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Topological Dirac line nodes and superconductivity coexist in SnSe at high pressure
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We report on the discovery of a pressure-induced topological and superconducting phase of SnSe, a material
which attracts much attention recently due to its superior thermoelectric properties. In situ high-pressure electrical
transport and synchrotron x-ray diffraction measurements show that the superconductivity emerges along with
the formation of a CsCl-type structural phase of SnSe above around 27 GPa, with a maximum critical temperature
of 3.2 K at 39 GPa. Based on ab initio calculations, this CsCl-type SnSe is predicted to be a Dirac line-node
(DLN) semimetal in the absence of spin-orbit coupling, whose DLN states are protected by the coexistence of
time-reversal and inversion symmetries. These results make CsCI-type SnSe an interesting model platform with
simple crystal symmetry to study the interplay of topological physics and superconductivity.
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The search for topological superconductivity and ex-
otic fermions such as Majorana quasiparticles has been a
rapidly growing research field in condensed matter physics
for both fundamental interests and potential applications in
fault-tolerant topological quantum computation [1,2]. Several
methods have been proposed and applied to realize topological
superconductivity, such as using the proximity effect at the
interface between a topological insulator and superconductor
[3,4] or nanowire [5,6], doping a topological insulator [7,8],
as well as compressing a topological insulator or a topological
semimetal [9-17]. Among the above methods, application
of external pressure is considered as a clean and effective
way to tune lattice as well as electronic states, especially
for the study of topological materials and their possible
bulk superconductivity [10—17]. However, the coexistence of
superconductivity and topological properties under pressure is
not obvious, for instance, the high pressure phase of TaAs is
a new Weyl semimetal but it is not superconducting [18], and
the superconductivity emerges in WTe, under pressure while
its Weyl nodes disappear [19].

Like the topological insulators Bi,Ses and Bi,Tes [20,21],
SnSe is known as an excellent thermoelectric material, with
a record figure of merit of 2.6 £0.3 at 923 K along the
b axis [22,23]. Under ambient conditions, SnSe is an ordinary
semiconductor and has a layered orthorhombic (Pnma, No.
62) GeS-type crystal structure [24]. Interestingly, SnSe with
cubic NaCl-type structure was theoretically proposed to be
a native topological crystalline insulator [25] with surface
states protected by mirror symmetry [25-29]. By means of
strain generated from lattice mismatch between SnSe and the
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substrate in epitaxial films, metastable NaCl-type SnSe was
realized, displaying Dirac surface states on the basis of angle-
resolved photoemission spectroscopy [30]. Under applied
pressures to around 30 GPa, SnSe was reported to undergo
an orthorhombic (Pnma) to orthorhombic (Cmcm or Bbmm,
No. 63) structural transition at ~10 GPa [31-36]. Being
accompanied by the structural transition, a semiconductor to
semimetal transition with abnormal enhancements in carrier
concentration and mobility was observed [24]. Timofeev et al.
[37] claimed the discovery of superconductivity in SnSe with
Tc around 4.5 K at 58 GPa, however, without giving any
experimental curve. Obviously, the detailed properties of SnSe
at pressures higher than 30 GPa remain far from being well
explored.

In this paper, we present a pressure-induced superconduct-
ing transition and a topological phase transition in SnSe. By
in situ high pressure synchrotron x-ray diffraction and electri-
cal transport measurements, a new phase of SnSe in CsCl-type
structure is observed above around 27 GPa and this new phase
is found to be superconducting. Theoretical calculations reveal
that this CsCl-type SnSe has a unique electronic feature with
Dirac line nodes and topological surface states, which might
have contributions to the observed superconductivity when
the system is doped. The simultaneous presence of nontrivial
topology and superconductivity makes SnSe a promising
material to study the correlations between them.

Experimental details and theoretical calculations are pre-
sented in the Supplemental Material [38]. In situ high-pressure
angular dispersive synchrotron x-ray diffraction (XRD) exper-
iments were performed with the SnSe sample up to 50.1 GPa
at room temperature (A = 0.4246 A). The experimental results
are presented in Fig. 1(a) (see also Fig. S1 for more details).
Standard Rietveld refinements were performed using the GSAS
program [39]. Starting at 1.3 GPa, the pattern can be indexed
solely by the GeS-type orthorhombic structure with space
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FIG. 1. (a) In situ high-pressure angular dispersive synchrotron XRD of SnSe at room temperature (A = 0.4246 A). (b) Lattice parameters
as a function of pressure. (c) The compression data was fitted by the third-order Birch-Murnaghan equation of state (solid lines). (d) Calculated
enthalpy relative to that of the S-SnSe (Bbmm) at pressure up to 50 GPa. (e) Unit cell volume versus pressure. (f) Crystal structures of «-SnSe
(Pnma), B-SnSe and CsCl-type SnSe (Pm3m). With increasing pressure, there are two transitions from «-SnSe to 8-SnSe at around 10 GPa

and further to CsCl-type SnSe at about 26 GPa.

group Pnma (No. 62), labeled as Phase I (black), which is
the same as that of SnSe at ambient conditions [40]. Above
15.5 GPa, the lattice structure (Phase II, red) can be described
by space group Bbmm (No. 63), which is a nonstandard setting
of space group Cmcm (No. 63). Such structural transition
of Pnma — Bbmm (or Cmcm) under pressure was also
reported by previous work [31-33]. In the pressure range of
27.3—43.4 GPa, the XRD pattern is a superposition of Phase II
and Phase III. At 50.1 GPa (Phase III, blue), the XRD peaks
can be indexed by the CsCl-type with space group Pm3m
(No. 221). When decompressing back to 0.3 GPa (denoted
by D), the XRD pattern came back to the starting structure,
manifesting that the pressure-driven structural transition is
reversible. Figures 1(b) and 1(c) show the variations in lattice
parameters as a function of pressure and the isothermal
equations of state (EoS), which evidences that the low-
and high-pressure structural transitions are of second and
first order, respectively. We also calculated the high-pressure
structures of SnSe and the EoS by using the ab initio random
structure searching method, which agrees excellently with our
experimental results [see Figs. 1(d) and 1(f)]. More discussion
on the pressure-driven structural transitions, selected XRD
refinements, and the corresponding results can be found in
Fig. S2 and Table S1 in the Supplemental Material [38].
Electronic structures of CsCl-type SnSe are further cal-
culated, shown in Fig. 2. Analysis of electronic structures
implies that the CsCl-type SnSe should be a topological metal
with Dirac line nodes (DLN) if spin-orbit coupling (SOC) is
ignored. There are two band crossings along the M-X and X-R
lines [Fig. 2(a)], indicating a DLN ring encircling the X point
on the R-X-M plane. The point group along the M-X line
is Cy,, which allows two different irreducible representations
(I'y and I'y) and protects these two bands from hybridization.

A similar situation applies for the X-R line. As there is only
one irreducible representation I's belonging to the C», double
group, it opens a gap when SOC is included, as shown in
Fig. 2(b). Due to the coexistence of inversion and time-reversal
symmetries as well as a continuous band gap, one can obtain
the Z, topological invariant by calculating the parity products
of occupied states at eight time-reversal-invariant momenta
(TRIM) points [41-44]. For both the Pnma and Bbmm phases,
a trivial Z, of (0;000) is given (see Table S2); however, for
the CsCl-type SnSe, the calculation gives the Z, topological
invariant (vo;vivavs) as (1;111). We find that the parity at X
is opposite from those at all other TRIM, as shown in Table I,
which is attributed to the inversion of the conduction I'; and
valence I'|" states at X. The change of the Z, invariant from
the Bbmm to CsCl-type phases indicates a topological phase
transition, accompanied by the structural transition.

In general, DLNs suggest existence of topologically non-
trivial surface states, called “flat band,” which is considered as
a way to induce high-temperature superconductivity [45-47].
We calculated the surface band structures of the semi-infinite
(100) surface with two different terminations, say Sn and Se
shown in Figs. 2(c) and 2(d), respectively. It can be seen
that there are several nontrivial surface bands connecting with
Dirac nodes in the absence of SOC. In contrast to trivial surface
states from the dangling bonds, these nontrivial surface states
emerge as a characterization of the bulk electronic structure
and are protected by time-reversal symmetry [48]. Due to the
existence of a nonzero Z,, they are stable with respect to SOC,
though it opens a gap of around 0.2 eV for the bulk states.
These nontrivial states show local flatness in some places,
for example, the surface states along I'-X with Se termination
seem nearly flat. Although the CsCl-structured SnSe is a metal
due to the fact that there are several bands crossing the Fermi
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FIG. 2. Calculated electronic structures of bulk CsCl-type SnSe at 40 GPa (a) without SOC and (b) with SOC. Surface band structures
(c) without SOC and (d) with SOC for the semi-infinite (100) surface, with Sn (upper panel) and Se (lower panel) terminations, respectively.
(e) Bulk and projected (001) surface Brillouin zone (BZ). (f) Parity products of occupied states at the eight TRIM points in the first octant of

the BZ.

level, however, from the topological point of view, there exists
a continuous “band gap” and nontrivial surface states, thus this
phase can be considered as a strong topological insulatorlike
material in the presence of SOC.

To investigate the experimental manifestations of the
nontrivial band topology in electronic properties, we carried
out electrical transport measurements on single crystal SnSe
up to 55.0 GPa. Figures 3(a)-3(d) shows the temperature
dependence of the dc electrical resistance of SnSe in the
temperature range of 1.8-300 K. At 0.4 GPa, a semiconducting
behavior (dR/dT < 0) is observed in the whole temperature
range as that of semiconducting SnSe at ambient pressure
[24,49]. With increasing pressure, the whole resistance de-
creases rapidly implying a remarkable reduction in energy gap
of the material with pressure (see Fig. S4). At 12.0 GPa, a
typical metallic character over the entire temperature range is
observed. At the same time, the resistance at 2 K drops about
six orders in magnitude with respect to that of 0.4 GPa. These
observations evidence a transition of SnSe from semiconductor
to metal under pressure. Here the critical pressure (12.0 GPa)
of metallization for SnSe is in excellent accordance with the
one (12.6 GPa) obtained from previous resistance experiments

TABLE I. Parity product of occupied states at the TRIM points,
indicating the Z, indices as (1;111).

TRIM r R M (x3) X (x3)

Parity product — - - +

although the latter was performed in a temperature range of
80-270 K [24]. When the pressure goes up to 17.3 GPa,
however, the resistance reveals an abnormal overall rise in
addition to the metallic behavior, as indicated by the dashed
line in Fig. 3(b). This can be ascribed to the structural transition
from Phase I to Phase II.

Upon further compression, the resistance becomes increas-
ingly metallic. The most striking finding is that at 27.2 GPa a
drop of resistance is initially observed below about 2.5 K as
presented in Fig. 3(c) and in Fig. 3(d), an enlarged view of the
low temperature region of resistance. This sharp drop should
be a signal of a superconducting transition as zero resistance
is observed at 2 K at 34.3 GPa. The critical temperature 7¢ is
defined as the onset of the superconducting phase transition.
Further increasing pressure, it first increases slightly, reaches
a maximum of about 3.2 K at 39.0 GPa, and then decreases
gradually to 2.5 K at 55.0 GPa.

To further confirm that the drop in resistance belongs to a
superconducting transition, we measured the low temperature
resistance at 39.0 GPa under applied magnetic fields parallel to
the [100] direction, as displayed in Fig. 3(e). With increasing
field, T¢ decreases gradually and the resistance drop was
almost smeared out at 0.5 T, which confirms that the drop of
resistance is the superconducting transition. We have plotted
the upper critical field H¢, as a function of temperature in
Fig. 3(f). Here Hco(T) is defined from the resistance criterion
of R.i =90%R, (R, is the normal state resistance near
Tc). One can see that Hc, follows a linear dependence in
temperature (red dashed line). By extrapolating it to zero
temperature, Hc»(0) is estimated to be 1.12 T. Here, the Pauli
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FIG. 3. (a)—(c) Temperature-dependent resistance for SnSe single crystal. (d) An enlarged view of the low temperature resistance above
27.2 GPa, showing the superconducting transition. (e) The superconducting transition of the SnSe single crystal in magnetic fields up to 0.5 T
with H//[100]. (f) Temperature dependence of the upper critical field H¢,. T¢ is determined as the 90% drop of the normal state resistance.
The dashed line is a linear fit to the data and H¢,(0) is estimated to be 1.12 T. (g) Temperature versus pressure phase diagram. The left axis
stands for the resistance R at 2 and 300 K and the right axis corresponds to temperature 7'.

paramagnetic effect does not apply since the Pauli limiting
field is about 5.4 T (1.84xT¢), suggestive of an absence of
Pauli pair breaking.

As outlined in Fig. 3(g), the present XRD results evidence
a set of structural transitions. Correspondingly, the nearest
coordination numbers of Sn increase sequentially from three
to five, and five to eight [Fig. 1(f)]. Superconductivity is only
observed being accompanied by the appearance of the high
pressure CsCl-type phase. In addition, owing to the coexis-
tence of the nonsuperconducting Bbmm and superconducting
Pm3m structures, superconductivity first shows up at 27.2 GPa
and zero resistance is observed above 34.3 GPa [Fig. 3(d)].

Recently, a large amount of effort has been devoted
to exploring possible topological superconductivity from
topological materials by external pressure, such as BiSes
[12,50], BiyTes; [10,51], ZrTes [16], Cd3As, [17], Sr doped
Bi,Se; [52], etc. However, one may find that the appearance
of superconductivity is generally along with a structural
transition, making it an open question on the topological
nature of the pressure-induced superconducting states in these
materials. Here, the coexistence of the nontrivial topological
feature of electronic band and superconductivity should be of
special interest. We tried to study the predicted nontrivial band
topology via high-pressure magnetotransport experiments; see

Fig. S5. Unfortunately, no evident SdH oscillations of the mag-
netoresistance is observed for SnSe at 1.8/5 K, up to 25 T and
57.0 GPa, which could be attributed to the sample inhomogene-
ity under high pressure [53], despite the predicted Dirac-like
dispersion of high-pressure SnSe. Nevertheless, we noted that
the magnitude of the low temperature resistance in the normal
state keeps almost unchanged, i.e., showing pressure- and
temperature-independent behaviors (above ~50 GPa; below
~20 K), see Fig. 3(c) and Fig. S5 in both runs. As a matter
of fact, such temperature independent electronic transport
behavior has also been observed in other topological materials,
which was related to the topological properties [54,55].

In summary, we observed the formation of a new topo-
logical and superconducting CsCl-type phase of SnSe under
high pressures based on experiments coupled with theoretical
calculations. We found that this new phase appears at 27 GPa
and coexists with the Bbmm phase in a broad pressure range,
and eventually a pure CsCl-type phase establishes above
50 GPa. Our electronic transport measurements discovered
a pressure-driven superconductivity rooted in this CsCl-type
phase. In view of ab initio calculations, we predict that
CsCl-type SnSe is a DLN semimetal, involving nontrivial
topological surface states which are stable against SOC.
Further experiments are required to confirm our theoretical
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prediction. Once doping is introduced in SnSe to make the
DLN or nontrivial states closer to or even crossing the Fermi
level, more novel phenomena may be induced by pressure. It
is thus proposed that SnSe may provide a model platform
with high crystal symmetry to investigate the topological
characteristics of electronic structures and their correlations
to superconductivity.
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