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Superconductivity in tin selenide under pressure
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Tin selenide is a layered material that captured the interest of the scientific community for its stunning
thermoelectric properties and fascinating phase transitions under pressure. Recently, an experimental study
revealed the existence of a topological and superconducting phase in its pressure-stabilized CsCl-type phase.
By means of ab initio techniques, we investigate the structural properties of this compound and its pressure
phase diagram, comparing our findings with the experimental results. We then focused on the electronic features
of the topological CsCl-type phase and analyze its dynamical and superconducting properties. To understand the
origin of the superconducting transition, we predict the critical temperature as a function of the pressure, 7.(P),
by the superconducting density-functional theory and analyze the behavior of the resistance with pressure and
temperature by means of a percolative model. The careful comparison of calculations with available experiments
reveals that inhomogeneities and nonhydrostatic pressure effects are relevant in this system.

DOLI: 10.1103/PhysRevMaterials.3.114803

I. INTRODUCTION

Tin selenide, SnSe, is a IV-VI binary narrow-gap semicon-
ducting compound that has recently been subject to extensive
study because of its fascinating physical properties. In the last
years, its potential as a highly efficient thermoelectric material
has been investigated in depth after the report of its strikingly
thermoelectric figure of merit (ZT =~ 2.6 at 923 K), stemming
from the combination of a high power factor and low thermal
conductivity due to strong anharmonic effects [1-4].

At ambient conditions, SnSe crystallizes in the orthorhom-
bic GeS-type structure sketched in Fig. 1(a) (space group
Pnma) [5], that can be viewed as a derivative of the black
phosphorus structure [6,7]. In the quest for phosphorene ana-
logues, SnSe and isostructural group-IV monochalcogenides
SnS, GeS, and GeSe have been recently studied, unveiling
their multiple-valley electronic structures, whose valley sepa-
ration is enhanced by the reduction of dimensionality, being at
the same time addressable either with linearly polarized light
or transverse nonlinear conductivity [6—8]. Furthermore, it has
been predicted that SnSe may display a topological crystalline
insulating phase [9], analogous to that observed in rock-salt
SnTe [10,11] when stabilized in the cubic NaCl-type structure
[12] [space group Fm3m, shown in Fig. 1(e)]. Extensive re-
search has been done on the topological properties of IV (Ge,
Sn, Pb)-VI (S, Se, Te) semiconducting monochalcogenides,
both in their bulk and monolayer forms and addressing, just
to mention a few, the effects of pressure, strain, alloying, and
lattice dynamics [13—18]. For example, it was reported that the
cubic Fm3m structure can be experimentally achieved, e.g.,
by growing SnSe epitaxially on a NaCl substrate [19].
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Indeed, the structural and electronic properties of SnSe
are even richer under high pressure conditions. SnSe under-
goes two pressure-induced structural transitions: the first one,
from orthorhombic Pnma GeS-type to orthorhombic Cmcm
structure, shown in Fig. 1(d), has been reported to occur
at 10.5 GPa [21]; the second, from orthorhombic Cmcm to
cubic CsCl-type structure, shown in Fig. 1(c) (space group
Pm3m) has been recently observed at approximately 27 GPa
[22], in contradiction with a previous work not reporting the
transition up to 34 GPa [23]. Moreover, another orthorhombic
Pnma phase, dynamically coexisting with Pnma GeS-type
and Cmcm phases, has been recently proposed in the 0-5 GPa
range [24]. This phase, that will be referred to as y-Pnma
in the following, is a distorted GeS-type structure [as shown
in Fig. 1(b)] that has also been observed in the pressure
phase diagram of SnTe in the range 5-18.3 GPa [25]. Overall,
a nontrivial dynamic phase coexistence of closely related
structures has been proposed in the pressure range 1-13.4 GPa
at room temperature, supported by x-ray diffraction (XRD)
measurements [24]. Finally, a phase with the unconventional
stoichiometry Sn3Se, (space group I43d) has been synthe-
sized in laser-heated diamond anvil cell around 16 GPa [26].

As expected, pressure also affects electronic properties,
inducing a semiconductor-metal transition around 12 GPa,
close to the first structural transition between the orthorhom-
bic GeS-type and Cmcm phases [5,22]. More interestingly,
a superconducting (SC) phase has been reported at higher
pressures since 1997 [27] and recently confirmed by Chen
and collaborators in Ref. [22]. However, even if both reports
agree in identifying the CsCl-type structure as the SC phase,
there is no agreement neither on the pressure range at which

©2019 American Physical Society
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GeS-type

CsCl-type

FIG. 1. Pnma GeS-type [panel (a)], y-Pnma [panel (b)], CsCl-
type [panel (c)], Cmcm [panel (d)], and NaCl-type [panel (e)] struc-
tures [20]. Red and blue atoms are Sn and Se, respectively.

superconductivity develops nor on the transition temperature
as a function of the pressure, 7.(P): in Ref. [27], the authors
find a superconducting 7. ~ 4.5 K at 58 GPa, while in Ref.
[22] the SC phase starts at ~27 GPa, when the second
structural phase transition between the orthorhombic Cmcm
and the cubic CsCl-type structures takes place, with a critical
temperature 7, >~ 3 K extending up to >~ 55 GPa [22]. XRD
measurements suggest a coexistence of orthorhombic Cmcm
and cubic CsCl-type structures up to ~43.4 GPa, where
T, takes its maximum value [22]. Theoretical predictions
revealed interesting topological features in the metallic CsCl-
type phase of SnSe [22], suggesting the presence of nontrivial
surface states protected by Z, topology and weakly dispersing
along selected directions that might affect SC properties [28].
Along the same research line, sulfur doping has been shown
to enhance the SC properties of SnSe, bringing the 7. over
4 K and extending the pressure range of superconductivity
beyond 70 GPa [29]. Superconducting phases, with enhanced
critical temperatures up to 6 K, have been also reported in
doped (IV, IIT)-VI compounds, like Sn;_,In,Te;_,Se, crys-
tals synthesized by high pressure techniques [30]. It is worth
mentioning that the pressure-stabilized cubic phase with 3:4
stoichiometry has also been theoretically predicted to undergo
a SC transition with an estimated 7, ~ 3-4 K at 10 GPa [26]
(but not yet experimentally confirmed).

Only first-principles theories can be used to shed light on
this complicated and rich physical scenario including multiple
structural, electronic, SC, and topological phase transitions.
We thus report a complete first-principles study of the struc-
tural, electronic, and SC properties of SnSe in a wide pressure
range to understand its pressure phase diagram and the origin
of the observed SC phase above ~ 27 GPa. To this aim, we
address the conventional electron-phonon mediated supercon-
ductivity of the metallic phases (namely, the Cmcm, the CsCI-
type Pm3m, and the nonstoichiometric Sn3Se4 /43d phases),
by means of highly accurate first-principles density-functional
theory (DFT) of the normal state and its extension to the SC

phase, the SuperConducting DFT (SCDFT) to predict the SC
T.. However, the careful comparison of computational predic-
tions with available experiments revealed that the observed
broad resistive transitions in Ref. [22] and the persistence of
resistive tails complicates the theoretical interpretation.

Indeed, these effects are not uncommon in the recent
literature on emergent SC materials and are typical features of
systems where the SC state appears either at the interfaces be-
tween two insulators, as in SrTiOs-based interfaces [31-34],
or in layered systems like transition-metal dichalcogenides
[35-37] or twisted graphene [38]. A common feature for all
these systems is the presence of a structural strain induced
in the crystalline structure, due to the mismatch with the un-
derlying substrate. Even though the microscopic mechanism
responsible for superconductivity can be rather different in
these families of superconductors, a systemic emergence of
sizable rounding of the resistive transition has been reported,
followed by a pronounced resistive tail that in some cases
saturates to a finite value as 7 — 0. The rounding of the
transition cannot be ascribed [39,40] to usual paraconductivity
effects due to Gaussian SC fluctuations [41], since these are
effective only in close proximity to the transition, while one
often observes a suppression of the resistance at temperature
as large as twice the critical one. These features can be instead
well captured by assuming that the SC background gets intrin-
sically inhomogeneous on mesoscopic length scales, such that
the resistive transition itself should be ascribed to a percolative
mechanism of SC regions embedded into a non-SC matrix.
Here we propose that a similar mechanism can be at play in
SnSe. In addition, nonhydrostatic pressure conditions (pos-
sibly at work in Ref. [22]) are explored, reporting a sizable
enhancement (nearly doubling) of T.. due to strain field. This
makes SnSe a peculiar system in which the SC T.. is strongly
linked to structural properties.

The present paper is organized in the following structure:
in Sec. II, we describe the computational techniques and
in Sec. III we report our results, presenting the structural
phase diagram under pressure (Secs. III A and IIIB), the
electronic properties (Sec. IIIC), and SC ones (Sec. IIID).
After the comparison with experimental critical temperatures,
we list hypotheses to explain the observed disagreement and
explicitly include inhomogeneities and nonhydrostatic effects
(Secs. IIIE and III F). Section IV is devoted to conclusions
and perspectives.

II. COMPUTATIONAL DETAILS

First-principles calculations have been performed within
the DFT. We used ultrasoft pseudopotentials to describe the
electron-ion interaction and plane-wave expansion of the
Kohn-Sham wave functions as implemented in the QUANTUM
ESPRESSO package [42,43]. The local density approximation
(LDA) in the Perdew and Zunger parametrization has been
adopted for the exchange-correlation potential [44]. The ki-
netic energy cutoff for plane-wave expansion has been set to
40 Ry (400 Ry for the charge density). Different Monkhorst-
Pack [45] wave-vector grids were adopted, depending on
the crystalline phase, ensuring a total energy convergence of
1 meV/atom for all the considered phases. The Monkhorst-
Pack mesh was set to 4 x 10 x 10 for Pnma GeS-type,
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4 x 8 x 6 for y-Pnma, 8 x 8 x 8 for Cmcm, 10 x 10 x 10
for Pm3m CsCl-type, and 9 x 9 x 9 for Fm3m NaCl-type
phases. The 143d Sn3Se4 phase has been simulated using a
primitive cell with 14 atoms, and a Monkhorst-Pack mesh of
3 x 3 x 3 was used for the self-consistent calculations.

The structural phase diagram was constructed calculating
the enthalpy H(P) = E[V (P)] + PV (P) as a function of the
pressure. The calculations were performed fitting the ab initio
total energy E(V) as a function of the volume for each
of the considered phases by means of a third-order Birch-
Murnaghan equation of state [46,47], and subsequently deter-
mining the corresponding P(V') from its analytic derivative.
Spin-orbit coupling (SOC) has not been taken into account
in the structural phase diagram, while it has been included for
the analysis of the electronic structure of the Pm3m CsCl-type
phase.

Phonon frequencies and electron-phonon coupling (EPC)
matrix elements were determined within the density-
functional perturbation theory [48]. A3 x 3 x 3 and 8 x 8 X
8 phonon wavevector grid were used for Cmcm and Pm3m
CsCl-type phases, respectively, while a 3 x 3 x 3 phonon grid
was used for the 143d Sn3Se, phase. The Eliashberg function,
o?F (), and the EPC parameter, A, were evaluated as

otzF(a)) d(w — wqv)
N(E )

x Z ﬁiﬁ;’ﬂ 8(esq — Er)8(ei — Er) (1)
and
2
A= 2f LEACY )
w

through integration of the squared electron-phonon matrix
element |gy' "} |* over a40 x 40 x 40 and 12 x 12 x 12 elec-
tronic k-grld for the CsCl-type and Cmcm phases, respec-
tively, while 9 x 9 x 9 grids were adopted through electron-
phonon interpolation in the Sn3Se4 phase. A gaussian approx-
imation of the delta function with a smearing of o = 0.015
Ry was assumed for the evaluation of the EPC parameter A.
The SC critical temperature mediated by electron-phonon
interaction has then been calculated in the framework of
SCDFT [49-54], in a fully ab initio way. The Coulomb
interaction is accounted self-consistently from first-principles
and on equal footing with respect to the electron-phonon
interaction, in the static isotropic approximation. The iso-
energy average of the screened Coulomb matrix elements
Vk Ktq’ entering the gap equation is defined as

2 kq 2oman VirqkO(€ktyq — €)8(eg — €)
Zk,q Zm,n 8(6k+q - 6)8(61,(1 —€)

Screened Coulomb matrix elements were evaluated within
random phase approximation as in Ref. [55]. The Coulomb
pseudopotential u, giving an estimation of the strength of the
Coulomb potential, is defined as the double average over the
Fermi level,
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FIG. 2. Volume-pressure [panel (a)] and enthalpy-pressure phase
diagram of SnSe [panel (b)]. Vertical dashed lines highlight y-Pnma
to Cmem and Cmem to Pm3m CsCl-type structural transitions.

where N (¢) is the electronic density of states (DOS) and EF is
the Fermi level.

III. RESULTS AND DISCUSSION
A. Phase diagram

In Fig. 2, we report the volume-pressure and enthalpy-
pressure phase diagram of SnSe as obtained within the DFT-
LDA. According to experimental and previous computational
studies [5,21,22,24], we considered the following competing
crystal structures: (i) cubic Fm3m NaCl-type and Pm3m
CsCl-type, and (ii) orthorhombic Pnma GeS-type, y-Pnma
and Cmcm structures. The NaCl-type and the y-Pnma struc-
tures are quasidegenerate at zero pressure, showing an en-
thalpy difference within 1 MeV/SnSe, and both of them are
slightly favoured with respect to the GeS-type phase (enthalpy
difference being ~4 MeV /SnSe). This result is in line with the
calculations in Ref. [12], where the GeS-type and NaCl-type
phases were found to be nearly degenerate (0.78 MeV/SnSe)
within the generalized-gradient approximation and including
SOC. The NaCl-type structure becomes rapidly unstable upon
applying pressure, in favor of three competing structures
within 10 MeV/SnSe up to 10 GPa: the Pnma GeS-type,
the Cmcm, and the y-Pnma phase. We find that the y-Pnma
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phase is the ground state up to 8 GPa. This result is in line
with the calculations of Ref. [31], in which y-Pnma was
predicted as the lowest energy structure in the range 1-8 GPa
and with the XRD measurement interpreted with the above
three phases’ coexistence scenario. The latter then becomes
unfavorable above >~ 10 GPa, while the orthorhombic Pnma
GeS-type and Cmcm phases compete up to 20 GPa, the
Cmcm phase being slightly favored above ~ 5.8 GPa. This
last prediction is consistent with XRD measurements, whose
spectra can be ascribed to Cmcm structures above 15.5 GPa
[22]. Looking at the electronic DOS of the system, we find a
semiconductor-metal [DOS(Er) = 0.065 states/eV/SnSe at
6 GPa] transition in correspondence to the GeS-type to Cmcm
symmetrization. This is in agreement with the experimental
observation of a metallic behavior at low temperatures in the
pressure range 5.4-9 GPa, reported in Ref. [22].

Finally, we predict a structural phase transition to the
cubic Pm3m CsCl-type phase at >~ 24.5 GPa, again in fairly
good agreement with the experimental XRD spectra, where
signatures of the cubic phase appear around 27 GPa, and
with DFT-GGA calculations, predicting a critical pressure of
26 GPa [22]. The slight underestimation of the transition pres-
sure in our calculations is in line with the known overbinding
tendency of LDA functionals. This last transition is of the
first order, being accompanied by a volume discontinuity [see
Fig. 2(a)]. It is worth mentioning that XRD patterns reported
in Ref. [22] have been interpreted as a superposition of the
cubic and orthorhombic Cmcm phases in the pressure range of
27.3-43.4 GPa. No indication of such coexistence of phases
above =~ 25 GPa can be seen in the enthalpy-pressure phase
diagram Fig. 2(a), that has been obtained assuming hydro-
static pressure. A possible explanation of the coexistence
can be ascribed to the high-pressure medium used in XRD
measurements in Ref. [22] (Daphne 7373), which becomes
solid at room temperature after ~ 2 GPa [56,57], possibly in-
ducing nonhydrostatic pressure transmission effects [58]. The
latter may, in turn, be responsible for structural mesoscopic
inhomogeneities and, possibly, coexisting structural phases
with different local pressures (see below).

B. Pressure evolution of the lattice parameters

A comparison between the experimental and the theoretical
lattice parameters as a function of the pressure is reported in
Fig. 3. The first-principles results are in excellent quantitative
agreement with the experiments [21,22], the difference being
of the order of 1%. We also report the evolution of the internal
coordinates of the GeS-type phase, z(Sn) [Fig. 3(b)], which
can be considered as the order parameter of the structural
transition from the GeS-type to the Cmcm phase [21]: The
experimental trend is well reproduced even in this case. The
GeS-type phase gradually symmetrizes under pressure both
in the ab initio calculations and in the experimental data by
Loa et al. [21], in which the GeS-type phase disappears after
10.5 GPa. Other studies, though, report a coexistence between
the two structures up to ~ 13.4 GPa [24]. Interestingly,
and at variance with Ref. [22], in the experiments of Zhou
et al., the transmitting medium is a gas (Neon) [24], which
should provide higher degree of hydrostaticity. Thus the phase
coexistence between GeS-type and Cmcm could be intrinsic
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FIG. 3. Comparison between experimental (points) and theo-
retical (lines) pressure evolution of the lattice parameters of the
GeS-type phase [panel (a)], experimental data from Ref. [22], the
z(Sn) coordinate of the GeS-type phase [panel (b)], and the lattice
parameter of the CsCl-type phase [panel (c)], experimental data from
Ref. [21].

(not due to nonhydrostatic effects) in line with theoretical
results.

After 25 GPa, the predicted ground state is the CsCl-
type cubic phase. The evolution of its lattice parameter with
pressure is compared with the experiments of Ref. [22] and
reported in Fig. 3(c) up to 50 GPa, again with an excellent
agreement.

The successful prediction of the stability of the CsCl-type
phase and of the experimental lattice parameters support the
reliability of our theoretical analysis, thus motivating the
study of this system at high pressure, in particular its SC
phase.

C. Electronic properties of the CsCl-type phase

First we study the electronic band structure of the CsCl-
type phase. The nonrelativistic electronic band structure at
50 GPa is reported in Fig. 4(a). A Dirac line node (DLN)
is found around the high-symmetry point X in the M-X-R
plane of the Brillouin zone, arising from the crossing of Sn
s- and p-orbital bands. The DLN is located between 0.85 and
1 eV above the Fermi level in the relevant pressure range
(30-50 GPa). As expected, SOC allows for hybridization
between the two bands, causing a splitting of the DLN. As
argued in Ref. [22], the gap at DLN is topologically nontrivial,
belonging to the Z, topological class, as highlighted by the
band inversion that can be seen from the atomic projections
on the Sn s- and p-orbitals displayed in Figs. 4(b) and 4(c).
We further report a Lifshitz transition with increasing pressure
in correspondence of the X point, occurring at >~ 25 GPa,
i.e., around the critical pressure for the structural transition
from the Cmcm phase to the CsCl-type phase. As shown in
Fig. 4(c), the X-centred electron Fermi surface derived from
Sn p-orbitals disappears at higher pressure.

The evolution of the DOS with pressure for the CsClI-
type phase is reported in Fig. 5. At ambient pressure, the
Fermi level is located in proximity of a Van Hove singu-
larity, which corresponds to the band extremum visible in
the I"'-M direction in Fig. 4(a). Its evolution with pressure is
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(b)] and 40 GPa [panel (c)].

characterized by a widening of the bandwidth. The occupied
states move toward lower energy, while the unoccupied states
(in particular the Van Hove singularity) toward higher energies
with a sensible broadening. The DOS at the Fermi level is
found to decrease significantly as the pressure is increased, as
shown in the inset of Fig. 5.
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FIG. 5. Evolution of the DOS for the CsCl-type phase calculated
at different pressures. Inset: DOS at Fermi level as a function of the
pressure (states/eV /SnSe).
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FIG. 6. Phonon dispersion for the CsCl-type phase at 30 GPa
(solid) and 50 GPa (dashed) (panel (a)]. Corresponding DOS [panel
(b)] and Eliashberg function [panel (c)].

D. Superconducting transition

Superconductivity was observed in SnSe at 3 K at 27 GPa.
The critical temperature shows a domelike behavior as a
function of the pressure. However, it varies only of >~ 0.5 K,
up to 50 GPa, resulting rather constant. This peculiar behavior
is quite uncommon, in particular in view of the wide pressure
range [22,27,29] and considering the strong variation of the
electronic properties (Fig. 4). To understand the origin of
the SC transition and its nontrivial evolution as a function
of the pressure, as well as to give hints on the conventional
or unconventional nature of the SC phase, we calculated the
phonon frequencies and the EPC, in the CsCl-type phase be-
tween 10 and 60 GPa. As a first result, we present the phonon
band structure at 30 and 50 GPa, Fig. 6. The CsCl-type
phase is always dynamically stable, showing no imaginary
phonon frequencies, thus further supporting its experimental
attribution. Optical and acoustic branches strongly overlap
due to a very dispersive acoustic mode and because of the
similarity between Sn and Se atomic masses (118.71 a.u. and
78.96 a.u., respectively). The comparison between the phonon
DOS and the Eliashberg function «?F (w) [Eq. (1)] shown in
Fig. 6(c) reveals that the EPC is distributed in all the frequency
ranges, with the main peaks in & F () corresponding to DOS
peaks.

The calculated EPC parameter is A = 0.49 at 30 GPa and
decreases with increasing pressure [see Table I and inset in

TABLE I. The electron-phonon coupling parameter (A), average
Coulomb potential (1), logarithmic average phonon frequency (wi,),
electronic DOS at Fermi level (DOSg, ), BCS ratio between the
value of the energy gap at zero temperature and the value of the
su ducting transition t ture (225¢9) for selected val
superconducting transition temperature (==5==) for selected values
of the pressure.

P(GPa) B e (K)  DOSp(S) 20
10 1.02 0.24 122.2 0.42 3.92
20 0.64 0.21 168.4 0.36 3.54
30 0.49 0.26 193.6 0.33 3.33
40 0.40 0.19 216.1 0.31 3.1
50 0.34 0.18 234.6 0.30 2.99
60 0.30 0.18 253.1 0.29 29
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phase is not the ground state. Lines are a guide to the eye.

Fig. 7(b)]. The solution of the isotropic SCDFT gap equa-
tion [50,51], including the electron-phonon pairing aF (w)
[Eq. (1)] and Coulomb repulsion [Eq. (3)], predicts 7. = 3.3 K
at 30 GPa. This value is in very good agreement with the
results reported Ref. [22] for the onset temperature (7.°™)
at which the resistance begins to decrease toward the zero-
resistance limit. In Fig. 7(b), we report the SC gap as a
function of the temperature Agc(7') for different pressures.
The curve is BCS-like with a M ratio always close to the
BCS value (3.53) (Table I). However, we predict a detrimental
pressure effect on SC properties (Fig. 7), which is in contrast
with the experimental observation of an almost constant 7, of
=~ 3K up to 50-55 GPa [22].

We extended the calculation in the lower pressure re-
gion, where the CsCl-type phase remains dynamically sta-
ble (metastable), finding that the critical temperature can be
increased up to ~ 8.5 K at 10 GPa [Fig. 7(b)]. We ascribe
the origin of the theoretical behavior of 7.(P) to two distinct
effects: the increasing of the characteristic phonon frequencies
upon pressure, clearly visible in Fig. 6(c) and in Table I, and
the decreasing of the electronic DOS at the Fermi level due
to the widening of the band structure with pressure, as shown

in the inset of Fig. 5. Both effects contribute to the significant
suppression of A with increasing pressure.

We note that a similar trend has been calculated for the
CsCl-type phase of SnTe [59] under pressure. The detrimental
repulsive electron-electron Coulomb interaction, which can
be estimated with the double average of the Coulomb-matrix
element on the Fermi surface, on the contrary lowers with the
pressure, mainly due to the decrease of DOS(EF) (see Table I).

Although the predicted 7.’s are in quantitative agreement
with the measured ones, especially considering the com-
plication of the experiment and the relatively low critical
temperature, we wanted to further investigate the origin of
the qualitative differences of 7.(P) between theory and ex-
periments, considering that the predictive power of SCDFT
is much better for metals under pressure [51,53,54,60,61].

To this aim, we analyzed the consequences of some ef-
fects not included in our calculations: (i) spin-orbit coupling,
(i1) multiband effects, and (iii) formation of metastable phases
at high pressure.

() Spin-orbit coupling. Sn has a relatively high spin-orbit
effect, which is ultimately responsible for the topological
phase in CsCl-type structure. SOC was not considered in
previous calculations, and to evaluate the effect of its inclu-
sion, we calculate the phonon frequencies and A at 50 GPa,
where the difference with experimental 7. is larger. We do not
observe any significant difference in 7;. with or without SOC.
This fits a rationale once we note that electron bands at Fermi
level, contributing to A through Eq. (2), are not affected much
with the inclusion of the SOC, the most significant differences
occurring at the Dirac line node (=~ 1 eV above Er). Moreover,
the phonon spectrum shows no relevant differences with and
without the inclusion of SOC (not shown).

(ii) Multiband superconductivity. We considered the pos-
sibility of a sizable multiband superconductivity effect in the
CsCl-type phase, which can be envisaged due to its discon-
nected Fermi surface (Fig. 8). To this aim, we assumed a
two-band model, including the folded band centered around
the I" point of the Brillouin zone in the first group (blue Fermi
surface in Fig. 8) and the three sheets around the R point in the
second group (red Fermi surfaces in Fig. 8). In a multiband
superconductor, the coupling parameter is defined by the A

FIG. 8. Fermi surface for the CsCl-type phase at 30 GPa. I" and
R points are at the center and at the corner of the cube, respectively.
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matrix whose matrix elements are
®  @?F(w); ;
Aij :2[ de, 5)
0 w

with i, j band indexes and o> F (w);,j the (i, j) resolved Eliash-
berg function [62] normalized by the factor x(éi )), where
N;(Er) is the partial DOS at Er due to the ith band. From
the calculation of the highest eigenvalue of A matrix (which
determines the critical temperature), we found that the multi-
band solution doesn’t differ much with respect to the single
band approximation (=~ 0.01 variation in A value), ruling out
this hypothesis.

(iit) Superconductivity in competing structural phases. In
view of the complex pressure phase diagram of SnSe and the
numerous phase transitions observed, formation of metastable
phases cannot be excluded. Indeed, notable examples of su-
perconductivity in metastable phases were recently found in
Refs. [54,63,64].

The first competing phase we considered is the orthorhom-
bic Cmcm, observed to coexist (at room temperature) with
CsCl-type phase up to ~ 43.4 GPa [22], in the range of pres-
sures where the superconductivity is observed. To verify this
hypothesis, we checked the dynamical stability of the Cmcm
phase at high pressure, calculating the phonon dispersions
at 40 and 50 GPa (not shown). We confirm its metastability
(dynamically stable) and the possibility of coexistence be-
tween the two phases after the enthalpy transition. However,
A is rather small (A >~ 0.25 and A ~ 0.28 at 40 and 50 GPa,
respectively), eventually leading to vanishing values of T..
Interestingly, A increases with pressure at variance with what
observed in CsCl-type phase. These findings are compatible
with the absence of SC transition between >~ 12-25 GPa [22],
where metallic SnSe adopts the Cmcm structure, at the same
time excluding any additional contribution to superconductiv-
ity arising from the possibly coexisting Cmcm phase in the
higher-pressure range.

The second metastable phase we considered is the re-
cently predicted Sn3zSes compound [26,65]. We focused on
the Sn3Sey structure with cubic 143d symmetry, that has been
proposed to be stable between 18—70 GPa [26]. Based on
the convex hull reported in Refs. [26,65], we assumed that
SnSe could spontaneously change stoichiometry at a certain
pressure, although XRD does not show any evidence of this
process. Nonetheless, the predicted SC critical temperature
at 40 GPa is 0.86 K (A = 0.41), still too low to justify the
experimental observations.

E. The effective medium approximation for the
random-resistor network

Although we explored various hypotheses as the origin of
the observed discrepancy in the T.(P) curve between exper-
iments and theory, our theoretical results seem solid within
the conventional electron-phonon mechanism. At this point,
we will consider possible experimental (spurious) effects not
included in the theoretical models. A possible explanation
for the discrepancies between predicted and measured 7,.(P)
could be ascribed to the presence of mesoscopic inhomo-
geneities caused by nonhydrostatic pressure conditions in the
experimental setup, due to the solid transmitting medium

(NaCl) used in Refs. [22,29]. This effect has been recently
documented in Ref. [66]. As suggested in Sec. Il A, such
nonhydrostatic effects might explain the coexistence of (non-
SC) Cmcm and (SC) CsCl-type phases emerging from XRD
spectra and can induce strain fields which can, in principle,
determine different SC phases [67]. Indeed, signatures of
such inhomogeneous character of the system in the pressure
range 27.3-43.4 GPa could be envisaged in the measured
resistance drops, which appear significantly broadened for
P < 43.4 GPa and display pronounced tails compatible with
percolative superconductivity [39,68], that may develop in
systems displaying coexisting metallic and SC regions. We
will investigate this effect in this section by means of an
effective model.

Following the same approach used for SC interfaces
[39,68,69] or SC transition-metal dichalcogenides [40], we
describe here the inhomogeneous SC state of high-pressure
SnSe as a random resistor network of resistances R; on a
regular d-dimensional lattice. In this picture, every resistor R;
of the network represents a mesoscopic region of the system,
whose local critical temperature 7, is randomly distributed.
The global resistance Ren, of the system is given, within the
effective medium approximation (EMA), as a solution of the
following self-consistent equation in d dimensions [70]:

Rem - Ri
Y ——— =0 (6)
i Rem + (d - l)Ri

Here we assume that each resistor can take only two constant
values: R; = Ry if the link is in the normal state and R; = 0 if
the temperature is lowered below the bond critical temperature
T/, so the temperature dependence in each bond will be R; =
Ry O(T — T)), where 6(x) is the Heavyside step function. If
we denote by G(T)') the probability distribution of the local
critical temperatures, the overall probability w(7) that the
local resistance R; = 0 is given by

+00 ) )
w(T) :/ G(T))dT,. (7
T
Equation (6) can then be solved explicitly at each temperature,
R(T) = Ry[1 — (d — Dw(T)], ®)

showing that the transition to the SC state occurs when
w(T;)=1/(d —1). As has been widely discussed in
Refs. [39,40,68,69] in the presence of a distribution of local
T! the resistance [Eq. (8)] starts to progressively deviate from
the normal-state value Ry as a larger fraction w(7T) of the
system becomes SC. When the total SC fraction, i.e., wy =
[ G(T))dT!, is equal to one, so all the system is potentially
SC, the transition occurs in d dimensions when 1/(d — 1)
bonds switch to the SC state. However, whenever a fraction
of the system stays metallic at all temperatures, i.e., w; <
1, a larger part of the bonds have to turn SC to reach the
percolation threshold. In this situation, as T decreases, R(T)
shows first a significant drop and then a pronounced tail that
can even saturate to a finite R(T — 0) value when wy <
1/(d — 1). Within the EMA, the existence of resistive tails is
then indicative of the existence of a large non-SC fraction of
the system.
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R (Q)

FIG. 9. EMA fit of the experimental resistance data from Ref.
[22] at different values of the nominal pressure. The dashed line
indicates a representative value of 7. at 27.3 GPa.

Here we assume that the 7' inhomogeneity arises from an
inhomogeneous distribution of the local pressure P. For the
sake of concreteness, we will consider a Gaussian distribution
g(P) for the local pressure:

1 _e—ry 2 ©)
e 22
V2o

where P, denotes the average pressure and o its variance. We
used our calculated ab initio critical temperatures as the local
values of T, at different pressures, which can be well fitted as

1. = ae ", (10)

where a = 14.0 K and b =0.050 GPa~!. It then easily
follows that the probability distribution G(T)') appearing in
Eq. (7) is G(T}) = g(P(T}))/bT/. Finally, to account for the
existence of pronounced resistive tails, we will normalize the
total G(Tci ) to a parameter w; that can be smaller than 1. We
then have, for each nominal external pressure, three fitting
parameters: P, o, and w;.

The theoretical fit of the experimental resistance data
extracted from Ref. [22] based on the EMA for d =3 is
shown in Fig. 9. The model accounts very well for all the
main features observed experimentally at different external
pressure. As shown in Fig. 10, where we report the fitted
parameters, the SC fraction of the system w; (shown in the
inset) remains always relatively small, and for P < 34 GPa is
even smaller than the percolation threshold, 0.33, in three di-
mensions. As a consequence, the resistance displays a sizable
drop but then saturates to a finite value, since a percolative
SC pattern cannot be established in the system. However, the
most remarkable result is the apparent discrepancy between
the nominal external pressure and the local pressure of the
SC regions, which fluctuate around the P, value. As shown in
Fig. 10, the first SC signature appears with a local pressure
P, rather larger than the nominal one, with large relative
fluctuations o and a very small SC fraction w;. It then appears
that the system tries to avoid the coexistence region between
the two phases found in ab initio calculations. The way out
to the metastable phase seems to be the tendency to enucleate
few regions where the local P is large enough to stabilize the

g(P) =

40 . : . : . : . 5
4
381
E 9
~ 30 40 50 43~
& P_ (GPa) 5
© 361 ’ 19
Q..E -2 ©
341 |
1
L | L | L | L
20 30 40 50 60

P (GPa)

FIG. 10. Parameters (P,,, o) extracted from the fit of resistance
curves shown in Fig. 9 with Eq. (8). In the inset, the SC fraction w;.

SC phase. As the external pressure increases, the system tends
to be more homogeneous, with a decrease of ¢, an increase of
the SC fraction and a decrease of the local P in the SC region.
Once the percolation threshold has been reached, the SC
fraction stays constant and the local pressure in the SC regions
starts to monotonically increase following the increase of the
external nominal pressure. The above results demonstrate that
predicted critical temperatures as a function of the pressure,
T.(P), are indeed compatible with the experiments, once the
effect of inhomogeneities is taken into account.

F. The effect of nonhydrostatic conditions

However, apart from pressure and phase inhomogeneities,
the nonhydrostatic pressure conditions (due to transmitting
medium and phase coexistence) can in principle change the
SC critical temperatures, adding ingredients to explain the
form of resistance curves as a function of the pressure and
of the temperature, and giving a definite degree of indeter-
mination for the mean pressure. We further explored this
interesting scenario to understand if and how nonhydrostatic
conditions modify the SC critical temperature with respect to
the previous prediction under hydrostatic conditions.

To verify this hypothesis, we consider the CsCl-type phase
at 50 GPa, simulating realistic nonhydrostatic conditions in-
ducing a rthombohedral deformation of the cubic CsCl-type
structure, which, varying the angle between the lattice vec-
tors of the unit cell is in general energetically favored [71].
Considering the hydrostatic nominal pressure of 50 GPa, for
each rhombohedral angle, we calculated the stress tensor and
optimized the lattice parameters to achieve a mean pressure
(trace of the stress tensor) of 50 GPa.

For selected nonhydrostatic conditions, we calculated the
dynamical properties, the EPC, and the SC critical temper-
ature within the same theoretical and computational scheme
used in Sec. IIID (see Fig. 11). Indeed, we find that the
critical temperature strongly depends on the nonhydrostatic
conditions: Increasing and decreasing the rhombohedral angle
has a positive effect on the critical temperature, which nearly
doubles for 6 ~ 84°. This result is not so common for SC
materials, where the structural deformations are in general
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FIG. 11. Superconducting critical temperature as a function of
the rthombohedral angle at 50 GPa. Numbers near the symbols
represent the in-plane/out-plane components of the stress tensor in
the rhombohedral phase in the hexagonal representation.

detrimental for the SC phase and represents a peculiar effect
at work in SnSe. By the way, the predicted 7. at 50 GPa under
this conditions is >~ 2.5 K, which is now in line with the exper-
iments. Although the considered deformation may represent
a model system, the calculation highlights the positive effect
that nonhydrostatic pressure conditions have on 7, which can
be eventually exploited with dedicated experiments.

IV. CONCLUSIONS

The study of the structural properties of SnSe led us to
unexpected and interesting findings. First of all, the phase
diagram shows a unique situation in which different structures
coexist in a small enthalpy range up to 15 GPa. We find
that GeS-type phase symmetrizes into the Cmcm phase at
~ 6 GPa by a second-order phase transition accompanied
by a semiconductor-metal transition, in agreement with the
experimental result. A first-order structural transition takes
place at 24.5 GPa, as recently experimentally reported [22],
from the Cmcm to the CsCl-type structure accompanied by
an electronic Lifshitz transition. This high-pressure phase is
SC and topologically nontrivial with a calculated 7, of the
same order of the one experimentally observed. We predict
a suppression of 7, as a function of the pressure, at variance
with the experimental results [22] which show a “nearly”
constant 7, from 27 to 50 GPa. However, the rather low values
of T, and the substantial differences between the onset and
zero resistance T, [22,29], give rise to considerable relative

uncertainties. Indeed, we found that inclusion of mesoscopic
inhomogeneities due to the coexistence of the Cmcm phase
and the CsCl-type phase accounts for the experimentally
observed broadening of the resistance curves, interpreted by
means of a percolative random-resistor network model, an-
alyzed within the effective medium model. The model fits
the experimental resistance curves with a set of parameters
perfectly in line with experimental conditions, indicating that
it probably grasps the most important physical effects. We fur-
ther explored the effect of nonhydrostatic pressure conditions
on the SC critical temperature, finding that rhombohedral
deformations at 50 GPa have sizable (positive) effect on T,
enhancing it close to the observed one. We mention that, in the
process of justifying critical temperatures observed in SnSe,
we found that the Sn3Ses compound is SC at 40 GPa with
a critical temperature of 0.86 K, in a pressure range where
the compound is stable in the convex hull. Based on present
theoretical and experimental evidences, we conclude propos-
ing two possible experimental studies to clarify the origin of
superconductivity in SnSe. To understand the possible role of
metastable phases, the SC phase transition can be measured,
lowering the temperature from high toward low (=~ 1K) tem-
perature for each pressure. This will ensure that the lowest
enthalpy phase will be reached at each pressure. In addition,
increasing the pressure at low temperature and measuring
the SC T., increasing the temperature up to the transition
temperature [72], the metastable phases can be promoted. In
a second experiment, we propose to explore the existence of
pressure hysteresis following the SC phase diagram starting
from high pressure (P = 50 GPa) and releasing the pressure
at low T. This could allow the stabilization of the CsCl-type
phase at lower pressures where it is metastable and in which
we predicted an higher 7, (8.5 K) than what was observed in
Ref. [22] at higher pressures.
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