductor can be described by the McMillan formula [37]:

o 1.04(1+2)
€ 1.45 A4 (140.622)

where 4 is the electron-phonon coupling constant and ép is the Debye temperature. In this formalism,
u" is the Coulomb repulsion parameter which has typical values between 0.1 and 0.14 [12]. Here, the
Opb in metallic materials can be estimated by fitting the temperature dependence of the resistance using

the Bloch-Gruneisen equation [38]:

T\ [Oo/T 55
R(T)=R,+4 <%) _[0 mdx

15
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where Ry is the residual resistance, 4 is a characteristic constant and 7 is the temperature. Figure 9
shows the temperature dependence of the resistance in (a) SnSe at 30.4 GPa and (b) SnS at 48 GPa.
The fitting results for the Bloch-Gruneisen equation are shown by the red solid line. According to the
fitting results, the Op in SnS is 202 K which is a reasonable value compared to the theoretically
calculated phonon frequency value under high pressure [12]. On the other hand, the fp in SnSe is 92
K which is almost half of that in SnS, reflecting its heavier atomic mass. Consequently, the 7. of SnS
was higher than that of SnSe. Although the &p for SnSe is half of SnS, the 7. is only 28% lower than
that of SnS. This fact indicates that the 4, which related to the density of state (DOS) at the Fermi level,
is higher than that of SnS. A previous work [39] reported that SnSe at ambient pressure shows high
DOS near the Fermi level due to its multi-valley band structure. By increasing the DOS near the Fermi
level in SnS using band structure engineering techniques such as chemical substitution, defect control

and electric field effect enhancement of 7. can be expected as future work.
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Figure 9. Temperature dependence of resistance in (a) SnSe at 30.4 GPa and (b) SnS at 48 GPa.
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The fitting results for the Bloch-Gruneisen equation are shown by the red solid line. The

experimental 7. values, fitting parameters of Ro, A, and 0p are displayed in the figures.

4. Conclusion

During this study, we succeeded in the synthesis of SnS single crystal. The resistance

measurement under high pressure using our originally designed diamond anvil cell revealed an

insulator to metal transition between 8.1 GPa and 12.5 GPa and superconductivity at 5.8 K under 48

GPa with correspondence to the theoretical prediction. Our experimental observations suggest that the

structural transition from a-SnS to f-SnS and f-SnS to y-SnS occurred around 8.1 GPa and 18 GPa,

respectively. From the comparison with the pressure-induced superconductivity in the related

compound SnSe, possible 7. enhancement in SnS can be achieved by increasing the DOS at the Fermi

level using band structure engineering techniques. Such a theory-preceding exploration for

superconductors, as for example data-driven approaches [32,40] and the discovery of hydrogen-rich

high-7¢ superconductors [41-44], is then a promising tool to further accelerate materials science

research.
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