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There is great interest in the exploration of hydrogen-rich com-
pounds upon strong compression where they can become super-
conductors. Stannane (SnH;) has been proposed to be a
potential high-temperature superconductor under pressure, but
its high-pressure crystal structures, fundamental for the under-
standing of superconductivity, remain unsolved. Using an ab initio
evolutionary algorithm for crystal structure prediction, we propose
the existence of two unique high-pressure metallic phases having
space groups Ama2 and P6;/mmc, which both contain hexagonal
layers of Sn atoms and semimolecular (perhydride) H, units. Enthal-
py calculations reveal that the Ama2 and P6;/mmc structures are
stable at 96-180 GPa and above 180 GPa, respectively, while below
96 GPa SnH, is unstable with respect to elemental decomposition.
The application of the Allen-Dynes modified McMillan equation re-
veals high superconducting temperatures of 15-22 K for the Ama2
phase at 120 GPa and 52-62 K for the P6;/mmc phase at 200 GPa.

hydrogen-rich compounds | metallization | electron-phonon coupling

Relatively high-temperature superconductivity is now docu-
mented in light-element metals such as Li under pressure
(1-3) and MgB, (4), where transition temperatures 7, up to
20 K and 39 K, respectively, are observed. There is great interest
in exploration of unique superconducting phases in other light-
element materials because their high phonon frequencies can en-
hance electron-phonon coupling (see ref. 5). As the lightest
element, hydrogen at very high densities is also predicted to
be a superconductor with high transition temperatures (6-8). Ex-
periments indicate that the predicted metallic and superconduct-
ing states of hydrogen remain above ~300 GPa (9-11). It has
been proposed that hydrogen-rich compounds (e.g., group I'Va
hydrides (12)) are expected to metallize at pressures considerably
lower than pure hydrogen due to the chemical “precompression”
caused by heavier elements; these metallization pressures may
fall within the range of current capabilities of static compression
techniques. The exploration of potential superconductivity in
these hydrogen-rich compounds (e.g., SiH,;, GeHy, and SnH,)
is thus desirable and numerous studies have been performed
(13-25). Strikingly, recent experiments (15, 18) show that SiH,
transforms to a metallic phase near 50-60 GPa with a supercon-
ducting T, of 17 K at 96 and 120 GPa, though debate remains
(26). We have recently predicted (17) that GeH, becomes a
high-temperature superconductor with a 7. of 64 K at
220 GPa. A theoretical study of SnH, (21) predicts that its 7'
can be even higher, reaching the value of 80 K. Using simulated
annealing and geometry optimization, that study found that the
high-pressure phase of SnH, has P6/mmm symmetry with a
layered structure intercalated by molecular H, units, wherein
the nearest H-H distance, 0.84 A, is short enough to be consid-
ered as covalent bonding, but significantly longer than the 0.74 A
in the free H, molecule. This prediction of extremely high 7 is
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fully dependent on the correctness of the structural model.
Therefore, if some other structures are more stable, the picture
of superconductivity in SnH, may be completely altered.

Here we undertake a different route to explore the high-
pressure structures of SnH, and use our newly developed ab initio
evolutionary simulation method (27-29) to address the above
question. This method has proven its reliability and efficiency
in predicting stable structures with knowledge only of the chemi-
cal composition (17, 30-36). We then performed the calculations
on the total energy, band structure, phonons, and electron-
phonon coupling of the predicted high-pressure structures.
Our results reveal the appearance of unique chemistry of
SnH, at high-pressure and suggest the high superconductivity
of SnH, under pressures that are accessible by current experi-
mental technique.

Results and Discussion
We performed evolutionary variable-cell structure prediction
simulations with one to four SnH, formula units per cell at 30,
70, 120, 200, and 250 GPa. Analysis of the predicted structures
gave us a shortlist of candidate structures with space groups
Cmcm* (4 molecules/cell), P2,/m" (2 molecules/cell), Ama2
(4 molecules/cell) and P6;/mmc (2 molecules/cell), respec-
tively. In the Cmcm and P2, /m structures predicted at 30 and
70 GPa, the Sn atoms are packed in zigzag chains between which
nonbonded H, molecules are located. This strongly indicates a
tendency to decomposition into Sn + 2H,. Indeed, enthalpy cal-
culations (Fig. 2) show that decomposition occurs below 96 GPa.
In the Ama?2 phase, Sn atoms form a simple hexagonal packing,
where the trigonal prismatic holes are filled with semimolecular
H, units (H-H distance 0.79 A, which is longer than the 0.74 A in
the isolated H, molecule). The H, units are aligned either along
the pseudohexagonal axis, or perpendicular to it, and these two
orientations alternate (Fig. 14). Note that the simple hexagonal
structure is a high-pressure form of silicon (P6/mmm, ref. (37)),
but it is not particularly dense. The P6; /mmc phase here is based
on the much denser hexagonal close packing of the Sn atoms
(c/a=1.84 at 200 GPa, relatively close to the ideal value of
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Fig. 1. (color online). (A) and (B) Ama2 and P65/mmc structures. For Ama2
structure at 120 GPa, the lattice parametersarea = 5.381 A, b =5.421 A, c =
3.074 A with atomic positions of Sn at 4a (0, 0, 0.0001) and three inequivalent
H atoms at 4b (0.75, 0.58823, 0.00586), 4b (0.75, 0.73278, 0.98835) and 8c
(0.87773, 0.32159, 0.99613), For P63/mmc structure at 200 GPa the lattice
parameters are a = b = 2.9024 A, ¢ =5.3274 A, and y = 120° with atomic
positions of Sn at 2c (2/3,1/3,3/4) and H at 4e (0, 0, 0.92278) and 4f
(1/3,2/3,0.57982), respectively. The large and small spheres represent Sn
and H atoms, respectively.

1.63). In this structure, the ordered H atoms are clearly split into
two categories. One sort forms semimolecular H, units (the ma-
genta atoms in Fig. 1B) occupying hexagonal channels of the hex-
agonal close packing structure, whereas the other sort of H atoms
occupies positions just below and above Sn atoms, forming chains
Sn-H...H-Sn-H...H-Sn-H running along the c axis (Fig. 1B).
In both the Ama2 and P6;/mmc phases Sn-H distances are
about 1.8-1.9 A, and Sn-Sn distances about 2.9 A. The main dif-
ferences are in the topology of the Sn framework and the relative
proportion of the H, semimolecular units and monatomic
hydrogen species. The transition Ama2 — P65 /mmc is accompa-
nied by a major electronic reorganization due to the appearance
of monatomic hydrogen and the likely change of Sn valence.
In the bond valence model the bond order is v;=
exp[—(R; — R ;) /b], where R, is a bond-specific parameter, R
the bond length, and b a constant. Taking b = 0.25 A (typical
of strong covalent bonds (38)), we find that the H-H bond order
in the H, semimolecular units is 0.82. Thus, hydrogen atoms in
these H, units are underbonded and tend to acquire the missing
electrons from the metal atoms by charge transfer. We propose to
call these chemically active H, units perhydride groups; they have
so far not been observed at ambient conditions, but predicted to
exist at high pressures in GeH, (ref. 17) and unique lithium
hydrides LiH,, LiHg and LiHg (39). Perhydride groups were also
predicted in the structures of SnH, calculated in refs. 21
(P6/mmm) and 40 (Cccm), which are otherwise different from
our structures. The need for charge transfer implies that
perhydrides can only be formed with rather electropositive
metals, such as Ge, Sn, and Li, but not Si or C. We believe that
perhydrides of alkali and alkali earth metals are likely to exist and
are worth exploring. Coming back to SnH, and using the esti-
mated H-H bond order (0.82), we find that each Sn atom trans-
fers to all four H atoms 0.72 e in the Ama2 phase and 2.36 ¢ in the
P6; /mmc phase. The remaining valence is used for Sn-Sn bonds
(~0.15 e per bond, and there are eight and 12 such bonds in the
Ama?2 and P6;/mmc phases, respectively), leading us to propose
the Sn(II) valence state in Ama2 and Sn(IV) in P6;/mmec.
Enthalpy curves of our predicted structures as a function of
pressure are presented in Fig. 2. It is noteworthy that the cur-
rently predicted structures are energetically much more favorable
than the P6/mmm (21) and Cccm (40) structures. Considering
the tendency to decomposition found in structure searches
performed at low pressure, the enthalpy of the decomposition
(Sn + 2H,, with structures of pure elements taken from refs.
(41, 42) as a function of pressure) is also shown in Fig. 2. A wide
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Fig. 2. (color online). Enthalpies per SnH, unit of various structures as a
function of pressure, referenced to the P6/mmm phase (21). The decom-
position (Sn + 2H,) enthalpies are calculated by adopting the C2/c (Ref. (41))
structure for H, and Fd-3m, I4,/amd, 14/mmm, and Im-3m (Ref. (42))
for Sn, respectively. Inset: (A) and (B) Enthalpy of decomposition
(I4/mmm-Sn + 2C2/c-H,) and the P63/mmc structure relative to the Ama2
phase without (solid line and symbols) and with (dashed line) the zero-point
motion corrections, respectively.

region of decomposition into Sn + 2H, is indeed confirmed be-
low 108 GPa, above which Ama2 becomes stable in the pressure
of 108-158 GPa and then P6;/mmc structure takes over above
158 GPa. As divalent Sn(II) species are quite stable, decomposi-
tion of SnH, might also yield SnH,, the structure of which is
unknown. We thus searched for the most stable high-pressure
phases of SnH, at 50 and 100 GPa using the same evolutionary
methodology. However, we found that SnH, + H, is 0.15 eV
(0.17 eV) per SnH, unit higher in enthalpy than Sn + 2H, at
50 GPa (100 GPa). This eliminates the possibility that SnH, de-
composes into SnH, + H,. One should keep in mind, however,
the importance of dynamical effects stemming from the high
vibrational frequencies of light hydrogen atoms, as can be seen
from the phonon density of states (DOS) (Fig. 3B, D), which im-
plies a large zero-point (ZP) energy. This has already been found
to affect the relative stabilities of hydrogen and hydrides (14, 17,
41). Therefore, we estimated the ZP vibrational energies for C2/c
H, (41), 14 /mmm Sn (42), Ama2 and P6; /mmc SnH, at 120 GPa
using the quasi-harmonic approximation (43). It turns out that
the inclusion of ZP effects does not change the topology of
the phase diagram but extends the stability fields of the Ama2
and P63/mmc structures to be 96-180 GPa and above
180 GPa, respectively (insets of Fig. 2).

The calculated electronic band structures and DOS for the
Ama?2 structure at 120 GPa (Fig. 34) and P6;/mmc structure
at 200 GPa (Fig. 3C) reveal that both phases are metallic. We
found that the calculated valence bandwidths are very broad
and show strong hybridization between the Sn and H orbitals.
In particular, both H and Sn atoms participate in common over-
lapping bands, which is in agreement with previous theoretical
prediction (12). Note that the P65 /mmc structure has less disper-
sive band structure and more bands crossing E, Wthh lead to a
larger electronic DOS (2.18 x 1072 states/eV/A at the Fermi
level N(E)) than that (1.48 x 1072 states/eV/A?) of the Ama2
structure. This larger N(E) contributes to a higher T'.. The pho-
non DOS for Ama2 SnH, at 120 GPa and P6;/mmc SnH, at
200 GPa are depicted in Fig. 3B, D, respectively. The absence
of imaginary frequencies in the phonon DOS and phonon disper-
sion curves suggests that the Ama2 and P6;/mmc structures are
both dynamically stable. Three separate regions of phonon bands

Gao et al.



Bane

/

D\

S
Z

-104

YOS

-154

N\
N

-20

—
—
-<
ny)
N

gN

-104

Y=y
(238

-154

-204

RN —a

® g
Q &
2 )
o

® 6
Q &
2 )
N

—
>
I

K

-
<
-
T
w]
O
(72}

60 80 100
Frequency (THz)

Fig. 3. (color online). (4) and (C) Calculated electronic band structure and DOS projected on Sn and H atoms for Ama2 and P63 /mmc structures at 120 and
200 GPa, respectively. (B) and (D) Eliashberg phonon spectral function o? F(w) and electron-phonon integral 4(») are compared to the phonon DOS projected on

Sn and H for Ama2 and P63/mmc structures at 120 and 200 GPa, respectively.

are clearly recognized. The heavy Sn atoms dominate the low
frequencies, the H-Sn-H bending vibrations contribute signifi-
cantly to the intermediate-frequency region and the high frequen-
cies are mainly due to intramolecular vibrations of perhydride
H, units.

We now discuss superconductivity in both the Ama2 and
P6;/mmc structures. The calculated phonon DOS projected
on Sn and H atoms for Ama?2 at 120 GPa is compared to Eliash-
berg phonon spectral function o?F(w) (44) and the integrated
electron-phonon coupling (EPC) parameter A in Fig. 3B (Fig. 3D
for P6; /mmc phase at 200 GPa). The contribution from the low-
frequency Sn translational vibrations constitutes 23% (also 23%
for P6;/mmc) of the total A. The intermediate-frequency vibra-
tional modes make up a significant section of 74% (73.3% for
P6;/mmc phase) and the remaining 3% (3.7% for P6;/mmc
phase) is derived from the intramolecular vibrational modes.
The calculated EPC parameter 4 is 0.61, which indicates that
the EPC is strong, and the phonon frequency logarithmic average
w)og calculated directly from the phonon spectrum is 905 K. To
estimate 7, the effective Coulomb repulsion parameter y* must

be known. It is defined as ;- = +In(7), where 4 is the direct
o

Coulomb repulsion between paired electrons,w,; corresponds
to a plasma frequency, while @y, the high-frequency cutoff in
electron-phonon coupling spectral function @?F(w) (45). Due
to the difficulty in calculating u and wpy, it remains challenging
to directly derive an accurate y* by theory. An upper bound on y*
is estimated to be 0.25 (45). Ashcroft (12) has suggested that for
dense metal hydrides y* can be best chosen as 0.1 or in the range
of 0.1-0.13 and later on these choices have been widely used for
SiH,, GeH, and SnH, (13, 16, 17, 21). Using y* = 0.13-0.1, the

Gao et al.

critical temperature 7. for the Ama?2 structure, estimated from
the Allen-Dynes modified McMillan equation (45), is in the range
of 15-22 K. In the same manner, the calculated 7, for the
P6;/mmc phase at 200 GPa reaches very high values of
52-62 K, much higher compared to Ama2. The larger T, in
the P6;/mmc structure is mainly attributed to the stronger A
of 0.87 and the larger wy,, of 1,135 K. The larger N(E) and high-
er intermediate frequencies in the phonon spectrum of the
P6; /mmc structure are probably responsible for the stronger A.

In summary, crystal structures of SnH, at pressures up to
250 GPa have been extensively investigated using ab initio evolu-
tionary simulation methods. Two unique metallic phases with
structures having space groups Ama2 and P6;/mmc are found
to be energetically much more favorable than the earlier pro-
posed structures. These phases are predicted to be stable in
the pressure range of 96-180 GPa and above 180 GPa, respec-
tively, while below 96 GPa SnH, is predicted to decompose into
Sn + 2H,. The newly proposed structures for SnH, both contain
unique perhydride H, units. Further electron-phonon coupling
calculations predict that both phases are superconductors with
high T, of 15-22 K for the Ama2 structure at 120 GPa and
52-62 K for P6;/mmc at 200 GPa. Our calculation suggests that
once synthesized at high pressure, these SnH, phases can be
decompressed to low pressures because kinetic barriers are likely
to be sufficiently large to prevent the SnH, — Sn + 2H, decom-
position reaction. Experiments (e.g., x-ray diffraction, electrical
resistivity, and magnetic susceptibility) are needed to further
explore the high-pressure metallization and superconductivity
of SnH,. Our findings support the conjecture that hydrogen-rich
hydrides are a way to achieve a metallic phase with parallel to
metallic hydrogen at readily accessible experimental pressures,
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and the two-component plasma state predicted for pure hydro-
gen, might also exist in these compounds.

Materials and Methods

Ab initio evolutionary simulation for crystal structure prediction done with
the Universal Structure Predictor: Evolutionary Xtallography code (27-29)
searches for the structure possessing the lowest free energy at given Pres-
sure-Temperature conditions and is capable of predicting the stable structure
of a given compound for a given composition. The first generation of struc-
tures is produced randomly. Each subsequent generation is produced from
65% of the lowest-enthalpy structures of the preceding generation; in addi-
tion, the lowest-enthalpy structure always survived into the next
generation. The variation operators used for producing offspring included
heredity (65% structures), lattice mutation (20%), and atomic permutation
(15%). The underlying structure relaxations were performed using density-
functional theory (46, 47) within the Perdew-Burke-Ernzerhof (PBE) general-
ized gradient approximation (GGA) (48), as implemented in the Vienna
Ab-initio Simulation Package code (49). The frozen core all-electron projec-
tor-augmented wave (50) method was adopted. The use of a plane-wave
kinetic energy cutoff of 600 eV and dense k-point sampling were shown
to give excellent convergence of the energy differences and stress tensors.
EPC have been explored using the pseudopotential plane-wave method with-
in the PBE-GGA, through the Quantum-opEn Source Package for Research in
Electronic Structure, Simulation, and Optimization (ESPRESSO) package (51).
Forces and stresses for the converged structures are optimized and checked
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