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Abstract

A new era has begun in the field of superconductivity with the discovery of phonon mediated
superconductivity at 203 K in the compressed hydrogen disulfide (H,S) gas. A series of
studies has attributed the observed superconductivity to a compound H,S that results from
the decomposition of compressed H,S at high pressures. The superconducting properties of
conventional superconductors can be computed precisely once the underlying microscopic
crystal structure is fully known. In this work using evolutionary crystal structure searches in
combination with first-principles calculations, we predict a new metallic phase of H,S in the
pressure interval of 108-166 GPa. The novelty of new phase is that it consists of SHg, SH, and
S units that results both cationic and anionic charge state for S and H atoms. Our work shows
that the high-T; explanations based on structures reported earlier may not be adequate and
thus more work is needed for arriving at a precise understanding of the observed high-Tg in

this material.
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population (COHP)

Introduction

uperconductivity the phenomenon of
S non-resistive conduction of

electricity below critical temperature
(Te)remains one of the hot topics in the
material science. It was first discovered by
H.K.OnnesinHgat4.2Kin 1911. Over the
years several new superconductors were
identified leading to the discovery of 18 K
superconductivity in Nb,Sn in 1954 [1].
However, the ultimate goal of achieving a
room temperature superconductor is still a
distant dream though a T, of 133 K has
been achieved in the Hg based cuprates at
ambient pressure that increases to 164 K at
30 GPa [2, 3]. The prospect of getting
higher T, in this family of compounds is not
clear as the nature of superconductivity is
still not fully understood. In contrast, the
Bardeen-Cooper-Schrieffer (BCS)
formalism provides a clear guide to achieve
high T, all that needed is a favourable
combination of high frequency phonons,
strong electron-phonon coupling and high
electronic density of states at the Fermi
level. Based on the BCS formalism, it was
predicted that under the application of
pressures of the order of 25 GPa, Hydrogen
would exhibit superconductivity at high
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temperature [4, 5]. However the
metallization of hydrogen is a challenging
problem in the high pressure research to
date. Formation of metallic atomic
hydrogen at high pressure has been
difficult to establish in diamond-anvil cells.
There have been claims on experimental
evidence for a metallic phase at pressures,

from 250 GPa to 495 GPa [6-8], but the
findings of these works have not yet been
unambiguously accepted by the scientific
community [6-10]. Ashcroft [11] proposed
that the metallization pressure for
hydrogen could be lowered by chemical
pre-compression or via doping. Driven by
this idea, there is a surge in the high
pressure research activities on the
hydrogen rich solids in recent years
[12-14].

One of the remarkable successes of
these efforts is the observation of a record
breaking 203 K superconductivity in the
compressed H,S gas announced in the year
2015 [15]. Though the T, is well below the
room temperature, this discovery is
considered to be a definitive forward step
towards the realisation of a room
temperature superconductor. However the
composition and crystal structure of
superconducting phase have not been well
characterized, as it is observed that
compressed H,S molecules dissociate
under high pressure (above 27 GPa and at
300 K) [16]. A large number of
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Fig. 1: Pressure variation of enthalpy for the most important structures of H,S. Here
enthalpies are estimated relative to known R 3m structure (Ref. 23).
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Fig. 2: Ball-and-stick model of the newly predicted trigonal structure (R3 m, Z=24) of H,S. Here, S-H covalent bonds are shown by thick rods

and S...H hydrogen bonds are shown by thin rods. Bond-lengths are given at 110 GPa (Ref. 23).

investigations, on the high pressure
behaviour of H-S system, have
commenced immediately after this
discovery [17-19]. A consensus about
decomposition of H,S and formation of
new compounds under high pressure
emerged based on consistent results
reported from several experimental and
theoretical studies [18-19]. It is widely
believed that the formation of H,S
compound is responsible for the high T,
superconductivity in compressed H,S.
Recent high pressure experiments with
H,+S sample reports formation of H,S
compound above 70 GPa [20].

There are reports on the high pressure
phase diagram of H,S compound based on
first principle studies [17, 21]. It is
predicted that H,S metalizes at 112 GPa in
trigonal structure (R3m, Z=3); further
compression would result in a phase
transition to cubic bcc structure (Im3m,
Z=2) around 175 GPa [17]. Few other non-
metallic H,S structures, orthorhombic
(Ccem, Z = 16, 37-112 GPa), monoclinic
(C2/¢c, Z= 16, 2-112 GPa) and triclinic P1
(Z=8, 0-37 GPa), were also proposed.
Surprisingly lowest enthalpy non-metallic
G2/c structure has not been observed in

any experiments but they observed
orthorhombic Cccm structure [20, 22].
Hence the high pressure phase diagram of
H,S is still not well characterized even after
various theoretical and experimental
studies. Recently, we have carried out high
pressure crystal structure searches using
evolutionary algorithm combining with
first-principles relaxations to unveil the
high pressure phase diagram of H,S [23].
Results are discussed in the light of the
experimentally observed pressure
dependence of the transition
temperature T,.

Theoretical methods

Crystal structure searches were
carried out using evolutionary algorithm as
implemented in the USPEX code [24-26]
and the first-principles calculations were
carried out using VASP code [27-30]. In
these calculations, we have used all-
electron frozen-core projector-augmented
wave (PAW) potentials and generalized-
gradient approximation (GGA) for
exchange-correlation energy. To
understand bonding characteristics we
have also calculated crystal orbital
Hamiltonian population (COHP) using

TB-LMTO-ASAcode [31].
Results & Discussion

In low pressure region (<100 GPa) our
crystal structure searches correctly
reproduce all earlier known structures.
Below 108 GPa, we find a monoclinic
structure (C2/c, Z=16) as the energetically
most favourable structure. We also predict
two new metastable structures namely; a
monoclinic (C2/m, Z=16) and a tetragonal
structure (P4 ¢2, Z = 8) in this pressure
region. We find that our proposed
tetragonal P4 ¢2 structure is energetically
superior to the earlier proposed
orthorhombic structure (Cecm, Z = 16).
Further we noticed that orthorhombic
Ccem structure relaxes to tetragonal P4 ¢2
structure under full structural optimization
at 75 GPa and above. Although C2/m and
P4’ ¢2 structures do not have the lowest
enthalpies but the possibility of their
formation is not completely ruled out under
favourable conditions of pressure and
temperature.

Above 100 GPa our searches uncover a
completely new trigonal structure
(R3'm, Z=24) which is energetically
superior to the earlier accepted trigonal
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Fig. 3: (a) Total Electronic DOS of R3'm phase of H,S at 120 GPa. (b) Pressure variation of total DOS value at the Fermi-level. Here DOS is

given in units of states/eV/H,S. (Ref. 23).

structure (R3m, Z=3). We find that the low
pressure monoclinic C2/c¢ structure makes
atransition to our new structure at 108 GPa
with a 6.25% volume reduction. On further
compression A3 mstructure transforms to
acubic structure (/m3'm, Z=2) at 166 GPa.
Therefore the stability region of R3'm
structure is 108-166 GPa (Fig.1). We also
find that in the pressure range 150-166
GPa two trigonal structures coexist with
very small differences in enthalpy
(maximum enthalpies difference ~1.0
meV/H,S). The dynamic stability of this new
structure is established by calculating
phonon spectrum that contains only real
and positive frequencies.

Now to understand to what extent this
newly found R3 m structure differs from
earlier known R3m and /m3 m structures
we carried out its structural analysis. We
find that the new structure consists of SH,,
SH, and S units contrary to the R3m and
Im3'm structures that consist of only SH,
and SH;, respectively (Fig. 2). In all three
structures the structural units are
connected through S...H hydrogen-bonds.
Presence of different structural units in the
new structure leads to different local
environments around S atoms that in turn
results four different bond lengths both for
S-H covalent and S...H hydrogen-bonds

(Fig.2).

Our Bader charge analysis reveals different
charge states for S and H atoms in different
structural units of this structure. We find
SHg unitis very similar to SFymolecule as in
both units S has positive charge and H has
negative charge like halide ions. But in the
SH, unit S has negative charge and H has
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positive charge like alkali ions. Therefore
both cationic and anionic charge states of H
and S exist in new structure. We find that in
R3'm structure pressure induced
symmetrization of hydrogen-bonds take
place at, ~166 GPa where it makes a
transition to a cubic /m3 mstructure.

Our electronic structure analysis
shows that three electronic bands cross the
Fermi-level leading to one hole and two
electron Fermi-sheets for new structure.
We find that the total electronic DOS
function is free electron like below to -20
eV, however close to the Fermi-level, on
occupied side, there is a peak
corresponding to van Hove singularity
(VHS) and on other side there is a pseudo
gap (Fig.3a). The van Hove singularity
represents a critical point in the electronic
density of state (DOS) function which
induces electronic instabilities in the
system. Generally, it has been seen that a
VHS helps in formation of lower energy
states like superconductivity. Pseudogap
refers to @ minimum in the electronic DOS
function at the Fermi-level but in the
context of superconductivity, especially in
high-temperature superconductors; it
refers to an energy range near the Fermi
level which has very few states associated
with it. Generally, pseudogaps forms when
favourable electron-lattice interactions are
presentin the system. Underdoped cuprate
superconductors are famous examples
that exhibit pseudogaps above the
transition temperature.

We find that close to the Fermi-level the
DOS contributions come mainly from
hydrogen 1s and sulfur 3p states. The S

atom present in SH, structural unit
contributes maximum to the DOS value at
the Fermi-level. Compared to the old R3m
structure, the total DOS value at Fermi-level
for R3'm structure is considerably lower
and it smoothly increases under pressure
reaching to that of /m3 m structure near to
166 GPa. As electron-phonon coupling
constant is directly proportional to DOS
value at the Fermi-level, we expect lower
electron-phonon coupling and
consequently the lower T, for R3'm
structure below 155 GPa provided other
parameters remain unaltered. Interestingly
the pressure variation of DOS value at the
Fermi-level behaves similar to the
observed pressure variation of T, (Fig.3b).
It is worth mentioning that the Fermi-level
DOS values of the earlier structures (i.e.,
R3m and /m3'm do not exhibit such
pressure behaviour, their Fermi-level DOS
values remain nearly constant under
pressure and hence they do not support the
experimental observations.

Mechanism of superconductivity in
compressed H,S is widely believed to be of
BCS type and the observation of strong
isotope shift of T, in deuterated samples
further supports this view [15, 32]. The
experimental value of the isotope
coefficient (a) is ~ 0.3, at pressure above
170 GPa [15]. It is worthwhile to mention
that the ideal BCS value of is 0.5. However
deviations in o values, from the 0.50, are a
general feature of the BCS type
superconductors. In recent years
proposals of anon-BCS type of mechanism
in H,S are also put forward by some groups
of researchers [33-35].
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Fig. 4: The COHP functions of B3 m phase of H,S at 120 GPa (Ref.23).

To understand the nature of S-H
covalent bonds in different structural units,
we have carried out crystal orbital
Hamiltonian populations (COHP) analysis
[36]. The COHP is an efficient tool to extract
bonding information based on the
electronic structure calculations. In a given
energy window, its negative values
describe bonding interactions and positive
values describe anti-bonding interactions.
Itis customary to plot —COHP as a function
of energy as shown in Fig.4 for different
S-H pairs. Our analysis show that except
S2-H1 covalent bond all other covalent
bonds give bonding interactions as COHP
is negative below Fermi-level. For R3mand
Im3 m structures, we find that the Fermi-
level is located in the region of anti bonding
states for S-H covalent bonds indicating an
inherent instable nature of these
structures. This also explains why R3'm
structure is more stable compared to R3m
and /m3 m structures. We also find that
S...H hydrogen bonds around S structural
units have significant covalent character.
COHP analysis also reveals that the S-H
and B-B covalent bonds in MgB, are
different in character as the origin of
metallicity of these two bonds is different.

Conclusions

In summary, we have studied the
structural behaviour of H,S under high
pressure using evolutionary crystal
structure searches and first-principles
calculations. Our searches unveiled a
completely new structure in the trigonal
crystal system over a large pressure
interval (~108-166 GPa). The newly
proposed structure is metallic in nature and
it consists of SH;, SH, and S units that are
connected through strong S...H hydrogen-
bonds. In the SH; unit, H is chemically
halogen like whereas in SH, units it
behaves like alkali metal. At lower
pressures new structure has smaller total
electronic DOS at Fermi level in
comparison to earlier structures hinting
that earlier T, estimations based on old
structures may not be precise.
Interestingly, for new structure pressure
variation of total DOS values at the Fermi-
level correlate well with the observed
pressure variation of superconducting
transition temperature that is absent for the
earlier R3mstructure.
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