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We examine the effects of the low-level substitution of S atoms by C and Si atoms on the supercon-
ductivity of H3S with the Im3m structure at megabar pressures. The hole doping can fine-tune the Fermi
energy to reach the electronic density-of-states peak maximizing the electron-phonon coupling. This can
boost the critical temperature from the original 203 K to 289 K and 283 K, respectively, for H3S¢.962Co.038
at 260 GPa and Hs3So.960Sio040 at 230 GPa. The former may provide an explanation for the recent

experimental observation of room-temperature superconductivity in a highly compressed C—S—H sys-
tem [Nature 586, 373—377 (2020)]. Our work opens a new avenue for substantially raising the critical
temperatures of hydrogen-rich materials.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Pursuing room-temperature superconductors has been a major
theme in condensed-matter and materials physics since the dis-
covery of superconductivity in 1911. According to the Bardeen-
Cooper-Schrieffer (BCS) theory, strong electron-phonon coupling
and high phonon frequencies can conspire to produce supercon-
ductivity exhibiting high critical temperatures (T¢’s). These two
conditions can be achieved via strong covalent metallicity and low
atomic mass, respectively. Naturally, metallic hydrogen and
hydrogen-rich materials in general under pressure are plausible
candidate high-T. superconductors [1—10]. As a prime example,
hydrogen sulfide H3S with the Im3m structure has been theoreti-
cally predicted [11,12] and experimentally confirmed [13,14] to
exhibit a maximum T, of 203 K at 150 GPa. Though a range of T;'s
has been reported in various studies [13—18], the maximum TT; of
at least 180 K for H3S has now been reproduced in several different
experiments [13,14,17]. This breakthrough has attracted a great deal
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of research interest [ 19—24]. In particular, it has been predicted that
under hole doping the T, of H3Sg.927Po.075 can be as high as 280 K at
250 GPa [25]. To date a variety of new hydrogen-rich materials with
different structures have been proposed based on first-principles
calculations [26—31]. As a paradigmatic system, lanthanum
superhydride LaH1 with its novel hydrogen clathrate structure has
been experimentally demonstrated to exhibit T.'s of 250—260 K at
pressures of 170—185 GPa [32—34].

A very recent experimental study has reported superconducti-
vity in the C—S—H system at pressures of 140—275 GPa, with the
highest T, of 288 K at 267 GPa demonstrating room-temperature
superconductivity [35]. Since the underlying crystal structure has
yet to be determined, pressure-induced structural changes over the
measured range cannot be ruled out. However, the current exper-
imental data are consistent with a continuous increase in T, with
pressure but perhaps a discontinuous dT./dP near 230 GPa, sug-
gesting a gradual structural deformation instead of an abrupt
structural transition near that pressure. More experimental data
are obviously required to establish the trend of T, versus pressure,
and more importantly chemical analysis and X-ray diffraction are
required to reveal the composition and crystal structure of the
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superconducting component in the C—S—H system.

Interestingly, the room-temperature superconductivity in the
C—S—H system and its T, pressure dependence beginning below
200 GPa [35] are strongly reminiscent of the predicted pressure
effect on T, of hole-doped H3S;.xPx and H3S1.,Six [25]. Here we
systematically study the effects of C and Si substitution for S on the
superconductivity of HsS with the cubic Im3m structure at megabar
pressures based on first-principles calculations with the virtual
crystal approximation (VCA) [25]. The cubic structure is examined
here since it gives the highest T. for H3S [14]; the effects of sub-
stitution on phases derived from lower symmetry structures
[11,30,31,36—40] will be studied in future work. As demonstrated
previously [25] and below, low-level substitution can fine-tune the
Fermi energy to reach the electronic density-of-states (DOS) peak
and thus maximize the electron-phonon coupling. It turns out that
this can boost the T, from the original 203 K to 289 K and 283 K,
respectively, for H3Sg962C0.038 at 260 GPa and H3Sgg60Sip.040 at
230 GPa. The former may provide an explanation for the recent
experimental observation of room-temperature superconductivity
in the C—S—H system including its overall T, pressure dependence
[35]. The results thus also suggest an effect of C incorporation
below 200 GPa.

Following the approach introduced in Ref. 25, our calculations
were performed within the framework of ABINIT [41—44] using the
local-density approximation. The ion and electron interactions
were treated with Hartwigsen-Goedecker-Hutter pseudopotentials
[45]. The electronic ground-state properties were calculated on a
32 x 32 x 32 Monkhorst-Pack k-mesh using the kinetic energy
cutoff of 800 eV. The phonon dispersions and the electron-phonon
couplings were calculated on an 8 x 8 x 8 g-grid using the density
functional perturbation theory [46]. The atomic substitution was
simulated by the self-consistent VCA, where the virtual pseudo-
potentials of S1.4Zx were set to be Vycy = (1 — x)Vs + xVz.

The superconductivity of H3S can be accurately described by the
BCS theory, which underlines the aforementioned strong electron-
phonon coupling and high phonon frequencies as the two most
important factors in producing the high T; in this class of materials.
Here we focus on the former factor, or equivalently the effect of the
electronic DOS, for reasons that becomes clear below. H3S has a DOS
that reaches 7.43 Hartree™!/spin at its Fermi level [21], because of
the presence of a van Hove singularity in the vicinity, as shown in
Fig. 1. By substituting the S atoms with C and Si, the H3S system can
be hole doped, and the Fermi level can be moved closer to the DOS
peak, and by increasing the pressure, the DOS peak can be further
enhanced. Both effects are illustrated in Fig. 1(b). The dynamical
stability of the crystal structure limits the substitution level to x <
0.050 for H3S1.xZx (Z = C, Si) hereafter.

Fig. 1(c) compares the phonon dispersions of H3Sgpg60Co.040 at
250 and 280 GPa. The coupling of Fermi-level electrons with spe-
cific phonons is indicated by the thickness of the dispersion curves,
i.e., the magnitudes of phonon linewidths

2
Yoo = ZTtmqu‘M;fkjk+q) 5(€ik - EF)6<€jk+q - €F> ) (1)
ijk
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where Mj, jkiq aTe the microscopic electron-phonon matrix ele

ments. High-frequency H—S (or H-Z) bond-stretching modes near
2500 cm™! have the largest phonon linewidths, indicating strong
electron-phonon coupling of the H-based vibrations. One such
high-frequency phonon mode and two lower-frequency modes are
illustrated in the inset of Fig. 1(c).

The superconductivity of H3S1.xZx (Z = C, Si) can be estimated by
Eliashberg theory [47], which takes into account the renormaliza-
tion of electron-electron repulsion by electron-phonon
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interactions. This celebrated theory has been successfully used in
predictions of superconductivity in hydrogen-rich materials as well
as ambient-pressure conventional superconductors. Fig. 2(a) shows
that for both C- and Si-substitutions at 250 GPa the DOS at the
Fermi level increases with increasing the substitution level x, rea-
ches a maximum around x = 0.040, and then starts to decrease.
This trend is similar to that found for H3S1.xPx [25], and as antici-
pated C- or Si-substitution is almost twice as efficient as P-substi-
tution for hole doping. For both cases, the electron-phonon
coupling A follows the trend of the DOS, as the influence of low
substitution on the phonon frequency is weak and secondary. The
upper-pressure limit of dynamical stability of cubic Im3m H3S1_xZx
varies with both Z and x. For example, the upper-pressure limit of
H3S0.960C0.040 is 280 GPa, and that of H3Sg960Sig.040 is 250 GPa.
Beyond these limits, acoustic phonons at the H point become
imaginary signaling structural instabilities. As seen in Fig. 2(c), our
study focuses on pressures of 200—280 GPa and the substitution
levels up to x = 0.050. At these pressures H3S1.xCy is found to be
dynamically stable, whereas H3S1.,Siy becomes unstable beyond
about 250 GPa with a moderate x-dependence.

As shown in Fig. 2(b), for both C- and Si-substitutions at
x = 0.040 the DOS at the Fermi level increases first and then de-
creases as the pressure increases. The maximum DOS occurs at
different pressures for the two cases, i.e., 250 GPa for H3S0.960Co.040
and 230 GPa for H3Sg 960Si0.040. Notably, for C-substitution the DOS
increases more markedly with pressure in the 230—250 GPa range
than that at lower pressures. A possible reason is the complex in-
fluence of compression on the electronic structure around the
Fermi level, as implied in Fig. 1(b) by the different DOS behavior at
different pressures for a fixed doping level. By contrast, the A\’s in
both cases increase monotonically with pressure. The different DOS
and A trends with pressure are likely due to softening of the pho-
nons around 600 cml. As marked by the magenta arrows in the
inset of Fig. 1(c), these softened phonon modes, which also
contribute to A, are low-frequency H—S bond-bending modes [20].
As we see from 1 = 2 [0 1a?F(w)dw, the phonon softening is
beneficial for enhancing A. Indeed, there is a drop in the logarith-
mically averaged phonon frequency (w);g from 1364 K at 250 GPa
to 1269 K at 280 GPa. This explains why A exhibits a modest upward
trend while the DOS decreases with increasing pressure.

Given the averaged phonon frequency ()., effective Coulomb

repulsion ", and electron-phonon coupling A, the Allen-Dynes-
modified McMillan formula [48,49]

(0)1og

1.04(1 + 4
Te=fif2 120 XP ( )

T A—ur(1+0.62))

(2)

can be implemented to predict the T.. Here f; and f, are the strong
coupling and shape correction factors [48], respectively; a reason-
able range of u* is between 0.10 and 0.15 [50]. For H3S at 200 GPa
[13], our calculations yield the T, of 194 K for u* = 0.12 and 203 K
for u* = 0.11. Following the behavior of the DOS, the T, increases
faster in the 230—250 GPa range than that at lower pressures, as
shown in Fig. 2(b). This behavior appears to parallel the upturn in T,
above 230 GPa observed experimentally in the C—S—H system [35].
While the DOS drops with increase in pressure as discussed above,
the phonon softening enhances A but weakens (w);q. This implies a
decrease of Debye temperature in the BCS theory. This suggests a
maximum T versus pressure that tracks the behavior of the DOS. In
order to display the joint influence of hole doping and high pres-
sure, as well as to identify the maximum T, we plot the map of the
T. versus the substitution level and pressure for u* =0.10 in
Fig. 2(c). In particular, the highest T, are 289 K for H3S¢.962Co.038 at
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Fig. 1. (a) Band structures and (b) DOS of HsS at 220 GPa (black), H3S.960Co.040 at 220 GPa (solid red), and H3S0.960Co.040 at 240 GPa (dashed red), with their Fermi energies set to be
zero. (c) Phonon dispersion and Eliashberg function a2F(w) of H3S0960Co.040 at 250 GPa (red) and 280 GPa (blue). The magnitudes of phonon linewidths are indicated by the line
thickness. Inset: the low-frequency (magenta) and high-frequency (green) H—S bond-bending modes around 600 (2000) cm™ and the H—S bond-stretching modes around

2500 cm! (cyan).
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Fig. 2. (a) DOS (black) and electron-phonon coupling A (blue) of cubic H3S1.4Zy (Z = C, Si) versus x at 250 GPa. Solid and dashed lines denote the results for H3S;_,Cy (square) and

HsS1.,Six (circle), respectively. (b) DOS (black), A (blue), and T, (shaded) versus pressure at x = 0.040. For each T, curve, the upper and lower bounds are obtained by choosing u* =

0.10 and 0.15, respectively. (c) The T, maps of H3S;_,Cx and H3S;.,Siy versus x and pressure for u* = 0.10. At high pressures or high substitution levels, cubic H3S;_,Siy becomes

unstable; thus no data are shown.

260 GPa and 283 K for H3S0.960Si0.040 at 230 GPa. The former is very
close to the highest T, of 288 K at 267 GPa observed in the C—S—H
experiment [35]. Evidently in Fig. 2(c), the highest T¢'s are reached
near the structural instabilities. This appears to be consistent with
the picture that soft phonon modes can be important for T,
enhancement near structural instabilities in superconducting hy-
drides [51-53].

In conclusion, we have examined the effects of hole doping on
the superconductivity of H3S with the Im3m structure at megabar
pressures by using the first-principles calculations with the VCA.
This fine-tunes the Fermi energy to reach the peak in the electronic
DOS, maximizes the electron-phonon coupling, and boosts the T to
289 K and 283 K, respectively, for H3Sp.962C0.038 at 260 GPa and
H3S0.960Si0.040 at 230 GPa. Because of the fewer valence electrons
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and the lighter atomic masses, the C- and Si-substitutions are more
efficient in raising T, than substitution by P [25]. Although less
stable at the higher pressure, Si-substitution raises the T, more than
substitution by C below 240 GPa. Most importantly, the C-substi-
tution may provide an explanation for the recent experimental
observation of room-temperature superconductivity in the C—S—H
system and its T, pressure dependence above 200 GPa [35]. Our
findings indicate that hole doping in general—not limited to C-, Si-,
and P-substitutions—is a robust approach to maximize the T, of HsS.
Looking forward, our study, together with Ref. 25, opens a new
avenue for substantially raising the already high T’s of hydrogen-
rich materials and calls for experimental investigation to system-
atically optimize the doping of these materials under pressure to
reach still higher T¢'s.
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