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First-principles demonstration of superconductivity at 280 K
in hydrogen sulfide with low phosphorus substitution
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Recently, BCS superconductivity at 203 K has been observed in a highly compressed hydrogen sulfide. We
use first-principles calculations to systematically examine the effects of partially substituting chalcogen atoms
on the superconductivity of hydrogen chalcogenides under high pressures. We find detailed trends of how the
critical temperature changes upon increasing the V-, VI- or VII-substitution rate. These trends highlight the key
roles played by low atomic mass and metallized covalent bonds. In particular, a possible record high critical
temperature of 280 K is predicted in stable H3S0.925P0.075 with the Im3̄m structure under 250 GPa.
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I. INTRODUCTION

Since the discovery of superconductivity in mercury at
4 K in 1911 [1], scientists have been ardently pursuing
new and better superconductors at higher temperatures. In
a conventional superconductor, the vibrations of a crystal
lattice provide an attractive force that binds an electron with
its time-reversal partner into a Cooper pair [2]. The Cooper
pairs can Bose-condense below a critical temperature (Tc),
which had been believed to be no larger than 25 K prior to the
discovery of MgB2 [3,4]. In this case, the Debye temperature
could be as large as ∼103 K, and low Tc is primarily
related to small electron-phonon couplings [5]. Since 1986
and 2008, respectively, the discoveries of copper- and iron-
based superconductors have provided two new avenues for
making high-Tc superconductors [6–12] while generating new
interest in fundamental physics. Although their unconventional
mechanisms are still under debate, to date a record Tc of 164 K
has been experimentally realized in the cuprate family [9] and
56 K among the iron-pnictide compounds [12].

One may thus wonder whether a Tc higher than 164 K could
be achieved and whether the conventional phonon-mediated
mechanism could play a significant role in such a race. Both
answers have become extremely positive and fascinating, given
the prediction [13] of superconductivity in highly compressed
hydrogen sulfide H3S [14] and particularly the most recent
experimental observation [15,16] of superconductivity at
203 K [13–23]. As pointed out by Bernstein et al. in a
microscopic theory of H3S [17], the strong covalent metallic
nature leads to a large electron-phonon coupling, and the
low atomic mass leads to high-frequency phonon modes.
Both features play essential roles in increasing the Tc of
H3S. Notably, the former feature is analogous to that of
MgB2 [24,25], whereas the latter effect is similar to those
in the H-rich materials [26–38].

As a powerful method for the optimization of Tc, the
atomic substitution has been routine in superconductivity
experiments [39–42]. However, there has yet to be any study
on how the atomic substitution influences the Tc of H3S
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and of the more general hydrogen chalcogenides. Here, we
systematically examine the effects of (partially) substituting
the chalcogen atoms on the superconductivity and particularly
the Tc’s of hydrogen chalcogenides in the Im3̄m phase under
high pressures, based on the first-principles calculations with
the virtual crystal approximation (VCA) [43–47]. In the V- and
VII-substitution cases, we find that the significant changes
of the density of states (DOS) at the Fermi surface and of
the phonon linewidths, coming from the different number
of valance electrons, are the principal factors affecting the
electron-phonon coupling and Tc. In the particular case of
H3S1−xPx at 200 GPa, we find that the DOS, the electron-
phonon coupling constant, and the Tc all first increase and then
decrease as the P-substitution rate increases from zero to 0.2. In
the optimized condition in which x = 0.075 and the pressure
increases to 250 GPa, a possible record high Tc of 280 K is
predicted. In contrast, the Tc decreases monotonously with
increasing the VII-substitution degree. In the VI-substitution
cases, the Tc does not appear to increase substantially because
of the reduction of the DOS with O- or Se-substitution, or
due to the softening of the logarithmically averaged phonon
frequency with Te-substitution. These findings emphasize the
importance of low atomic mass and metallized covalent bonds
in conventional high-Tc superconductors, they pave the way
for substantially enhancing Tc by combining application of
a high pressure and properly designed chemical substitution,
and they suggest that in principle it is not impossible to boost
Tc to the ice point in optimized conditions.

Our paper is organized as follows. In Sec. II, we first
introduce our computational methods. We then discuss our
results in V-, VI-, and VII-substitution systems in Secs. III
and IV, followed by the pressure effects in Sec. V and several
discussions in Sec. VI. The Appendixes provide the important
but technical details.

II. METHODS

Soon after the experimental report [15,16] on the record
Tc of a highly compressed hydrogen sulfide [13,14], further
theoretical studies [17–23] reached two consensuses: (i) the
superconducting matter is most likely H3S with a strong
covalent character in the Im3̄m phase, as sketched in Fig. 1(a),
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FIG. 1. Im3̄m structure of H3S and phonon spectra with a phonon linewidth of VI-substitution systems at 200 GPa. (a) The Im3̄m structure
of hydrogen chalcogenides. (b)–(e) Phonon spectra and phonon linewidths of four representative VI-substitution systems: (b) H3S, (c) H3Se,
(d) H3S0.4O0.6, and (e) H3S0.7Te0.3. The magnitude of the phonon linewidth is indicated by the size of the red error bar, and the magnitude for
H3S0.4O0.6 is plotted with twice the real values.

and (ii) the superconductivity of H3S is phonon-mediated.
Note that the Im3̄m phase has already been confirmed by
a recent x-ray experiment [48]. Thus, the superconductivity
of highly compressed hydrogen sulfide can be accurately
described by the celebrated Eliashberg theory [49], which
takes into account the renormalization of electron-electron
repulsion by electron-phonon interactions. In this theory, the
Allen-Dynes-modified McMillan formula [50,51] relates Tc

to the logarithmically averaged phonon frequency ωln, the
effective Coulomb repulsion µ∗, and the electron-phonon
coupling constant λ:

Tc = f1f2
ωln

1.20
exp

[
− 1.04(1 + λ)

λ − µ∗(1 + 0.62λ)

]
, (1)

where f1 and f2 are the strong coupling and the shape
correction factors [50], respectively. More details on the
McMillan formula are given in Appendix A.

Clearly, there are two ways to enhance Tc, i.e., to search for
materials with high-frequency phonon modes and to increase
electron-phonon couplings. As mentioned in the Introduction,
the H3S happens to constitute both advantages and hence
has a record high Tc. Indeed, within this framework recent
theoretical calculations have well explained the high Tc in the
highly compressed hydrogen sulfide [13–23,52]. Therefore,
we will first reproduce the Tc of H3S in the Im3̄m phase at
200 GPa and study the substitution of S atoms by other VI
atoms. Comparing our results with previous ones will show
the validity of our first-principles calculations with the virtual
crystal approximation (VCA).

There are mainly two different procedures for disordered
systems and partial atomic substitutions in first-principles
calculations, i.e., an ordered supercell and the VCA [43]. The
former method is time-consuming and technically difficult to
deal with in the case of small concentrations. Thus, we chose
to use the VCA in this work. To benchmark the validity of the
VCA in the present work, in Appendix E we have compared
the VCA and the supercell method for the special case of
H3S0.875P0.125. In calculations based on the VCA, the primitive
periodicity is retained but composed of virtual atomic poten-
tials interpolating between the behaviors of actual components.
Even though this approach neglects the local deformations

around atoms and cannot explore the disordered structures
very accurately, it often produces acceptable and useful results
that have been verified in many research fields of condensed-
matter physics [42,44–47,53–58]. The atomic substitution in
the present work is simulated by the self-consistent VCA.
For example, in H3S1−xSex the virtual pseudopotentials of
S1−xSex are represented by a pseudopotential operator VVCA =
xVSe + (1 − x)VS, where VSe (VS) is the pseudopotential of the
Se (S) atom.

The present studies, including the electronic structures,
the phonon spectra, and the electron-phonon couplings, were
carried out using the ABINIT package [59–62] with the local-
density approximation (LDA). Hartwigsen-Goedecker-Hutter
(HGH) pseudopotentials [63] were used in order to include
spin-orbit couplings (SOCs) for the heavy element, tellurium.
The SOCs for other elements were neglected since they are
sufficiently light. By requiring convergence of results, the
kinetic-energy cutoff of 30 Hartree and the Monkhorst-Pack
k-mesh of 40 × 40 × 40 were used in all calculations dealing
with the electronic ground-state properties. The phonon spec-
tra and the electron-phonon couplings were calculated on an
8 × 8 × 8 q-grid. Since calculating electron-phonon couplings
referred to integrals over the Brillouin zone, we also carefully
checked convergence of the results on the aforementioned
k-mesh and q-grid by comparing them with results in denser
samples (a 40 × 40 × 40 k-mesh and a 10 × 10 × 10 q-grid).

III. VI-SUBSTITUTION SYSTEMS

In the VI-substitution systems at 200 GPa, we focus on
studying H3S1−xSex in the full range of x, H3S1−xOx in
the range of x = 0.0–0.6, and H3S1−xTex in the range of
x = 0.0–0.3. This is because when x takes a greater value
in the case of O- or Te-substitution, we can find imaginary
phonon modes at the # point, indicating a lattice structure
instability. The electronic band structures of these systems are
shown in Appendix B, and our results for H3S and H3Se are in
qualitative agreement with previous reports based on similar
first-principles calculations [14,64,65]. We find that the VI-
substitutions have little influence on the electronic band struc-
ture around the Fermi energy, except for some unimportant
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TABLE I. Fermi-surface DOS (in units of Hartree−1/spin) of
hydrogen chalcogenides in various V-, VI-, and VII-substitution
systems at 200 GPa.

x H3S1−xOx H3S1−xSex H3S1−xTex

0.0 7.91 7.91 7.91
0.1 7.70 7.78 7.90
0.3 6.84 7.61 7.53
0.6 4.53 7.51
1.0 7.31
x H3S1−xPx H3Se1−xAsx H3S1−xClx H3Se1−xBrx
0.000 7.91 7.31 7.91 7.31
0.025 8.57 7.80 7.18 6.50
0.050 9.11 7.79 6.58 5.85
0.075 9.92 7.90 5.63 5.23
0.100 10.55 7.96 5.02 4.72
0.125 9.21 8.27 4.84 4.55
0.150 8.02 8.38 4.71 4.39
0.175 7.22 8.12 4.59 4.25
0.200 6.69 6.92 4.47 4.14

changes near # point (see Appendix B). We further find that
including spin-orbit couplings for the Te-substitution case does
not introduce any significant correction either. Notably, the
main electronic effect is the reduction of the DOS at the Fermi
surface in all of these VI-substitution cases, as summarized in
Table I. The DOS decreases monotonically upon increasing
the VI-substitution rate. Moreover, the lighter the substitution
element, the stronger the reduction of the DOS.

Figures 1(b)–1(e) display the phonon spectra of four rep-
resentative VI-substitution systems, and the magnitude of the
phonon linewidth is indicated by the size of the red error bar.
Note that our LDA results and previous GGA results [19,65]
have appreciable but inessential differences on H3S and H3Se,
which arise mainly from the different exchange-correlation

functions and program codes [66]. Overall there is a clear
separation between H modes at high energy and S modes at low
energy [19]. Evidently, upon increasing the degree of heavy-
element (Se or Te) substitution, all three acoustic phonon
modes decrease in frequency. In addition, the H-VI bond-
bending modes (displacement of an H atom perpendicular to a
H-VI bond) in the intermediate frequency region are softened,
whereas the H-VI bond-stretching modes (displacement of
an H atom parallel to a H-VI bond) in the high-frequency
region are hardened. Not surprisingly, the opposite trends
occur for the case of O-substitution. The above changes at
low and intermediate frequency are expected by considering
the relative atomic mass of the substitution elements, whereas
the changes at high frequency might be explained by the
dependence of the chemical precompression effect [27,65,67]
on the atomic radius of VI elements.

Further analyzing phonon linewidths reveals that they
are larger for the H vibrational modes, particularly for the
bond-stretching modes at high frequency, similar to the results
by Errea et al. [19]. We note that the small magnitude of the
phonon linewidth in H3S0.4O0.6 [Fig. 1(d)] is ascribed to the
reduction of the DOS. To expose more clearly the relative
contributions of different phonon modes to the electron-
phonon coupling constant λ, we define an integral function
λ′(ω) = 2

∫ ω

0 ω′−1α2F (ω′)dω′, where λ′(∞) is λ and α2F (ω)
is the Eliashberg function [68–70]. As shown in Fig. 2(a),
the contribution from the intermediate frequency region (300–
1700 cm−1) has an increase in H3S0.7Te0.3, which results
in a corresponding increase in the electron-phonon coupling
constant. Such a variation is a consequence of the increase of
phonon linewidths in the intermediate-frequency region, which
is present in Fig. 1(e) but absent in the O- and Se-substitution
systems [Figs. 1(c) and 1(d)].

With the above results, we use Eq. (1) to estimate the Tc

for the investigated VI-substitution systems, and the results
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FIG. 2. Electron-phonon coupling and critical temperature at 200 GPa of hydrogen chalcogenides with chemical substitutions. Upper
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respectively.
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are plotted in Fig. 2(b). The effective Coulomb repulsion has
been chosen to be µ∗ = 0.12, in the reasonable range of 0.1–
0.15 [71], such that the estimated Tc for H3S and H3Se, 194 and
160 K, are closest to the reported values [19,64]. In all of the
VI-substitution cases, there is no substantial enhancement of Tc

compared with the 194 K in H3S, except a slightly higher Tc of
198 K in H3S0.9O0.1. Notably, despite a higher λ in H3S0.7Te0.3,
the Tc is in fact reduced to 161 K. Because of the heavy
mass of Te, the logarithmically averaged phonon frequency
ωln is only 90.8 meV in H3S0.7Te0.3, much lower than the
125.2 meV in H3S. In fact, the effect of VI-substitution at a
fixed physical pressure can be viewed as a chemical pressure
effect. Thus, our results that the Tc would decrease in the
various VI-substitution cases at 200 GPa are in agreement with
the experimental observation [16] and an earlier theoretical
study [21], which have confirmed that the Tc of H3S is peaked
near 200 GPa.

IV. V- AND VII-SUBSTITUTION SYSTEMS

In addition to the substitution of S by elements in the
same main group, we also further consider substitutions by the
adjacent group elements, i.e., phosphorus and halogen groups.
We mainly focus on the cases in which a small percentage
(x = 0.0–0.2) of S is replaced by P (Cl), and likewise Se is
replaced by As (Br). In sharp contrast to the VI-substitution
cases, the averaged phonon frequency is not expected to have
a significant drop after substitutions, because the atomic mass
after chemical substitutions is close to that of the prototypes.
Thus, as the calculations will show below, the changes of Tc

follow closely the changes of λ in the V- and VII-substitution
cases. Note that the absence of imaginary frequency in the
phonon spectra, as exhibited in Fig. 3 and Appendix C, ensures
the lattice dynamic stabilities for all the cases of interest.

Due to the decrease of valence electrons after V-
substitutions, the electronic energy bands shift up a little bit
with respect to the Fermi energy (see Appendix B). There are
two closely spaced van Hove singularities near the Fermi level
that give rise to the sharp peak in the DOS [52]. Thus, the partial
substitution of sulfur atoms by phosphorus atoms results in a
shift of the Fermi level and the enhancement of the DOS, as
summarized in Table I and also seen in Appendix E. It turns out
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FIG. 3. Phonon spectra with a phonon linewidth of V- and VII-
substitution systems at 200 GPa. (a) H3S0.9P0.1, (b) H3S0.8P0.2, and
(c) H3S0.8Cl0.2. The magnitude of the phonon linewidths in H3S0.9P0.1

(H3S0.8Cl0.2) is too large (small) and thus plotted with half of (twice)
the real values.

that the DOS increases first and then decreases upon increasing
the V-substitution rates. Notably, the DOS can reach very large
values, e.g., 10.55 in H3S0.9P0.1 and 8.38 in H3Se0.85As0.15,
in units of Hartree−1 per spin. Although the phonon spectra
hardly change after V-substitutions, the phonon linewidths
follow a close trend of the changes in the DOS. The magnitudes
of phonon linewidths in the intermediate- and high-frequency
regions rise sharply as the P-substitution rate reaches x = 0.1
and then fall steeply as the rate further increases to x = 0.2,
as shown in Figs. 3(a) and 3(b). Thus, the electron-phonon
coupling constant λ follows the same trend of the changes in
the DOS and in the phonon linewidths, as shown in Fig. 2(d).
This is because the Hopfield expression for MgB2-type super-
conductivity [45,46], i.e., λ = N (EF )D2/(Mω2), requires a
linear relationship between λ and the DOS N (EF ), as studied
in Appendix F. Analysis of λ′(ω) plotted in Fig. 2(c) further
confirms the enhancement of electron-phonon couplings in
the intermediate- and high-frequency regions in H3S0.9P0.1.
Very similar behaviors can be found as the As-substitution
rate increases from zero to x = 0.2 in H3Se1−xAsx , as seen in
Figs. 2(c) and 2(d) and Appendix C. We find that the maximal
coupling-constant values are 2.12 in H3S0.9P0.1 and 1.97 in
H3Se0.85As0.15.

Based on the above results, we use Eq. (1) with µ∗ = 0.12
to estimate Tc for the two V-substitution systems, and we plot
them in Fig. 2(d). The Tc are found to be as high as 250 K
in H3S0.9P0.1 and 185 K in H3Se0.85As0.15, which are greatly
enhanced from the 194 K (160 K) in the prototypical H3S
(H3Se). Given the possible variation of the effective Coulomb
repulsion µ∗ in the range of 0.1–0.15, the Tc in H3S0.9P0.1 may
also vary in the range of 227–265 K.

In the VII-substitution cases we have studied two cases:
H3S1−xClx and H3Se1−xBrx . In general, the electronic energy
bands shift down with respect to the Fermi energy because
of the increase of valence electrons; the DOS at the Fermi
energy, the phonon linewidths, and hence the electron-phonon
coupling constants all decrease monotonously as the degree of
VII-substitutions increases. As a consequence, the Tc drops
monotonously upon increasing the VII-substitution degree.
These results are summarized in Table I, Figs. 2(e) and 2(f),
and Appendix C.

V. THE EFFECT OF PRESSURE

We now take into account the influence of varying the
high pressure on the superconductivity [15,16] in the case of
H3S1−xPx . Since we are particularly interested in optimizing
the Tc, we focus on two cases suggested by Fig. 2(d): H3S0.9P0.1
and H3S0.925P0.075. The main results are summarized in Table II
and Fig. 4. In the case of H3S0.9P0.1, the Tc reaches the
highest value at 200 GPa and remains the same value up to
225 GPa, whereas in the case of H3S0.925P0.075, the Tc increases
monotonously as the pressure rises from 150 to 250 GPa,
beyond which a structure instability is found. Results in the
latter case follow the fact that the DOS at the Fermi energy,
the phonon linewidths, and the electron-phonon coupling
constants all increase gradually with increasing pressure. For
µ∗ = 0.1, the Tc of H3S0.925P0.075 at 250 GPa can reach
280 K. The effect of pressure is similar to those in the
H-rich materials [27–32,38], e.g., the predicted YH6 [38] with
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TABLE II. Fermi-surface DOS (in units of Hartree−1/spin) and
electron-phonon coupling constant λ of H3S1−xPx under different
pressures.

H3S0.925P0.075 H3S0.9P0.1

Pressure (GPa) DOS λ DOS λ

150 9.16 1.96 9.13 1.9
175 9.64 2.0 9.77 1.98
200 9.92 2.1 10.55 2.12
225 10.67 2.24 10.4 2.19
250 11.1 2.44 9.87 2.24

Tc = 260 K. We note that the pressure of 250 GPa has already
been feasible in the H3S experiment by Drozdov et al. [16].
Given the range of µ∗ = 0.1–0.15, the Tc in such an optimized
case is at least as high as 241 K, as indicated by the error bar in
Fig. 4(c). (For µ∗ = 0.12, which yields a Tc of 194 K in H3S,
we find Tc = 264 K.)

VI. DISCUSSION

We have investigated the influence of partial atomic sub-
stitution on the superconductivity of hydrogen chalcogenides
using first-principles calculations with the VCA. Our study has
highlighted the key roles of metallized covalent bonds and low
atomic mass in boosting the Tc of BCS superconductivity. The
former can produce large electron-phonon couplings, whereas
the latter can yield high-frequency phonon modes, and in fact
the highly compressed H3S constitutes both advantages. We
now take H3S as the example to summarize our results. In
the VI-substitution cases, the reduction of the DOS at Fermi
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line) vs pressure. The error bars indicate the value range of Tc with
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energy dilutes the covalent metallic nature even though the
coupling constant can be enhanced in the Te-substitution
case, and the Tc is lowered because of the stronger atomic
mass. This leads us to further study the cases of Cl- and
P-substitutions, in which the atomic mass remains hardly
changed. In the P-substitution case, the DOS, the phonon
linewidths, the coupling constant, and hence the Tc all increase
as the substitution rate increases from zero up to x = 0.1. In
sharp contrast, the oppose trend occurs in the Cl-substitution
case.

In particular, we have shown that in the optimized case
of H3S0.925P0.075 the Tc may reach a record high value of
280 K at 250 GPa, which is a feasible pressure in current
experiments and would not induce any structure instability.
In light of our results, it might be possible that the silicon
substitution would also enhance the Tc of a high-pressure H3S
superconductor. Because of the even fewer valence electrons,
the optimum Tc of H3S1−xSix might occur at even lower
substitution concentration, which might be easier to realize
in experiment. For example, we also find Tc = 274 K in the
case of H3S0.96Si0.04, as shown in Appendix D.

In the future, inclusion of anharmonic effects [19] may
improve our predictions and thus better guide the experiments.
As shown in the previous work [19], anharmonicity will mainly
affect the phonon spectra and corrects the discrepancy between
calculations and experiments. In our work, the Tc enhancement
is mainly due to the increase of the DOS at the Fermi level when
the sulfur atoms are partially substituted by the phosphorus
atoms. In addition, the slight change of phonon spectra under
the substitution is clearly seen in Fig. 3. Thus, one can simply
consider that anharmonicity and phosphorus substitution affect
the Tc of H3S in two independent manners. To focus on the
study of increasing Tc due to phosphorus substitution and
to directly compare with the experimental observations, we
have started from the ad hoc case with Tc = 194 K in the
H3S case. Nevertheless, our finding is exciting. It not only
suggests that partial atomic substitution may lead to possible
superconductivity above the ice point in the highly compressed
H3S, but it also gives hope that in principle the low atomic
mass and strong covalent metallic nature may be designed
in novel materials to realize high-Tc BCS superconductivity
under ambient pressures.

Note added. During the submission of our manuscript,
a highly compressed H3P was experimentally found to be
superconducting at 103 K under 207 GPa [72].
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APPENDIX A: SUPPLEMENTARY METHODS

The microscopic electron-phonon matrix elements
M

q,ν
ik,jk+q describe the electronic scattering from the state with

momentum k to another state k + q by a phonon mode (q, ν),
and they can be expressed as [68–70]

M
q,ν
ik,jk+q =

(
!

m∗ωq,ν

)1/2

⟨i,k|δq,νV |j,k + q⟩, (A1)

where m∗ is the atomic mass and δq,νV is the derivative of
the self-consistent effective potential with respect to atomic
displacement associated with the phonon mode (q, ν) of
frequency ωq,ν . It follows that the Eliashberg function reads

α2F(ω) = 1
!N (EF )

∑

q

,νδ(ω − ωq,ν)

×
∑

i,j,k

∣∣Mν
ik,jk+q

∣∣2
δ(ϵik − ϵF )δ(ϵjk+q − ϵF )

=
∑

q,ν

γq,ν

4πωq,νN (EF )
δ(ω − ωq,ν), (A2)

where ϵik is the band energy of the Bloch state |i,k⟩, N (EF )
is the DOS at the Fermi energy, and γq,ν indicates the phonon
linewidth. Moreover, Tc is thus estimated by the Allen-Dynes-
modified McMillan formula [50],

Tc = f1f2
⟨ω⟩log

1.2
exp

[
− 1.04(1 + λ)

λ − µ∗(1 + 0.62λ)

]
, (A3)

where f1 and f2 are defined as

f1 =
{

1 +
[

λ

2.46(1 + 3.8)µ∗

]3/2}1/3

,

f2 = 1 +
(ω2/⟨ω⟩log − 1)λ2

λ2 + [1.82(1 + 6.3µ∗)(ω2/⟨ω⟩log)]2
. (A4)

These two functions are required to be unity for the weak
electron-phonon coupling [50]. ⟨ω⟩log and ω2 are defined as

⟨ω⟩log = exp
[

2
λ

∫ ∞

0
α2F(ω) log ω

dω

ω

]
,

(A5)

ω2 =
[

2
λ

∫ ∞

0
ωα2F(ω)dω

]1/2

,

which represent the logarithmically averaged phonon fre-
quency and the second moment of the normalized weight
function, respectively.

APPENDIX B: ELECTRONIC BAND STRUCTURES OF V-,
VI-, AND VII-SUBSTITUTION SYSTEMS

In Fig. 5, we show the electronic band structures of several
representative VI-substitution systems. By comparing the band
structures of VI-substitution systems (black solid lines) and
that of H3S (red dashed lines), we find that VI substitution
mainly affects the bands near the # point.
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FIG. 5. Electronic band structures of VI-substitution systems
at 200 GPa. (a) H3Se, (b) H3S0.4O0.6, and (c) H3S0.7Te0.3. For
comparison, the red dashed lines show the band structure of H3S.
The Fermi energies are set to be zero.

In Fig. 6, we show the electronic band structures of several
representative V-substitution and VII-substitution systems.
By comparing the band structures of substitution systems
(black solid lines) and that of H3S or H3Se (red dashed
lines), clearly for V-substitution systems the Fermi energies
shift down slightly versus that of H3S or H3Se, whereas for
VII-substitution systems the Fermi energies shift up slightly.
Other effects are almost invisible.
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FIG. 6. Electronic band structures of V-substitution and VII-
substitution systems at 200 GPa. (a) H3S0.8P0.2, (b) H3Se0.8As0.2,
(c) H3S0.8Cl0.2, and (d) H3Se0.8Br0.2. For comparison, the red dashed
lines show the band structure of H3S in (a) and (c) and that of H3Se
in (b) and (d). The Fermi energies are set to be zero.

224513-6



FIRST-PRINCIPLES DEMONSTRATION OF . . . PHYSICAL REVIEW B 93, 224513 (2016)

4

8

12

16

20

24

28

32
(c)(b)

1.0

Γ H N P Γ N

H3Se0.85As0.15

ph
on

on
 e

ne
rg

y 
 (1

00
×c

m
-1
)

1.0

Γ H N P Γ N

H3Se0.8As0.2

2.0

Γ H N P Γ N

H3Se0.8Br0.2
(a)

FIG. 7. Phonon spectra and linewidths of V-substitution and VII-
substitution systems at 200 GPa. (a) H3Se0.85As0.15, (b) H3Se0.8As0.2,
and (c) H3Se0.8Br0.2. The magnitude of the phonon linewidths in
H3Se0.8Br0.2 is too small and thus plotted with twice of the real
values.

APPENDIX C: PHONON SPECTRA AND LINEWIDTHS
OF V- AND VII-SUBSTITUTION SYSTEMS

In Fig. 7, we show our calculation results of the phonon
spectra and phonon linewidths for several representative V-
substitution and VII-substitution systems.

APPENDIX D: CALCULATIONS FOR ONE CASE
OF SILICON SUBSTITUTION

For the silicon-substitution cases, we have performed cal-
culations for the case of H3S0.96Si0.04 at 250 GPa. The phonon
spectrum and phonon linewidths of H3S0.96Si0.04 are shown in
Fig. 8. The absence of imaginary phonon modes suggests the
stability of the considered material in the Im3̄m phase at the
considered pressure. In addition, the corresponding DOS and λ
are found to be 10.93 Hartree−1 per spin and 2.56, respectively.
Based on the McMillan formula, we further obtain Tc = 274 K
with µ∗ = 0.1.

APPENDIX E: SUPERCELL METHOD AND THE VCA

To benchmark the validity of the VCA in the present work,
we have also performed calculations for H3S0.875P0.125 by
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FIG. 8. Phonon spectrum and phonon linewidths of H3S0.96Si0.04

at 250 GPa. The magnitude of the phonon linewidths is too large and
thus plotted with half of the real values.

-1.0 -0.5 0.0 0.5

3

6

9

12

15

0 4 8 12 16 20 24 28 32

3

6

9

12

15
H3S0.875P0.125(200GPa)H3S0.875P0.125(200GPa)

D
O

S
(H

ar
tre

e-1
/s

pi
n)

energy (Hartree)

Supercell(2*2*2)
VCA

(a) (b)

PD
O

S
(1

0-2
cm

)

phonon energy (100×cm-1)

FIG. 9. Comparison between the results obtained by the supercell
method and by the VCA. (a) Electron DOS and (b) phonon DOS in
H3S0.875P0.125 at 200 GPa. Note that in H3S, the position of the DOS
peak is lower than the Fermi level.

using the supercell method, substituting one S atom by one
P atom in the 2 × 2 × 2 supercell. The comparison between
the two methods is shown in Fig. 9, and their agreement shows
the applicability of the VCA to the present work. We note
that the results about electron-phonon coupling and super-
conductivity are not obtained due to the limit of computing
power.

APPENDIX F: RELATIONSHIP BETWEEN DOS AND λ

The electron-phonon coupling constant can be approxima-
tively written as λ = N (EF )D2/(Mω2), which is the Hopfield
expression for MgB2-type superconductivity [45]. Here D is
the deformation potential, M is the effective mass, and ω is the
phonon frequency. In the present work, the Tc enhancement
is mainly due to the increase of the DOS at Fermi level
N (EF ), when the sulfur atoms are partially substituted by the
phosphorus atoms; there is hardly any change in the phonon
spectrum. Therefore, λ scales linearly with the DOS N (EF ),
as shown in Fig. 10.
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FIG. 10. The electronic DOS and the electron-phonon coupling
λ in H3S1−xPx . (a) DOS and λ vs the substitution concentration. (b)
Linear relationship between λ and DOS.
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