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Prediction of high-7, superconductivity in HsSX (X = CI, Br) at pressures below one megabar
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After the discovery of near room-temperature superconductivity in superhydrides at extremely high pressure
close to 300 GPa, there is increasing interest in finding superconducting systems to maintain the similar super-
conductivity but at pressures below megabar. To examine such a possibility in metal-free hydrides, we investigate
the thermodynamical stability and dynamical stability, electronic structures, and electron-phonon interactions of
HeSX (X = Cl and Br) from the theoretical viewpoint. The results show that HsSC1 and HgSBr are potential
superconductors with the transition temperatures of 155.4 K at 90 GPa and 136 K at 140 GPa, respectively.
Remarkably, HsSCI can be stabilized at the pressure above 82.5 GPa but maintain the superconducting transition
above 150 K. Compared with H;3S, the substitution of S by Cl with lower electronic energy states leads to
the enhancement of CI-H covalent bonding. As a result, the stable pressure of H;S-like superconductors is
substantially reduced below 100 GPa but the transition temperature can be maintained as high as 150 K.
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Superconductivity is among the most fascinating phenom-
ena in condensed matter physics. Recently, superconductivity
near room temperature was reported in sulfur hydride [1],
lanthanum hydride [2,3], and carbonaceous sulfur hydride
[4] at high pressures. These superconducting hydrides can
only be stabilized at high pressures above 150 GPa. Such a
pressure is too high to be achieved in most laboratories, which
limits the practical applications. Exploring superconductivity
in hydrides at low pressures below 100 GPa becomes the key
activity of current research. As the first system with super-
conductivity of more than 200 K observed, sulfur hydride has
been paid much attention. Along with the theoretical predic-
tion of the structure and superconductivity of H,S [5] and
(H»S),H; [6] under high pressure, researchers have system-
atically studied the possible structures of the superconducting
sulfide hydride and the structural phase diagram under pres-
sure. Based on the metadynamics calculations, Majumdar
et al. predicted that in the pressure range of 100-140 GPa,
hydrogen sulfide exhibits the superconductivity of 80 K in
the chemical ratio of H,S, while above 140 GPa, the phase
becomes the chemical ratio of H3S, showing the superconduc-
tivity of 220 K at about 200 GPa [7,8]. The experimental phase
diagram of temperature-pressure also shows that the hydrogen
sulfide exists in the form of covalent H3S at low temperature
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and above 135 GPa [9]. This implies that pure Im3m-H3;S
suggested by Duan et al. [6] is difficult to exist stably at low
pressure and will exhibit high-temperature superconductivity.
Some new technologies are needed to realize low-pressure and
high-7, superconductivity in HsS.

Replacing S with elements of the same group, the super-
conducting phases of H3Se and HsTe were found to have the
critical temperature 7; of 110-120 K at the pressure of about
100-120 GPa[10,11] and 104 K at 170 GPa [12], respectively.
There is no obvious improvement for either increasing 7. or
lowering pressure for H3S upon the substitution of P for S
[13,14]. If we substitute P for part S [15], H3S.925P0.075 and
H3S0.9Pp.1 can only be stabilized above 150 GPa, although T;
of H3S¢.925P0 075 increases from 241 K at 150 GPa to 280 K at
250 GPa. By increasing the doping ratio of P, H3S g75P0. 125 is
stable above 100 GPa [16] or dynamically stable in the pres-
sure region of 200-250 GPa with T of 215 K at 200 GPa [17].
HgSP with higher P content can be stabilized at 200 GPa with
T. of about 160 K [18]. Meanwhile, partial substitution for S
by Se seemingly does not reduce the pressure for holding high
T... For example, half substitution of S by Se in H3S leads to
the formation of three phases of Pm3m, Cmmm, and Fd3m at
200 GPa with T; values in the range of 115-196 K [19]. H¢SSe
with Im3m space group can be superconducting with T, ~
182 K at 200 GPa [18] HSSOAZSSeOJS and H3S().7SSC()A25 are
stabilized at 200 GPa or lower pressures but have the 7; values
of less than 100 K [20]. The situation remains unchanged even
for carbonaceous sulfur hydrides [4,21-23]. The metastable
CSH; was suggested to be a superconductor with 7; ranging
from 100 to 190 K in the pressure range of 100-250 GPa
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[21]. When the content of C in H3S is decreased, the calcu-
lation based on virtual crystal approximation brings about 7;
exceeding 200 K at 250 GPa or higher pressures [22], while
the calculation starting from supercell indicates that it is dif-
ficult for H3S with dilute carbon to achieve high-temperature
superconductivity below 100 GPa [23]. Interestingly, doping
halogen elements in the H-S system was reported to lower the
pressure for the stable superconducting phase such as HgSBr
with T, of 174 K at 150 GPa [18]. While the trend for the
T, evolution with pressure in such a family is still unclear,
one always hopes to maintain high-7; superconductivity in
these materials at pressures as low as possible. Noticeably,
the dynamical stability of Cl doped H3S can be extrapolated to
140 GPa [16]. There is no clue for the 7; behavior of H3S with
higher CI content. The Br-doped case also deserves further
study.

To address the above mentioned issues, selecting Cl and Br
with similar radius to S atom, we study the doping effect in
H;S with C1 and Br substitutions based on the first-principles
calculations. The thermodynamics and molecular dynamics
including pressure and temperature effects are used to analyze
the stability of materials. The superconductivity with rela-
tively high T; values is predicted for these hydrides at expected
easily accessible low pressures. The synthesized conditions of
pressure and temperature for those superconductors are given.

The structural predictions of HgSX (X = Cl and Br) at
different pressures were performed by the swarm intelligence-
based CALYPSO method [24-26]. The calculations of
structural optimization and electronic structures were carried
out by employing the Vienna ab initio simulation package
(VASP) [27,28] within the framework of the density func-
tional theory based on the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) [29] and the pro-
jector augmented wave pseudopotential [30]. The plane-wave
cut-off energy was set as 600 eV. The k point of the Brillouin
zone was 0.02 A~! interval distribution of Monkhorst-Pack
for the optimization of structures, and the k-point interval of
the total energy self-consistent calculation was 0.01 A~! or
better. Convergence thresholds were set as 107> eV in energy
and 1073 eV/A in force. In addition, based on a4 x 4 x 4 su-
percell containing 512 atoms, we adopted Car and Perriello
molecular dynamics [31] and NVT ensemble to examine the
stability of HeSCI and HgSBr at constant temperature and
pressure. Nosé-Hoover thermostat [32] was used to ensure
that the ambient temperature is controlled at the set value.

With the help of density functional perturbation theory
and PBE-GGA functional, QUANTUM ESPRESSO package
(QE) [33,34] was used to calculate the phonon frequency
(w) and the Eliashberg electron-phonon spectral function
[«?F (w)]. Based on o>F(w), the electron-phonon coupling
constant (A, EPC) was calculated, which is defined by inte-
gration over the entire frequency domain of o*F (w):

® @2F(w)
0 w

For A < 1.5, T; was estimated by the McMillan equation [35],
expressed as
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The EPC parameter A is larger than 1.5, which represents
very strong electron-phonon coupling for systems. 7, was cor-
rected by the Allen-Dynes-corrected McMillan equation [36],
expressed as
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are the correction factors. wje is the logarithmic average of
phonon frequency and is written as
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The typical value of Coulomb pseudopotential p©* was set as
0.1 for hydrides. Vanderbilt-type ultrasoft pseudopotentials
were formulated for the PBE functional in this calculation
[37]. A k mesh of 16 x 16 x 16 in the first Brillouin zone
was used in the calculation of the electron-phonon interac-
tion matrix element and a ¢ mesh of 4 x 4 x 4 was used
for the phonon spectra calculation. The cut-off energies for
wave function and charge density were set as 80 and 600 Ry,
respectively. At the same time, the force and stress of the
convergent structure were optimized and controlled within the
error range of VASP and QE programs.

Our results show that HeSCI possesses relatively high 7,
at low pressure. In the following discussion, H¢SCI is thus
taken as an example to illustrate the stability, electronic prop-
erties, and possible superconductivity. The results of HgSBr
are presented in the Supplemental Material [38]. By substi-
tuting Cl or Br for half of the S atoms in H3S structure, as
shown in Fig. S1 [38], the doped structure has the symmetry
of Pm3m instead of Im3m. HsgSCI has many similar proper-
ties to the parent H3S in the structure. For example, it is a
body-centered cubic (bcc) structure, and the position of each
face center of the unit cell is occupied by H atom. But the
difference is that the position of the body center is occupied
by Cl atom. Therefore, due to the subtle structural difference,
we also reexamined the thermodynamic stability of HgSCI.
The possible phase transitions induced by pressure were first
investigated. Figure 1 shows the change of enthalpy for rel-
atively stable phases of HsSCl with pressure. (All structure
files are presented in the Supplemental Material [38].) The
zero-point energy effect has also been taken into account in
the calculation of enthalpies at different pressures. From the
results of enthalpy versus pressure, we can find that HsSCI has
five structural transitions in the range of 0-200 GPa. Below
7 GPa, H¢SCl is stabilized at P1 phase, next it transforms
into Cmm?2 phase in 7 — 39 GPa, then it becomes a Cm2m
structure in 39-60 GPa, and then it transforms into C2 phase
in 60-85 GPa, after that it exits in the form of Pm3m phase
in 85-195 GPa, and finally it is stabilized at R3 phase above
195 GPa.

Furthermore, the enthalpy of formation of H¢SCl is com-
pared with several possible decomposition enthalpies. As
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FIG. 1. The pressure as function of relative enthalpies for com-
petitive structures of HgSCl to the Fm3m phase.

shown in Fig. 2, when the enthalpy of formation of 1/2(2HCI
+ 2H,S + 3H,) is used as the reference, the enthalpy of
HeSCl, H3Cl + H3S, and CI + S + 3Hj; is significantly lower
than that of 1/2(2HCI1 4 2H,S + 3H,) in the pressure range
of 0-200 GPa. Noticeably, H¢SCl is only thermodynamically
stable above 82.5 GPa, while below this pressure, it is unstable
and possibly decomposed into Cl + S + 3H,. However, the
stable pressure range of doped H3S has been extended to
lower pressures, such as 82.5 GPa, which is already below
the megabar pressure level. Combining the phase transitions
ordering shown in Fig. 1 with the enthalpy of formation shown
in Fig. 2, we conclude that H¢SCI can stably exist in the
pressure range 85-195 GPa in the form of Pm3m structure.
These two phases of C2 and R3 are ignored since they are
only stable in a narrow pressure region of 82.5-85 GPa for C2
and 195-200 GPa for R3, respectively.

The structural stability of HgSCI was also analyzed under
the combined action of pressure and temperature from the
perspective of molecular dynamics. When HgSCl was applied
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FIG. 2. Enthalpy difference vs pressure for HsSCI, referenced
to the decomposition enthalpy into 1/2(2HCI + 2H,S + 3H,). The
decomposition enthalpies into H;Cl + H3S and Cl + S + 3H, were
also plotted, respectively. Inset is the crystal structure of HgSCl in
the form of a unit cell.
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FIG. 3. (a) RMSD of HgSCl in the temperature range of
50-500 K at 90 GPa. Inset shows two 4 x 4 x 4 supercell structures
corresponding to 0 and 4000 fs, respectively. (b) Thermostat temper-
ature oscillation in the range of 50-500 K. (c) Pressure oscillation at
90 GPa.

with pressure of 90 GPa, the molecular dynamics were sim-
ulated at the temperature of 50, 100, 200, 300, and 500 K.
The relaxation process at different temperatures is shown in
Fig. 3(a). The root-mean-square displacements (RMSD) of
HeSCl at 50, 100, 200, 300, and 500 K are 0.089, 0.094, 0.108,
0.121, and 0.149 A, respectively. For temperature control,
we set the temperature of the thermostat to 50, 100, 200,
300, and 500 K, and the actual temperature of the thermostat
was fluctuated near the set value, as shown in Fig. 3(b). By
averaging the temperature of 0—4000 fs, the average values
of the actual temperature are 51.69, 101.49, 200.66, 301.58,
and 500.58 K, respectively. Similarly, as shown in Fig. 3(c),
when the simulated pressure is 90 GPa, the actual pressure
is 90.08 GPa. Therefore, at the pressure of 90 GPa, when
we apply the temperature of 50-500 K to HgSCl, it can still
maintain the stability and integrity of the structure. When the
pressure rises to 200 GPa, the atomic RMSD and temperature
oscillation in the temperature range of 50-500 K as well as the
pressure oscillation is similar to those at 90 GPa, as shown in
Figs. S2— S4 [38]. Therefore, HgSCIl still maintains dynamical
stability under certain conditions. It is clear that H¢SCI can
still keep the stability of the structure after considering the
influence of certain temperature. Namely, HgSCI is thermo-
dynamically and dynamical stable in the pressure range of
85-200 GPa.

After confirming the stability of HgSCI, the electronic
structures were investigated. Figure 4(a) shows the electron
localization function (ELF) on (002) and (001) planes of
HgSCI at 90 GPa. There are only ClI and H atoms on (002)
plane, while there are only S and H atoms on the (001) plane.
From the ELF, it is found that there is stronger covalent bond
between Cl and H than between S and H, which is because
Cl1 has stronger electronegativity than S and the atomic radius
close to S [39]. The stronger covalent bond results in the
stability of HgSCl at lower pressure. Similar to H3S, there is

L180508-3



YU-LONG HAl et al.

PHYSICAL REVIEW B 105, L180508 (2022)

Energy (eV)

~
o

~
—_
(=1

R

FS of #1

Energy (eV)

FS OT #5
-10 i I N 1 !

FS of #2

r X M T R XR M

FIG. 4. Calculated ELF on (002) and (001) planes (a), projected
band structure and DOS on each element (b), and Fermi surface
sheets corresponding to energy bands crossing the Fermi level (c) for
HgSCl at 90 GPa.

no covalent bond between two H atoms in HeSCI. The energy
band structure of H¢SCI at 90 GPa was calculated along high
symmetrical k-point paths of ' = X — M — ' — R — X and
R — M in reciprocal space of Pm3m. As shown in Fig. 4(b),
HgSCl exhibits the metallic electronic characteristics under
pressure. The contribution of each element to the energy band
was distinguished by different colors in Fig. 4(b). Combining
with the projected density of states (DOS) on element, we can
observe that the contribution of H to the electronic states near
the Fermi level is larger than those of Cl and S. Unlike the
visible van Hove singularity at the Fermi level in H3S [6,40],
it is reduced in H¢SCIl. However, the total DOS value at the
Fermi level is 0.70 eV/state/f.u. at 90 GPa, which is larger
than 0.45 eV /state/f.u. of H3S at 200 GPa [6]. As the pressure
is increased, the total DOS value at the Fermi level is only
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FIG. 5. (a) Phonon spectrum, phonon density of states (PhDOS),
and Eliashberg spectrum function &> F (w), and electron-phonon cou-
pling integral A(w) of H¢SCI at 90 GPa. (b) Pressure dependence of
T:, A, and o of HeSCI.

slightly decreased (Fig. S5 [38]). From the fine electronic
structures, Cl-dominated bands (states) have lower energy
than S-dominated bands (states), which is consistent with
the existence of stronger bonding states between Cl and H.
Three energy bands crossing the Fermi level are demonstrated
separately in Fig. 4(c). Each band is formed by the mixing of
Cl, S, and H electronic states. Bands 1 and 2 have the large
degeneracy in the ' — R — X direction. They thus form the
similar Fermi surface (FS) sheets including electron-like and
hole-like features. Band 3 forms the electron-like FS sheets
along the ' — X and M — T directions. From the 2D projec-
tion of FS (Fig. S7 [38]), visible nesting characteristics of FS
are observed in HgSCl. The existence of nesting phenomenon
implies the occurrence of superconducting phase transition.
Before evaluating superconductivity, the phonon band
structures of HeSCI were calculated. The evolution of phonon
spectra with pressure is shown in the Fig. S8 [38], which again
implies the dynamical stability of H¢SCl at high pressure.
Figure 5(a) shows the phonon spectra, phonon density of
states (PhDOS), Eliashberg spectrum function a*F (), and
electron-phonon coupling integral A(w) of HgSCI at 90 GPa,
respectively. As can be seen, the frequency range of the
phonon vibration of HgSCI is 0-1350 cm™!. Among them,
some parts of the high-frequency modes come from the vi-
bration of H atoms, while the low-frequency phonon in the
region of 0-600 cm~! is mainly due to the vibrations of
Cl and S, although H also participates in part of the low-
frequency vibration. A large number of soft phonon modes
can be observed from the phonon spectra, which is from the
shielding effect of electrons on lattice vibrations. The Kohn
anomalies imply the strong electron-phonon coupling inter-
actions in HgSCI. By integrating the Eliashberg function, we
can obtain the EPC constant A. In the low-frequency part,
the growth rate of X is very fast, that is, the vibration of Cl
and S in the low-frequency part makes a large contribution
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to the EPC. Increasing the frequency, the vibrations of Cl
and S gradually disappear, and H element dominates in the
high frequency part. As shown in Fig. 5(b) and Table S1
[38], the total EPC constant reaches 2.69 at 90 GPa, which
is larger than 2.19 of H3S at 200 GPa [6]. However, because
wiog 1s only 667.80 K (1334.6 K for H3S at 200 GPa) at low
pressure, the T, of H¢SCl is predicted as 155.4 K for u* = 0.1,
which is lower than 204 K of H3S at 200 GPa [6]. Comparing
with H3S, the smaller wiog mainly comes from the increase
of lattice constant after doping. The lattice constant of a =
3.203 A at 90 GPa for HeSCl is larger than 2.984 A of HS
at 200 GPa [6]. The volume expansion at low pressure results
in the decrease of phonon frequency. As a result, HsSCI at
90 GPa has smaller wj, than H3S at 200 GPa. Compared
with H3S0.9375Clo.0625 and H3S¢ 875Clo. 125 [16,17], HsSCl with
the high doping content of Cl substantially reduces the stable
pressure while maintaining high 7. Figure 5(b) displays the
pressure dependence of T¢, A, and wjog 0of HeSCI. T rapidly
decreases with increasing pressure. When increasing pressure
to 200 GPa, T. is reduced to 83.4 K for u* = 0.1. The EPC
constant A has a similar trend with pressure, while o, be-
haves in an opposite way. Therefore, 7; is controlled by the
competition between A and wjog. As a result, the substitution
of Cl for half of S in H3 drops the stable pressure below
100 GPa while keeping high 7, above 150 K.

For the Br-doped case, the electronic structures shown in
Fig. S6 [38] shows its metallization at high pressure. The
phonon spectra shown in Fig. S9 [38] and the RMSD shown in
Fig. S10 [38] indicate that HsSBr is dynamically stable above
120 GPa. The predicted 7; of H¢SBr is 125.12 K at 120 GPa,

and T first increases and then decreases with the increase of
pressure, as shown in Table S1 [38]. However, compared with
HeSCl, HeSBr cannot be stabilized at lower pressures such as
below 100 GPa.

In summary, we have studied the structural stability (ther-
modynamic and dynamical stabilities), electronic structures,
phonon characteristics, and electron-phonon interactions in
H;3S through the substitution of halogen elements (CI and Br)
for S under pressure based on the first-principles calculations.
We found that among the substituted systems, HgSCl and
HeSBr exhibit the structural stability and superconductivity
with the transition temperatures of 155.4 and 136.4 K at pres-
sures of 90 and 140 GPa, respectively. The discovery of H¢SCI
is significant for the exploration of low-pressure and high-
temperature superconductivity. H¢SCI can be stabilized at the
pressure around 85 GPa in form of Pm3m. The stable pressure
of H3S-like superconductors is reduced below 100 GPa at
which superconductivity can be maintained as high as 150 K.
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