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ABSTRACT: The structural and electronic properties of tin-rich compound NaSns were
investigated under pressure up to 10 GPa based on the evolutionary algorithm (EA) technique
coupled with first-principles total energy calculations. Upon compression, the known metallic
tetragonal P-42ym phase transforms into a metallic hexagonal P6/mmm phase at 1.85 GPa
accompanied by an unusual change of existing form of Sn atoms. The P6/mmm phase can be
interpreted as a quasi-layered sandwich structure with two Sn layers and one sodium layer. The
presence of softening phonon modes and the existence of Fermi pockets together with the obvious
Fermi surface nesting indicate a strong electron-phonon coupling (EPC) and thus potential
superconductivity in P6/mmm phase. The strong EPC in P6/mmm phase is mainly attributed to the
phonons from Snl atoms together with electrons from the Sn1-py and Sn1-p; states. The calculated
superconducting critical temperature 7. of the P6/mmm phase is 5.91 K at 1.85 GPa. This study

provides a new clue for designing intercalated compounds with superconductivity.



1. INTRODUCTION

Study on the Na-Sn system started a century ago', but the more concentrated study began in the
21st century. The study of phase formation and potential curves during sodium insertion has
attracted many experimental and theoretical studies,”> because Na compounds with group IVA
elements are considered to be a power source better than the widely used lithium-ion batteries
(LIBS). Na compounds with Sn, Sb, and Pb have much large gravimetric capacities among the Na
anode materials.”® But, both Sb and Pb are toxic. Sn, as an environment-friendly element, has
come to the foreground.” Moreover, many carbon-related materials were reported to be
superconducting, such as alkali metal graphite intercalation compounds (GICs)™°, fullerene alkali
metal compounds**. Due to the similarity of the graphene-like boron layers in MgB2*?, GICs draw
extensive attention, in which metallic atoms intercalate between the graphene sheets. Tin also
belongs to I\VVA group, which may have similar properties as carbon in the precursors. However,
there is no report of superconductivity in Na-Sn compounds so far. It is well known that pressure
is an important method for preparing new materials and adjusting properties. Whether or not Na-
Sn compounds exhibit superconductivity under pressure is a significant subject.

On the other hand, the dimensionality of the tin network in Na-Sn compounds are also the
focus of researches.!*!°> Depending on the atomic ratio of Na:Sn, the dimensionality of Sn atoms

I“

can undergo big changes, from the zero dimensional “isolated” Sn anions to the dimeric Sn, units

to the tetrahedral [Sn4]* anions, to the two-dimensional Sn layers, and to the three dimensional Sn
network, presenting dimensional diversity. It is similar to the polymerization forms of Si atoms
observed in the K-Si system and carbon atoms in the Ca-C system.!®!® Eighteen compounds have
been reported so far.!> % 192 Among them, P-42;m-NaSns?°, Pmmm-NaSns'°, C2/m-NaSn;!?,

P2/n-Na;Sn»'4, I41/acd-NaSn?!, P63/mmc-NaoSns??, I-43d-NaisSns>®, Pnma-NasSn?>® have been



experimentally reported. NaSns, is of particular interest since it has the highest tin content reported
so far in the experiment. The reported P-421m-NaSns phase was also proved to be a stable phase
by the calculated thermodynamic phase diagram of the Na-Sn system.!® Although the electronic
properties of P-421m-NaSns have been reported, there have been many open questions: (i) What
is the sequence of structural phase transition under pressure? (ii) Is the NaSns a superconductor?
If yes, how about the superconducting transition temperature? Here, we have systematically
investigated the crystal structures of NaSns up to 10 GPa. A novel P6/mmm phase is identified by
using the evolutionary algorithm USPEX code. The P-421m phase is followed by the P6/mmm
phase above 1.85 GPa. The latter exhibits superconductivity with a critical temperature of 5.91 K

at 1.85 GPa.

2. COMPUTSTIONAL METHOD

The evolutionary algorithm USPEX?*?* in combination with the Vienna Ab initio Simulation
Package (VASP) package?® is capable of predicting the stable structures of a compound under the
specific chemical composition. The structure predictions for NaSns were performed at 0, 5 and 10
GPa with no more than 24 atoms in the unite cell. During the structure search, a plan-wave basis
set cutoff 0f 420 eV and a coarse k-point grid were used to perform the Brillouin-zone integrations.
The first generation of structures was created randomly with a population size of 120 structures.
The succeeding generations were produced by 40 % variation operator heredity, 20 % lattice
mutation, and 20 % permutation. Candidate structures were further optimized by using density
functional theory (DFT) calculations as implemented in the VASP code. The electron-ion
interaction was described using projector augmented wave (PAW) method®’, and exchange
correlation potential was within the generalized gradient approximation (GGA) in Perdew-Burke-

Ernzerhof form.?® The electron configurations 2p®3s' and 4d'°5s?5p? were treated as the valences



for Na and Sn atoms, respectively. A denser Brillouin-zone sampling was chosen to ensure total
energy convergence better than 1 meV per atom. Phonon spectra calculations were carried to check
the dynamical stability of the candidate structures by the finite displacement method as
implemented in the PHONOPY code.? To explore the superconducting properties, electron-
phonon coupling (EPC) of the selected structure were calculated within the framework of linear-
response theory through the Quantum Espresso code.** Optimized norm-conserving Vanderbilt
pseudopotentials®! for Na and Sn elements were chosen with a kinetic energy cut-off of 100 Ry.
The dynamical matrix was computed on the basis of a 5x5%4 mesh of phonon wave vectors. To
evaluate T., the McMillan-Allen-Dynes modified equation®® was used with a typical Coulomb

pseudopotential (u*)**34of 0.11.

3. RESULTS AND DISCUSSION

3.1 Structural phase transition
The evolutionary algorithm (EA) technique, which has successfully been used to predict high

pressure phases of plenty of materials'” 1% 3

, was used to search for the new phases of NaSns. In
addition to the reported P-42m phase, four new competitive structures with symmetries P6/mmm,
C2/m, Immm and Cmmm were obtained. The calculated enthalpy difference relative to the P-421m
phase under the pressure range of 0-10 GPa are shown in Figure S1. The relative enthalpies of four
competitive phases (P6/mmm, C2/m, Immm and Cmmm) with respect to the P-42;m phase at 0 GPa
are 0.201 eV, 0.259 ¢V, 0.267 eV, and 0.331 eV per formula unit (f.u.), respectively. P6/mmm phase
has the closest energy to the P-421m phase at ambient pressure and is rapidly stabilized as the
pressure increases. The enthalpy difference curve and crystal structures are presented in Figure 1.

From Figure 1, one can clearly see that the tetragonal P-421m phase transforms to the hexagonal

P6/mmm phase at 1.85 GPa.
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Figure 1. Relative enthalpy per chemical formula unit of P6/mmm phase with respect to the P-
421m phase. The inserts show the crystal structures of two phases in which big blue balls, small
purple balls, small yellow balls and small red balls represent the Na atoms, Snl atoms, Sn2 atom,

and Sn3 atoms, respectively.

Table 1. Lattice parameters and atomic fractional coordinates of NaSns at indicated pressures.

Lattice parameters

Space group  Pressure (GPa)

Atomic Coordinate

(A, deg) (fractional)
P-42\m 0 a=b=16.3944, Nal 2¢ (0.0000, 0.5000, 0.7918)
¢ =9.0559 Snl 4e (0.1578, 0.3422, 0.1819)
a=f=y=90.00  Sn24e (0.2491,0.2509, 0.4957)
Sn3 2a (0.5000, 0.5000, 0.0000)
P6/mmm 1.85 a=>b=15.3730, Nal 1b (0.0000, 0.0000, 0.5000)
c=6.3277 Sn1 4h (0.6667, 0.3333, 0.7541)

a=p=90.00,y =120

Sn2 1a (0.0000, 0.0000, 0.0000)

The calculated lattice parameters and atomic fractional coordinates of NaSns at selected
pressures are summarized in Table 1. The optimized lattice parameters for P-42;m (Z=2) phase are
a=b=6394 A, and c = 9.056A, which is in good agreement with the experimental values (a = b

= 6.285A, c = 8.794A)!"” at ambient pressure. The Na atoms occupy the Wyckoff 2¢ sites and three



inequivalent Snl, Sn2 and Sn3 atoms take the Wyckoff 4e, 4e, and 2a, respectively. As shown in
Figure 1, the Sn1 and Sn3 atoms are four-fold coordination. The nearest-neighbor distance of Sn1-
Snl is 2.855 A. The next-nearest neighbors to the Snl are two Sn3 atom (2.9185 A) and one Sn2
atom (2.9596 A). The bond angles at Snl range from 101.544° to 117.530°. Each Sn3 atom is
connected to four Snl atoms and forms a slightly distorted tetrahedron. The distance of Sn1-Sn3
(about 2.919 A) is slightly higher than that (2.81 A) in a-Sn®, and the bond angles at Sn3 range
from 108.565° to 111.30°. The Sn2 atoms that form a slightly distorted two-dimensional planar
network are five-fold coordinated. The distance (about 3.198 A) between Sn2 atoms is slightly
higher than the mean interatomic distance of about 3.10 A in S-tin.>®

At 1.85 GPa, the P-421m phase with the complex three-dimensional framework formed by Sn
atoms transformed into the phase P6/mmm (Z=1) in which Sn atoms form a layered structure. The
P6/mmm structure can also be seen in BaSns.>” %% 3 In P6/mmm-NaSns, Na atoms located at the
Wyckoft 1b sites. Two inequivalent Snl and Sn2 atoms located at the Wyckoff 44 and 1a sites.
Two superimposed graphene-like layers of Sn1 atoms form a two-dimensional slab of face-sharing
hexagonal prism. The nearest distance of Sn1-Sn1 is 3.102 A within the six-membered rings of the
graphene-like layers. The vertical distance between the two adjacent graphene-like layers is 3.111
A. Sn2 atoms located in the center of the hexagonal prism have 12 nearest neighbors of Sn1 atoms.
Na atoms are sandwiched by two hexagonal prisms along the z axis. Each Na atom is surrounded
by twelve Snl atoms and two Sn2 atoms. The distance of Na-Sn varied from 3.165 to 3.494 A at
1.85 GPa, which is shorter than the Ba-Sn distance in the P6/mmm-BaSns (from 3.549 A to
3.729A). All the interatomic distances are presented in the Table 2. In other words, the phase
P6/mmm can also be interpreted as a sandwich structure composed of two Sn layers and one

sodium layer. The nearest distance between adjacent Sn layers is 3.218 A. The alkali metal sodium



layer is inserted between the two Sn layers. The distances of Na-Sn1 and Na-Sn2 are 3.494 A and

3.165 A, respectively.

Table 2. Selected interatomic distances (A) in P-421m phase at 0 GPa and P6/mmm phase at 1.85
GPa. The ‘2 x’ in the fourth row and the third column indicates that the number of Sn3 atoms at a

distance of 2.9185 A from Snl atoms is 2, and so on.

P-421m P6/mmm

Sn1-Snl 2.8545  1x Sn1-Snl 3.1016  3x

Sn2 29596  1x Snl 31112 1x

Sn3 29185 2x Sn2 3.4698  3x

Sn2-Snl 2.9596  1x Na 3.4941  3x
Sn2 3.1982  4x Sn2-Snl 34698  12x

Sn3-Snl 29185  4x Na 3.1647  2x
Na-Snl 3.4941  12x

Sn2 3.1647  2x

3.2 Electronic properties

To discern the electronic structures of two phases, we calculated band structures and projected
density of states (PDOS). The results show that both two phases are metals (see Figure 2(a), Figure
S2 and Figure S3). For P-421m at 0 GPa, five (four valence bands and one conduction band) bands
cross the Fermi level (see Figure S2). From Figure S3(a), we can clearly see a strong hybridization
between Snl and Sn3 orbitals. The total electronic DOS at the Fermi level is approximately 1.034
states/eV per formula unit. The electronic density of states (DOS) near the Fermi level is mainly
contributed by the Sn2-p states, while the contributions of Na, Snl, Sn3, and Sn2-s states are small.

Pressure enhances the metallicity of NaSns. The total electronic DOS of P6/mmm at Fermi
level is about 2.472 states/eV per formula unit at 1.85 GPa. As shown in Figure 2(a), there are five
energy bands, labeled as 1, 2, 3, 4, and 5, crossing the Fermi level along the high symmetry
directions in BZ. I" point holds the Dsn point group. At I" point, these five bands across the Fermi

level hold three different symmetry (band 1 and band 2 hold Eiy, band 3 holds Biy, band 4 and



band 5 hold Ezu). There is a two-fold degeneracy for energy bands along the H-K direction in BZ
near the Fermi level. The occurrence of flat and steep slopes near the Fermi level, as a favorable
condition for enhancing Cooper pair formation, has been thought to be essential for
superconductivity.!® '8 The calculated PDOS are shown in Figure S3 (b). In view of the small
contribution of Sn-d orbital to DOS near the Fermi level, it is not shown in the Figure S3 (b). The
dominant contributions to the DOS near the Fermi lever are mainly from the Snl, especially Snl-
py and p,. The orbitals from Na and Sn2 have minor contribution to DOS near the Fermi level.
Since electrons close to the Fermi level are primarily responsible for superconductivity, the
Fermi surface (FS) is a key clue to understanding the electronic behavior of metals.*® The
calculated FS of P6/mmm at 1.85 GPa is shown in Figure 2(b). The labeled numbers (band 1-band
5) correspond to the labeled energy bands shown in Figure 2(a). The FS consists of 12 rounded
triangular-shaped electron-like Fermi pockets around the H point (band 1), two linked electron-
like flat Fermi tubes on the border of BZ (band 2), a hexagonal hollow topology hole-hole Fermi
sheet (band 3), a distorted hole-like tube along the G-A direction (band 4), and three electron-hole
Fermi pockets formed by two distorted sphere around A point and a gear-like sheet around the I
point (band 5). From the Figure 2 (a), one can see that bandl and band2 mainly come from the
Snl-p., band 3 and band 4 mainly come from Snl-p. and p,, and band5 mainly from Snl1-p, and
p-- The hole-like bands 1 and 2 together with electron-like band 4 sheets reveal the two-
dimensional behavior of P6/mmm. It can be seen that near parallel pieces of the Fermi surface
exists, which favors to the EPC enhancement. Both the Fermi pockets and the obvious Fermi

surface nesting indicate a strong EPC and thus potential superconductivity in P6/mmm phase.
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Figure 2. (a) Electronic band structure along high symmetry directions in Brillouin zone and
projected density of states of P6/mmm-NaSns (right). The sizes of the magenta, blue and
green circles are proportional to the contributions from the Sn1-p,, Snil-p, and
Sn1-p, orbitals, respectively. (b) Brillouin zone and Fermi surface of P6/mmm-NaSns at
1.85 GPa. The energy bands crossing the Fermi level and the corresponding Fermi surface are

labelled as 1, 2, 3, 4, and 5, respectively.

In order to further characterize the charge transfer and the bonding features, we calculated the
Electron localization function (ELF)*!' of these two phases. In general, large ELF values (>0.5)

correspond to the covalent bonding, lone pair or inner shell electrons, and 0.5 correspond to the



homogeneous electron gas. In order to gain further insight into the bonding nature of P6/mmm-
NaSns at 1.85 GPa, we calculated its ELF values at (1 1 0) and (0 0 1) planes as shown in Figure
S4 (a) and (b), respectively. ELF values located between Snl and Snl atoms are close to 0.6.
Therefore, there are localized region on the direction of the Sn1-Sn1 contact. While the ELF values
located between Na and Sn are less than 0.5, which indicates no electrons localized.

3.3 Dynamic properties

To assess the dynamic stability of the NaSns compounds, the harmonic approximation was used to
calculate their phonon spectra. The phonon band structures along the high-symmetry directions in
Brillouin zone (BZ) and partial atomic phonon density of states (PPHDOS) for the P-421m phase
at 0 GPa and the P6/mmm phase at 1.85 GPa are shown in Figure 3 and Figure 4, respectively. The
absence of imaginary frequency throughout the BZ indicates their dynamic stability. For the P-
42,m phase at ambient pressure, the maximum optical branch frequencies are about 203 cm™ and
the phonon dispersions possess a frequency gap of about 15 cm™'. The flat bands along the A-M,
G-Z and R-X direction may serve as an evidence of its two-dimensional feature. From PPHDOS
(in the right panel of Figure 3), one can conclude that the relatively high-frequency modes (above
183 cm™) originates mostly from Na atomic vibrations. The peak centered at 153 cm™! originates
mainly from Sn atoms, especially from Sn3 atoms. The relatively low- and intermediate-
frequencies (below 146 cm™) can be mainly attributed to Snl and Sn2 atoms. For the P6/mmm
phase at 1.85 GPa, the maximum optical branch frequency is about 196 cm™ (see Figure 4). The

frequency gap is about 44 cm™!, which is much higher than that in the P-42,m phase. The softening
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phonon modes along the A-H and G-M directions in the P6/mmm phase indicated a strong EPC

effect and thus potential superconductivity.
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Figure 3. Phonon dispersion along the high-symmetry directions of the Brillouin zone (left panel)
and the partial atomic phonon density of states (PPHDOS) (right panel) of P-42;m-NaSns at
ambient pressure.

3.4 Superconducting properties

The flat and steep energy bands near the Fermi level and the soften phonon mode observed in the
P6/mmm phase motivates us to explore its superconducting behavior. The calculated phonon
dispersion (left panel), phonon DOS (middle panel), and Eliashberg function a?F(w) with the
integrated A(w) (right panel) for P6/mmm at 1.85 GPa are plotted in Figure 4. Na atomic vibrations
dominate the spectrum range from 120 cm™ to 200 cm™ while Sn vibration frequencies mainly lie

below 120 cm™!, which agrees with the fact that the Sn atoms are much heavier than the Na atoms.

The red circles in Figure 4 (left panel) represent the phonon linewidth (yq,), and their sizes indicate
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the relative contribution to the electron-phonon interaction. The vibrations between 25-120 cm’!
originate mostly from Snl atoms, contributing 75.8 % of the total A (about 1.23). The high-
frequency phonon modes above 120 cm™ from the Na atoms yield only 1.3% of total L. There are
three distinct Raman modes at I point with calculated energies in the ranges of 62-99 cm™ (E1y),
102-138 cm™ (A1), and 122-147 cm™ (Ez,). A1z phonon modes exhibit the largest linewidth at the
I" point indicating the large coupling with electrons. The vibrational patterns of atoms in real space
for A1g (w ~111cm™) modes at the I point are schematically shown in Figure 4. Clearly, the Snl
atoms vibration is out-of-plane, and Sn2 atoms and Na atoms vibration remain silent. These results
indicate that strong electron-phonon coupling in the P6/mmm phase originates from the phonons

dominates by Snl atoms and electrons from the Snl-py and p, states.
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Figure 4. Phonon dispersion along the high-symmetry directions in the Brillouin zone (left panel),
the partial phonon density of states (PPHDOS) (middle panel), and the Eliashberg phonon spectral
function a’F(o) and integrated EPC parameter A as a function of frequency (right panel) of the
P6/mmm-NaSns at 1.85 GPa. Red circles in phonon dispersion show the EPC with the radius
proportional to the respective phonon linewidth. The illustration in phonon dispersion shows A1g

mode at I" point, the arrows show the direction of atomic vibration.
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Electron-phonon coupling (EPC) was calculated based on Eliashberg equations.*? The Eliashberg

spectral function reads

2 — qu
F(w) = > N(Ef)z (w— qu)hqu (D

in which wg, and vy, are the frequency and linewidth for phonon mode v at wave vector q,
and N(Ey) is the DOS at Fermi level. The total EPC constant for the investigated compound can be

determined by either the Brillouin zone summation or the frequency-space integration:

a’F(w)

A=Ypip =2/ dw, (2)
where A4, is the EPC constant for phonon mode qv. The Allen-Dynes modified equation as

follows

T, = Wiog [ —1.04(1+1)

1.2 A(1-0.62p%)—p*

3)

was used to evaluate the superconducting transition temperature from the value of A determined
above. The typical value 0.11 was chosen as the effective Coulomb repulsion parameter p*. The
weak metallicity of P-421m brings about a very weak electron-phonon coupling and thus very low
transition temperature. For the P6/mmm-NaSns at 1.85 GPa, the calculated EPC parameter A is
1.23, and the estimated 7. is about 5.9 K, higher than that (4.4 K) in BaSns.>” Moreover, the
pressure dependence of 7. of P6/mmm was also given, and the values of 4, wiog, and N(Es) at
different pressures are listed in Table 3. It is noteworthy that as pressure increases, the calculated
wiog Increases, but N(Er) and 4 decrease. 7. shows a monotonic decrease, from 5.91 K at 0 GPa to
4.80 K at 5 GPa and to 2.85 K at 10 GPa. Therefore, we conclude that the decrease of the 7, values

under compression is mainly related to the reducing 4.
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Table 3. Calculated electron-phonon coupling parameter (A), the logarithmic average phonon
frequency miog, Electronic density of states at the Fermi level N(Er) and the superconducting critical

Temperature at different pressures. (The Coulomb potential u*=0.11)

Pressure (GPa) Wiog (K) N (Ey) A T.(K)
1.85 67 19.37 1.23 591
5.0 80 18.16 0.96 4.80
10.0 98 16.92 0.68 2.85

Structurally, superconductors occurred in alkali and alkaline earth metal-IVA group
compounds can be mainly classified into three types: monolayer structures, clathrate structures,
and intercalation structures. For example, CaCs monolayer, the superconducting transition
temperature (7. = 1.4 K) is lower than its bulk counterpart (7. = 11.5 K).** Face-centered-cubic
A3Ceo (A = alkali metal) are common structures of the clathrate-shaped superconductors. The
hydrostatic pressure on Cs3Cso can change its insulating state at ambient pressure to the
superconducting state at high pressure (with a maximum 7. (38 K) at ~7 GPa) without
transformation.** Since the discovery of the first graphite intercalate superconductor, KCs, many
other GICs have been made and found to be superconducting. In order to gain further insights on
the superconducting of the quasi-intercalated compound P6/mmm-NaSns, Figure 5 provides the
intercalation compounds of alkali and alkaline earth metal-IVA groups alongside their
superconducting critical temperatures obtained by experiment, with the exception of P6/mmm-
NaSns.*-7 All the compounds in Figure 5 are conventional superconductors based on Bardeen-
Cooper-Schrieffer (BCS) theory. °® As shown in Figure 5, superconductors with higher 7. may be
designed using carbon-based compounds, in which Na, K or Ca atoms as intercalators intercalate
between the carbon sheets. But overall, 7. is still relatively low due to weak electron-phonon

coupling. Up to now, the highest 7. (~15 K) is from CaCs at high pressure of 7.5 GPa. And CaCs
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(with T, =11.5 K) also exhibits the highest 7. at ambient pressure. CaSi> has the second-highest Tt
(14 K at 15 GPa) followed by BaSi, (6.5 K at ambient pressure). P6/mmm-NaSns ranks fifth (5.91
K at 1.85 GPa). Another question arises how can we obtain alkali metal- or alkali earth metal-IVA
compounds with higher 7¢. Existing studies indicate that three-dimensional (3D) framework
structures are very promising candidates. This is because 3D framework structures are
characterized by high crystal symmetry and large number of electrons transferred from a dopant
to the host lattice. These features contribute to strong electron-phonon couplings. The idea is also
well proven in the search for superconducting hydrides.>® Although many framework structures
with high T. are metastable, but are dynamically stable at ambient pressure®, indicating that it is
very possible to synthesize 3D framework structures successfully in the experiment. The

metastable compounds will probably be the candidate materials of high-temperature

superconductors.
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and red pentagrams represent ambient pressure and high pressure, respectively. Magenta diamond
represents NaSns at 1.85 GPa.

4. CONCLUSION

In summary, the pressure-induced structural phase transitions and electronic properties of NaSns
have been explored up to 10 GPa based on the evolutionary algorithm crystal structural prediction
method in conjunction with first-principles calculations up to 10 GPa. Our structural search reveals
a new stable phase P6/mmm-NaSns with the quasi-layered-structure feature and a lower enthalpy
than the complex 3D network P-421m phase above 1.85 GPa. Both the P-421m and P6/mmm phases
are dynamically stable and present metallic characteristic. Moreover, the predicted P6/mmm-
NaSns phase exhibits superconductivity with a critical temperature of about 5.9 K at the phase
transition pressure. The electronic states near the Fermi level originate from the Snl-p, and Snl-
p- electrons, which contribute to the strong electron-phonon coupling. The 7 decreases with the
increasing pressure. Our results reveal a new type of intercalation superconductor in which group
IVA element form sandwich-like layer intercalated by group IA or IIA element. This not only
enriches the Na-Sn phase diagram, but also provides a new clue for designing intercalation

superconductors.
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Upon compression, the known metallic tetragonal P-421m phase transforms into a metallic quasi-
layered sandwich P6/mmm phase at 1.85 GPa. The presence of softening phonon modes and the
existence of Fermi pockets together with the obvious Fermi surface nesting indicate a strong
electron-phonon coupling (EPC) in P6/mmm. The estimated transition temperature of metallic
P6/mmm phase is 5.91K at 1.85 GPa.
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