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Recent developments in high temperature superconducting materials under high pressure have
made numerical evaluation of the superconducting transition temperature (Tc) of predicted mate-
rials critically important as a means to identification. Existing methods of calculating Tc often do
not agree with each other or experiment, often due to the large number of complex factors that
contribute to this property, among them is the neglect of dispersion interactions in commonly used
density functionals. Here, we evaluate the effect of including dispersion interactions on the predicted
superconducting properties of two examples of the covalent superhydride class of very high-Tc su-
perconducting materials. In both cases, dispersion is found to have sizeable effects, increasing the
electron-phonon coupling as compared to the reference case of elemental niobium. A detailed in-
vestigation traces the origin of this effect in a 270GPa R3m CSH7 [Cui et al., Phys Rev. B 101,
134504 (2020)] structure to structural distortions driven by long-range electron-phonon interactions
rather than novel bonding networks.

I. INTRODUCTION

Until recently, no stoichiometric metal hydride com-
pound was reported to have a superconducting transi-
tion temperature (Tc) beyond 20K.[1] This led some to
initially come to the conclusion that the presence of hy-
drogen would destroy the superconductivity in such a
system due to an uncompensated decrease in the mate-
rial’s electron-phonon coupling (λ) parameter.[2] Despite
that, Ashcroft predicted in 2004 that hydrogen dominant
alloys could be high-Tc superconductors as they could
behave as chemically pre-compressed versions of metal-
lic hydrogen which share its critical properties of a large
electron-phonon coupling and a high density of states at
the Fermi level related to the hydrogen content.[3–5] Over
the last decade, Ashcroft’s prediction has been realized
as led by the discovery of superconductivity in hydrogen
sulfide (H3S) at 203K and 155GPa.[6–8] The explosion of
research into superstoichiometric hydride materials have
demonstrated the great potential of phonon-mediated su-
perconductors leading up to our own recent report of
room temperature superconductivity in a carbonaceous
sulfur hydride (C-S-H).[9]

The phonon-mediated superconducting superstoichio-
metric hydride materials (aka "superhydrides") broadly
fall into two classes, metal superhydrides with clathrate-
like hydrogen lattices encompassing metal cations,[10–
19] and purely covalent superhydrides such as H3S and
C-S-H. The metal superhydrides are often observed as
a progression of extended metal hydride phases with in-
creasing hydrogen content as a function of pressure, for
instance the synthesis of YH9±x following the progres-
sion of Y → YH3 → YH6 → YH9±x.[19] On the other
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hand, the covalent superhydride quantum materials often
start their lives as molecular, non-metallic compounds at
ambient/low pressure then transform to a pressure in-
duced metallic/superconducting material which still re-
tains some molecular framework. This is most clearly
seen with H3S starting as molecular H2S or a com-
pound of molecular H2S and H2.[6, 20] That molecu-
lar structure evolves with pressure into the supercon-
ducting extended Im3m structure of two interpenetrated
perovskite-like SH3 sublattices which each exhibit a weak
3-dimensional covalency.[6–8, 21–23] Based on the known
low pressure molecular solids of CH4 and H2,[24] a sim-
ilar (H2S)2−x(CH4)xH2 molecular solid is believed to be
the initial low pressure phase of C-S-H.[9]

Accounting for anharmonic effects has been shown to
be important for computing the stability regimes and
properties of high pressure superhydrides, especially in
resolving the structure of the superconducting phase
of H3S.[25, 26] Likewise, for molecular or layered com-
pounds where van der Waals interactions are present, the
treatment of the dispersion interactions is known to be
important.[27–34] While present, accounting for disper-
sion interactions in extended, "hard" materials such as
metals and ionic compounds has been shown to not be
crucially important for accurate property predictions,[35]
and a similar conclusion is anticipated for their super-
conducting properties. This is especially the case for
metal superhydrides which are composed of an extended
metallic hydrogen lattice ionically interacting with metal
cations. In addition, many classical Lennard-Jones pa-
rameterizations have weak interaction energies for hy-
drogen and transition metals.[36, 37] For example, the
nonbonding interaction energies in the Universal Force
Field are 0.044 kcal/mol for H, 0.072 kcal/mol for Y,
and 0.017 kcal/mol for La, whereas the values for C
(0.105 kcal/mol) and S (0.274 kcal/mol) are significantly
larger.[36]
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Clearly, accounting for dispersion interactions will be
important for a consistent description of the covalent su-
perhydrides across all pressures owing to their molecular
low pressure phases. However, the importance of dis-
persion interactions in the high pressure superconduct-
ing phases of the covalent superhydrides is unclear. The
bonding in H3S is extended, yet there is no clear in-
teraction between the interpenetrated sublattices.[7, 23]
The shortest S—S distance between the sublattices in the
first predicted Im3m 200GPa structure (a=2.984Å)[7] is
2.584Å, which is slightly longer than a S—S bond and
at the intermediate length scale where dispersion interac-
tions should begin to become important. Recent crystal
structure prediction simulations on C-S-H have predicted
a structure which has a methane (CH4) molecule interca-
lated within a single SH3 sublattice.[38, 39] Accounting
for dispersion interactions for such a guest-host structure
(ie. with a low dimensional ‘0-D’ sublattice) at lower
pressures would be vital for accurate property predic-
tions, and it is likely also the case for the high pressure
superconducting phase given the sensitivity of electron-
phonon coupling calculations. Herein, we explore the
importance of accounting for dispersion interactions in
covalent superhydride materials using three benchmark
systems: ambient Nb (an elemental, metallic supercon-
ductor), the 200GPa Im3m phase of H3S, and the pre-
dicted intercalated H3S+CH4 R3m structure for C-S-H
at 270GPa.

II. METHODS

Ab initio plane-wave density functional theory (PW-
DFT) [40, 41] simulations for all structural determina-
tion and analysis. All structural optimizations were per-
formed as two sequential optimizations followed by a fi-
nal single-point evaluation resetting the plane-wave ba-
sis set between each step to minimize the effect of Pu-
lay stress. The functionals used throughout were the
generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof (PBE) or the vdW-DF2 van der
Waals density functional which accounts for non-local
correlation.[42, 43] vdW-DF2 was selected for its doc-
umented performance over other non-local vdW density
functionals and stock availability in all pertinent modules
of Quantum Espresso 6.8. Additional non-local disper-
sion functionals including vdW-DF [44, 45], rVV10 [46],
vdW-DF-cx [47], and vdW-DF3-opt2 [48] were evalu-
ated to confirm the effect of including dispersion inter-
actions. Electron-phonon coupling and superconducting
properties were calculated in Quantum Espresso using
the linear interpolation and double grid technique.[49–
52] Those simulations utilized either the PBE or vdW-
DF2 functional as described in the text and the Rappe
Rabe Kaxiras Joannopoulos ultrasoft (rrkjus) pseudopo-
tentials formulated for the PBE functional. As ultrasoft
pseudopotentials were used, the respective charge den-
sity cutoffs (ecutrho) were chosen to be 8–10× the ki-

netic energy cutoff, which were chosen as discussed below.
The self-consistent field convergence threshold was set to
10−15 Ry (1.36×10−13 eV), and the optimization thresh-
old on forces was 1.2×10−6 RyÅ−1 (1.63×10−5 eVÅ−1).
The f1 and f2 corrections for the Allen-Dynes equation
were calculated using the algebraic simplification of [53].

Evolutionary algorithm crystal structure prediction
(CSP) simulations were performed with the USPEX
code.[54–56] For each stoichiometry evaluated, the search
employed an initial population size of 80 structures,
followed by 50 structures for subsequent generations.
The optimizations and enthalpy evaluations for the
CSP were performed with Vienna ab initio simulation
package (VASP)[57] version 5.4.4 using the vdW-DF2
functional.[43, 57] For the CSP optimizations, the plane-
wave cutoff energy was set to 750 eV, the self-consistent
field convergence criterion was 10−4 eV, and the forces in
the optimizations were converged to 10−2 eVÅ−1. The
top results from the CSP searches were re-optimized
such that all forces were below 10−4 eVÅ−1. VASP was
also used to generate band decomposed charge densi-
ties and band structures. All re-optimizations and anal-
ysis simulations used a 1000 eV plane wave cutoff en-
ergy, a 10−8 eV self-consistent field convergence crite-
rion, an automatically generated Γ-centered k-point grid
with 0.3Å−1 spacing, and first order Methfessel-Paxton
smearing with a 0.2 eV smearing width.[58] All VASP
simulations used the projector augmented wave (PAW)
pseudopotentials formulated for GW calculations with
PBE.[59, 60] Band and density of state (DOS) plots were
made utilizing the SUMO toolkit using paths determined
by See-KPATH.[61]

III. RESULTS AND DISCUSSION

Each implementation and modification of electron-
phonon calculations in Quantum Espresso have stressed
the sensitivity of those calculations to a myriad of
values.[51, 52] As this work is intended to compare the
results between functionals, and not of the underlying pa-
rameters, we will state only that thorough convergence
criterion evaluation was performed on all three struc-
tures of interest with both functionals and briefly point
out a few key results. Significant electron-phonon in-
teractions operate only for electrons near the Fermi sur-
face making good calculations require accurate energies
and fine k-point sampling of the Brillouin zone, so opti-
mizations were done several times to check convergence
with respect to kinetic energy cutoffs and k-point spac-
ing/grid size. Plane wave cutoffs of 60Ry, 72Ry, and
75Ry were used for the electron-phonon calculations of
the Nb, H3S, and CSH7 systems, respectively. These
were used with corresponding k-point grid samplings of
24×24×24, 25×25×25, 30×30×30, along with q-point
grids of 4×4×4, 5×5×5, and 3×3×3. The q-point grids
were interpolated to 8× denser grids for Tc analysis. The
double-δ smearing parameter has also been highlighted
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TABLE I. The calculated superconducting properties of Nb, H3S at 200GPa, and CSH7 at 270GPa with the PBE and vdW-
DF2 functionals. Each structure was optimized in its respective functional prior to evaluating the electron-phonon coupling.
The Tcs were calculated using the Allen-Dynes modification of the McMillan equation with µ∗=0.10 (or 0.15).

Nb H3S CSH7

PBE vdW-DF2 PBE vdW-DF2 PBE vdW-DF2
Tc (K) 13.76 (11.28) 12.61 (10.43) 209.62 (183.06) 202.96 (177.86) 67.43 (43.36) 147.40 (122.78)
λ 1.337 1.410 2.387 2.566 0.732 1.465
ωlog (K) 123.33 106.04 1060.42 968.51 1675.21 1186.33

as a critical parameter for these simulations.[51, 52] Suf-
ficient smearing width is taken where Tc changes slowest
with change in smearing, meaning where Tc peaks as a
local maximum, so the appropriate smearing in such a
manner for each calculation with a typical value being
0.040Ry. More details and plots may be found in the
Supplemental Materials.[62]

Accounting for dispersion interactions is not expected
to have a significant influence on Tc calculations for all
superconductors. Thus, a control case is required to test
the potential importance of including dispersion interac-
tions for covalent superhydrides beyond the weak descrip-
tion available in semi-local functionals. Niobium is just
such a system being the highest temperature elemental
superconductor at ambient pressure with a measured Tc
of 9.25K,[63] and previous simulations have established
that dispersion corrections are not necessary for an accu-
rate prediction of its Tc from first principles.[51] As in-
tended, the Nb results in Table I show little effect for the
inclusion of non-local dispersion effects in the electron-
phonon calculations with both functionals slightly over-
estimating the experimental Tc value, most likely due
to the use of the modified Allen-Dynes equation.[64, 65]
Using the unmodified McMillan equation which was fit
for Nb gives very accurate agreement with respect to
experiment for both functionals (Table in Supplemental
Materials).[66] The PBE predicted bcc lattice for Nb with
a=3.315Å closely agrees with experimental values which
are generally reported to be around 3.30Å.[67] vdW-
DF2 expands the lattice constant by 2.4% to 3.379Å in
line with previous simulations,[35] however this expan-
sion has little effect on the predicted Tc. Likewise, the
band structure and phonon densities of state as computed
in both functionals are also nearly identical (plots in Sup-
plemental Materials). This confirms that much like the
structural properties, the superconducting properties of
a standard, extended metallic system will not be affected
much by accounting for dispersion interactions. It also
establishes a baseline expectation of agreement between
functionals for such a system to be within ∼1.5%.

Much like Niobium, H3S is an extended metallic sys-
tem and thus not expected to have significant dispersion
corrections. While the experimentally confirmed high-
est Tc of 203K for the proposed Im3m phase of H3S

was measured at 155GPa,[6] the simulations presented
here are at 200GPa to compare with previous theoreti-
cal results.[7, 26] The PBE optimized lattice here has a
lattice constant of 2.989Å in good agreement with the re-
sults of the previous simulations. In the previous works,
the Tcs computed using harmonic phonons and structures
with the Allen-Dynes modification of the McMillan equa-
tion ranged from 192K to 204K for the Im3m phase of
H3S. As shown in Table I, the Tc values range from 209.62
to 183.06K depending on the choice of µ∗ in agreement
with the initial treatment of Duan et al. [7] Their lowest
value of 192K comes from a treatment with µ∗=0.13, and
that choice of µ∗ shifts our PBE value to 193K, again in
very good agreement with the slight variation stemming
from the aforementioned parameterization of the simula-
tion.

The dispersion corrected functional expands the Im3m
H3S lattice (a=3.020Å) relative to PBE while also pre-
dicting that it is dynamically unstable at all q-points
sampled. Despite the dynamic instability, the electron-
phonon coupling of the dispersion corrected simulation is
non-negligibly increased (λ=3.364) relative to the PBE
predicted value. Relaxing this dynamic instability re-
quires the use of a trigonal cell setting within Quantum
Espresso, producing the R3m structure of H3S. The R3m
modification contracts the cubic cell’s angles to 89.91◦,
expands the cubic lattice parameter to 3.035Å, and also
contracts the H atoms slightly across the S–H–S bridges
towards one of the S atoms. While this contraction ap-
pears to form the molecular-like H3S sub-units character-
istic of the R3m phase at lower pressures, the difference
of the S–H distances is only 0.26Å. This makes the non-
bonding length significantly shorter than the anticipated
hydrogen bonding distance,[68] thus still strongly inter-
acting as reflected in an increased λ relative to the PBE
computed value (Table I).

Despite being in the R3m phase, the vdW-DF2 Tc in
Table I is similar to that computed with PBE on the
Im3m structure, with highly overlapping values between
the two functionals that could be tuned to experiment
through the choice of µ∗. For a single value of µ∗ the
Tc predicted from the dispersion corrected functional is
within ∼3% of that of the semilocal GGA. Inspection
of the phonon density of states shows a red-shifting of
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FIG. 1. Calculated band structure and density of states
(DOS) near the Fermi level for 270GPa R3m CSH7 (top)
and 200GPa Im3m H3S (bottom) with vdW-DF2 (left) and
PBE (right). For the DOS of CSH7, light pink and light blue
correspond to carbon s and p states, purple and green to hy-
drogen s and p states, and dark pink and dark blue to sulfur
s and p states, respectively. For the DOS of H3S, light pink
and light blue correspond to hydrogen s and p states, while
purple, green and red correspond to sulfur s, p and d states,
respectively.

the dispersion corrected model, and this is somewhat ex-
pected from a microscopic Grünesien model point of view
as the volume of the vdW-DF2 predicted unit cell is ex-
panded compared to that of the PBE predicted structure.
The red-shifting is reflected in the decreased logarithmic
average frequency (ωlog), and the differing Tc values re-
flect a competition between the increased λ but decreased
ωlog. More significantly, the Eliashberg spectral function
computed with vdW-DF2 is shifted to lower frequency
marking the increase in the electron-phonon coupling.
Inspection of the electronic structure (Figure 1) of the
two representations of the material shows two very sim-
ilar band structures and densities of state (DOS), but
with a more sharply peaked density at the Fermi en-
ergy for vdW-DF2. This leads to over 50% more states
(1.43 vs .91 states/eV) at the Fermi level in the vdW-DF2
treatment, and a slightly higher total number of states
when integrating within an eV of the Fermi level. The
increase of states at the Fermi level are the combined H s
states and S p states that compose the extended bonding
along the individual SH3 lattices as seen in Figure 1, and
can thus be attributed (in part) to the increase in the
electron-phonon coupling.

Having established that some difference occurs when
dispersion interactions are accounted for in the predic-
tion of superconducting properties, we turn our attention
to the key structure of interest, CH4 intercalated SH3.
This structure was reported as the most stable struc-
ture at 150 and 200GPa by two independent structure

FIG. 2. A comparison of the Eliashberg spectral functions
(α2F (ω), top) and phonon density of states (PHDOS, bot-
tom) for 270GPa R3m CSH7 using PBE (red) and vdW-DF2
(blue).

searches,[38, 39] albeit in two different space groups. The
study of Cui et al. [38] explored that further by mapping
out the rotational barrier of the CH4 molecule within
the SH3 lattice of their most favorable R3m structure,
finding a very small barrier indicating a weak interaction
between the guest CH4 and the host SH3 lattice as pre-
dicted by a semi-local GGA density functional. Such a
weak guest-host interaction from a semi-local approach
invokes the possibility of important dispersion interac-
tions in this system. Although several space groups have
been suggested for CSH7 as a function of pressure in the
two preceding studies, for this proof of concept study we
have chosen to utilize the R3m structure suggested as
the most stable phase at 200GPa for reasons that will be
discussed later. For superconducting property analysis,
that structure was compressed with both functionals to
270GPa near where the highest superconducting transi-
tion temperature was observed in C-S-H.[9] It should be
pointed out that the Tc predicted here by PBE follows
along with the trend of the reported PBE determined
superconducting dome of R3m CSH7.[38]

High pressure R3m CSH7 shows a strong dependence
on inclusion of non-local effects in describing supercon-
ducting properties. The vdW-DF2 R3m CSH7 phonon
density of states does not shift significantly from the cor-
responding PBE phonon density of states (Figure 2) and
does not indicate any clear conclusion in the phonons,
although the phonon dispersion shows vdW-DF2 bands
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uniformly shifted to lower frequencies (plot in Supple-
mental Materials). However, the Eliashberg spectral
function in Figure 2 is much more revealing that very
different electron-phonon interactions drive the supercon-
ductivity in the vdW-DF2 system. A noticeable peak is
realized at lower frequencies using the vdW-DF2 func-
tional, which can contribute to the doubling in λ as
high densities for lower frequency phonon-mediated inter-
actions correspond to strong electron-phonon coupling.
As Coulomb interactions at short ranges become sig-
nificant, strong electron-phonon coupling should emerge
when long-range electron-phonon interactions are dom-
inant. This occurs when the scattering is mediated by
phonons of low energy which is reflected in the spectral
function as high density in low ω phonon exchange. The
result of this combined effect is a doubling of the pre-
dicted Tc for any given value of µ∗, unlike in H3S where
only a small variation was seen due to the competing ef-
fects of a slightly increased electron-phonon coupling but
decreased ωlog. Similar Tc calculations of R3m CSH7 at
lower pressures tended to show dynamic instability and
a trend which indicates that 270GPa is above the peak
pressure for this material’s superconducting dome (see
Supplemental Materials).

TABLE II. A comparison of the calculated superconducting
properties of R3m CSH7 at 270GPa between several non-local
dispersion functionals and PBE (µ∗=0.10.).

Quantities: Tc (K) λ ωlog(K)

PBE 67.43 0.732 1675.21
vdW-DF3-opt2 73.94 0.7625 1674.76
vdW-DF-cx 74.72 0.766 1674.72
rVV10 81.13 0.797 1668.84
vdW-DF 104.75 0.943 1559.05
vdW-DF2 147.40 1.46 1186.33

Table II shows the superconducting properties
(µ∗=0.10) of R3m CSH7 at 270GPa calculated with
other non-local dispersion functionals. While there is
a clear functional dependence to the results produced,
the general trend is that accounting for dispersion inter-
actions enhances the computed Tc relative to the PBE
value with vdW-DF2 showing the most pronounced ef-
fect of all the functionals. For each functional it appears
that the increase in the computed λ value is driving the
increase in the computed Tc. The increase in λ is clearly
more than enough compensation for the lower logarith-
mic average phonon frequency in each case. A similar
evaluation of the rVV10 functional on H3S also provides
results intermediate between PBE and vdW-DF2. Like
with vdW-DF2, the Im3m structure is dynamically un-
stable with rVV10 but with smaller magnitude imaginary
phonon frequencies. The Tc of the dynamically stable,
very slightly distorted R3m H3S structure is 207.72K
with µ∗=0.10.

To understand why the inclusion of a dispersion inter-

FIG. 3. Calculated electronic localization function isosurfaces
for R3m CSH7 with vdW-DF2 (left) and PBE (right). An
isosurface level of 0.71 was chosen to show pipe-like features
throughout the shown lattice.

action had such an effect on the predicted Tc of CSH7,
we will contrast the differences between the PBE and
vdW-DF2 (as it provided the largest response) computed
properties of the system. The change in the dispersion in-
cluded phonon spectrum could be enough to explain the
altered Eliashberg spectral function even in the absence
of changes in the electronic structure. This is important
as the band structure (Figure 1) and electron localiza-
tion function (ELF, Figure 3) look very similar between
both methods. The ELF has been identified as a poten-
tial means to quickly estimate the critical temperature
of a material,[23] wherein a possible grouping of super-
conducting materials could be made by determining the
highest ELF saturation value that leads to an isosurface
which extends across the unit cell in all three dimen-
sions. Here a value of 0.71 is assigned to the PBE ELF
of 270GPa R3m CSH7, grouping it with the weak co-
valent hydrogen-hydrogen interaction family of materials
known to have high calculated values of Tc. The same
saturation value also produces a 3-D bonding network
when dispersion interactions are included, and in both
cases exceeding this value causes the fully 3-D network
to break.

The number of states exactly at the Fermi level differs
with 0.510 states/eV for vdW-DF2 and 0.375 states/eV
for PBE. However, integrating the entire ∼1.5 eV wide
metallic band that spans the Fermi level shows a nearly
identical number of states, ∼184, for both methodolo-
gies. The difference is the metallic band according to
vdW-DF2 is more sharply peaked at the Fermi level, and
the one of PBE is slightly more disperse with much of
the density shifted lower in energy. Every channel ap-
pears to contribute to this sharp increase in the num-
ber of states near the Fermi level for vdW-DF2, not just
those of the SH3 host sublattice. This signals that the
CH4 is not behaving as a non-interacting guest molecule
whose states would be semi-valent to the metallic bands
describing the bonding in the SH3 lattice. This increased
strength of interaction is also seen in the difference in the
standard enthalpy of formation determined by the two
functionals, with the vdW-DF2 structure being 0.515 eV
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FIG. 4. Structural comparison of the ball-and-stick represen-
tation of the PBE optimized R3m CSH7 structure overlaid
with a black outline of the vdW-DF2 optimized structure at
270GPa.

per formula unit more favorable.[69–71] Not only is the
vdW-DF2 representation more energetically favorable,
the PBE structure is actually metastable with respect to
elemental disproportionation with ∆H0

f = 0.185 eV per
formula unit. However, in H3S the standard enthalpy
of formation decreases by 0.285 eV per formula unit by
from switching to vdW-DF2 from PBE. Thus, it can be
interpreted that the formation of the molecular CH4 unit
is more favorable when dispersion is accounted for, and
that the dispersion interactions are what are binding the
CH4 to the SH3 sublattice in the CSH7 structure.

The stronger interactions between the CH4 and SH3 in
vdW-DF2 are also manifest in the predicted structure as
depicted in Figure 4. The geometry of the R3m struc-
ture is best described as a cuboid perovskite-like SH3 lat-
tice, with three of the CH4 hydrogen atoms "H2" pointed
into one of the faces of the cuboid, while the fourth "H1"
points directly at a sulfur atom "S1" of the SH3 sub-
lattice. In the PBE structure, the S–S nearest neighbor
distance in the SH3 sublattice is 2.852Å, and those edges
are symmetrically bifurcated by H atoms at 1.426Å. The
angles of the SH3 sublattice are slightly rhombohedrally
distorted from a perfect cube by a little under 0.7° with
"S1" at the center of the smaller angles. In the vdW-
DF2 structure, the rhombohedral distortion of the SH3

sublattice expands very slightly (still within 0.7°) and the
S–S distance elongates to 2.885Å. However, the H atoms
are not symmetrically placed of the center of the S–S
distance with the S–H bonds involving "S1" being 0.03Å
longer. In the PBE structure it is the CH4 unit which is
most heavily distorted with a C–H2 distance of 1.024Å,
C–H1 distance of 1.027Å, the H2–C–H2 angle of 106.8°
and H2–C–H1 angle of 112.0°. The vdW-DF2 version of
the CH4 is more regularized with 1.002Å, C–H1 distance
of 1.006Å, the H2–C–H2 angle of 107.9° and H2–C–H1

angle of 110.0°. Clearly, the absence of non-local interac-
tions is forcing the molecular CH4 unit to distort heavily
to maximize localized interactions with the host SH3 lat-
tice. In addition to regularizing the CH4 molecular unit,
vdW-DF2 also shifts the C atom slightly closer to the
center of the box, however the net result when combined
with the expansion of the SH3 sublattice is an elongation
of S1–H1 to 1.713Å from 1.670Å. In fact all of the H
atoms of the CH4 unit are a few hundredths of Å fur-
ther away from their closet neighbors in the vdW-DF2
structure, an effect made favorable by the inclusion of
non-local correlations.

The geometric distortions between the PBE and vdW-
DF2 structures are so severe that attempting to calculate
a Tc in one functional using the other functional’s struc-
ture produces non-sensical values. For instance, the λ
value computed with vdW-DF2 using the PBE structure
is in excess of 61.64, and it is 772.50 using PBE with the
vdW-DF2 structure. This is most likely due to an ex-
cessively large first derivative component present in the
evaluation of the phonons, and it highlights the need for
very accurate structures when computing Tc values. For
H3S and Nb, the geometric variations between the dif-
ferent structures are minimal enough that a reasonable
Tc could be computed (Tables in the Supplemental Ma-
terials). For H3S the cross evaluations of superconduct-
ing properties led to a lower Tc, as one would naïvely
expect based on previous crystal structure evaluations of
phonon-mediation hydrogen-rich high pressure supercon-
ductors. Somewhat surprisingly, the cross evaluations of
Nb both led to higher Tc values, showing that the effect
of non-zero forces can be non-monotonic with regards to
the predicted superconducting properties.

The most surprising geometric effect for the vdW-DF2
geometry is the asymmetrization of the SH3 sublattice
despite the regularization of the CH4 molecular unit.
The polarization of the SH3 sublattice similar to what
was seen with H3S indicates a strong interaction, yet the
only noticeable difference between the PBE and vdW-
DF2 electronic band structures is more curvature in the
highest energy valence band of the PBE calculation near
the Γ point as well as lower energies for all k points of
the PBE conduction bands (Figure 1 and broader energy
range in Supplemental Materials). Figure 5 examines the
band decomposed charge densities for the bands near the
Fermi level bands to discern why the vdW-DF2 upper
most valence band is less dispersive around Γ leading to
a more sharply peaked density of states at the Fermi en-
ergy. As a note, the labels used in Figure 5 relate to
the energy orderings of the bands at the Γ point, with
the conduction band maximum (CBM) and CBM+1 be-
ing off the scale in Figure 1 and the valence band maxi-
mum (VBM) crossing into the conduction bands between
Γ and L. The valence band maximum (VBM) and the
second highest energy valence band (VBM-1) are degen-
erate at Γ but show dramatically different interactions.
Both VBM-2 and VBM-1 show the extended multi-center
bonding along the SH3 sublattice as is anticipated to be
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FIG. 5. The vdW-DF2 band decomposed charge density of
the three bands in closest proximity to the Fermi energy and
the two bands above them in energy of 270GPa R3m CSH7.
As the system is metallic without distinct valence or conduc-
tion bands, the labels relative to the valence band maximum
(VBM) and conduction band minimum (CBM) refer to the
energy ordering of the bands with respect to the Fermi en-
ergy at the Γ point. Each charge density is shown at the
0.018 isosurface level.

near the Fermi level based on the understanding of the
bonding in H3S.[23, 26] VBM-2 has some density on the
CH4 unit, but it is tightly localized and not seen to over-
lap with that of the SH3 sublattice unless the isosurface
is dropped to 10% of its maximum (0.005). The VBM
which has contributions on both the CH4 unit and the
SH3 sublattice still doesn’t show shared charge density
between the two units. On the other hand, the PBE ver-
sions of these bands look qualitatively similar yet with
more polarized densities about the CH4 units that over-
lap with the density about the S atoms. The overlapping
polarized charge density explain why the CH4 unit is seen
to distort so heavily in the PBE optimized structure.

In the vdW-DF2 simulation it is only what are the con-
duction bands at Γ that show any direct interaction be-
tween the CH4 and SH3 sublattices. However, those band
indices have no partial occupancy within our model. It
should be noted that bands dubbed VBM and CBM cross
between Γ and L and again between Γ and F. Inspection
of the charge density of those two bands along Γ to L (plot
in Supplemental Materials) shows that what is VBM at
Γ primarily describes the bonding about SH3 sublattice
and CBM describes the bonding about the CH4 sublat-
tice. When these bands cross just before L (and F) is
when the CH4 bonding lowers in energy providing that
component to the band labelled VBM in Figure 5 which is
summed over all ~k. At no point along the path in either of
those bands is there seen any direct bonding interaction
between the two sublattices. Without any evidence of a
direct bonding interaction between the two sublattices,
the best explanation for the structural distortions seen
in the vdW-DF2 SH3 sublattice is a long-range electron-
phonon interaction brought on by trying to increase the

dispersion interaction of those H atoms with the CH4

unit.
Recently, it was proposed that the C-S-H supercon-

ducting material is ∼4% carbon doped Im3m H3S.[72]
In such a material, the doped C atoms would be an-
ticipated to conform to the bonding network of the S
atoms they have replaced, yielding the dual interpene-
trated octahedral bonding networks with highly strained
C atoms. With the isosurface lowered to 0.012, the VBM
more clearly shows a 3-D octahedral bonding network
between the CH4 units, albeit irregular, interpenetrating
a 3-D bonding network along the SH3 sublattice. Such
a bonding network on the CH4 sublattice could easily
be interfaced with that of an SH3 sublattice, raising the
possibility that it is methane doping, not carbon replace-
ment, of H3S that leads to C-S-H.

The reason behind employing the R3m structure for
CSH7 is that complementary crystal structure predic-
tion (CSP) simulations using the vdW-DF2 functional at
270GPa were performed as part of this work. Only a lim-
ited wedge of compositional space was explored, guided
by the previous CSP results, including 1 and 2 formula
units of CxSyHz stoichiometries where x=1–2 and y=1–2.
The choice of z was limited to z=6–9 if x+y=2, and z=9–
14 if not. Of the phases explored, the majority of sto-
ichiometries are composed vastly of low-symmetry met-
als or semi-metals, indicating a preference towards low-
dimensionality within a carbonaceous sulfur hydride sys-
tem with at least a 75% of the atomic constituents being
hydrogen. Despite the search space, the most favorable
structures belong to the CSH7 composition. The previ-
ously reported Cm CSH7 was found to be slightly more
favorable than the R3m in the initial CSP simulations,
but the final high accuracy refinement optimizations for
the Tc calculations found the R3m structure to be the
most favorable by less than 20meV per formula unit. In
addition to a lower stability, the Tc of the Cm structure
was found to be markedly lower than that of the R3m
structure at 17.80-14.35K (for µ∗=0.10–0.15), ruling it
out as a potential candidate for C-S-H.

Other than the two aforementioned structures,
our confined structure search found variations of low
symmetry structures (i.e. molecules in a box and
one-dimensional chains) far above the convex line.
In particular, it found Pc and P1 CSH7 solutions,
both more than 0.9 eV per formula unit above the
more favorable CSH7 structures. For that reason their
respective Tcs are not calculated. It’s important to note
that the Pmna CSH7 structure found by Cui et al.
[38] was not evident in our phase space search as were
the Cm and R3m motifs. This observation is likely
due to either less favorable dispersion interactions or a
more highly strained bonding network between the CH4

sublattice owing to the orientation of the CH4 units.
Thus our work shows that the inclusion of dispersion in
systems with expected non-local interactions does not
only influence the calculated value of the Tc, but also
alters the possible stable and meta-stable structures as
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predicted by crystal structure prediction.

IV. CONCLUSIONS

In high pressure condensed matter simulations, the
generalized gradient approximation is ubiquitous. This is
because as a system becomes more dense, the semi-local
treatment is often sufficient to produce an accurate depic-
tion of the physics of the material. However, generalized
gradient approximations are known to treat non-local in-
teractions, such as dispersion, poorly which have been
shown to be important in modelling low-Z molecular sys-
tems even at extreme pressures and temperatures.[73, 74]
This proof-of-concept study has shown that accounting
for non-local dispersion interactions can be important
for predicting the properties of systems that aren’t fully
molecular but have either a low dimensional sublattice
or have non-bonded, weakly interacting sublattices. For
both of the potential covalent superhydrides evaluated
here, the inclusion of dispersion was found to have the
effect of raising the strength of the electron-phonon cou-
pling, as well as the predicted Tc for CSH7. In fact, the
inclusion of dispersion leads the R3m CSH7 structure to

closer agreement with the experimentally measured criti-
cal temperature of C-S-H than without. Including disper-
sion interactions only provides subtle changes to the elec-
tronic structure of CSH7, indicating that it is the long-
range electron-phonon interactions known to contribute
to strong electron-phonon coupling driving the enhance-
ment seen here. Unfortunately, we remain far off from
the experimentally measured Tc of C-S-H, meaning that
improved canvassing of the C-S-H phase space and/or
methodologies to incorporate quantum ionic fluctuations
are needed. Likewise, it has been shown that anhar-
monicity is also an important effect in determining prop-
erties such as the electron-phonon coupling in hydrogen-
rich systems like the covalent superhydrides,[25, 75–77] so
a combined approach accounting for anharmonicity and
non-local effects will likely be required to determine the
yet unknown identity of C-S-H through properties such
as Tc.
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