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To explore the high-temperature superconductivity of hydrogen-rich compounds at low pressures, we have
investigated the crystal structures, electronic and dynamical properties, electron-phonon interactions, and possi-
ble superconductivity of the ternary hydride MC,Hg (M = Na, K, Mg, Al, and Ga) in the low-pressure range of
0-100 GPa based on the first-principles calculations. The results show that there is no imaginary frequency in
phonon spectra for M C,Hg at selected pressures which indicates that M C,Hjy is dynamically stable. Furthermore,
according to the Eliashberg spectral function under pressures, M C,Hjy is predicted to be superconducting at low
pressure. Especially, the superconducting critical temperature (7;) of MgC,Hg is higher than 55 K at 40 GPa and
the 7, in AlC,Hg reaches 67 K at 80 GPa. Electronic and phonon states and the electron-phonon interactions
show that H has a considerable contribution to this ternary hydride superconductor and suggest that increasing
the contribution of H to total electron-phonon coupling is a way to design materials with high 7.. Our study
shows that it is one of the feasible routes to explore the low-pressure and high-temperature superconductivity in

ternary carbon-based hydrides.
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I. INTRODUCTION

Remarkable success has been achieved in exploring high-
and room-temperature superconductivity in binary hydrides.
The superconducting transition temperature (7;.) observed in
the experiment has approached or exceeded zero °C. For
example, 7, of 203 K was observed in sulfur hydride at
155 GPa [1], 250-260K was observed in lanthanum hy-
dride at 180-170 GPa [2,3], 262 K in yttrium superhydride at
182 GPa [4], 243K in yttrium hydride at 201 GPa [5], and
224 K in YHg at 166 GPa [6]. However, a problem that can not
be ignored is that the pressure conditions required to produce
such a superconducting critical temperature are very harsh.
The binary hydrides mentioned above usually exist stably and
exhibit high-temperature superconductivity at a high pressure
above 150 GPa. Such harsh experimental conditions will limit
the application of hydride superconductors. Hence, it is very
necessary to explore hydride superconductors with high-T7;
value at low pressures such as below 100 GPa.

Compared with binary hydrides, ternary hydrides, es-
pecially MA,H,-type ternary hydrides in which M and A
represent metal and main group nonmetallic elements, have
been considered as the promising candidates of high-T;
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low-pressure superconductors since the superconductivity of
T. ~ 150K was predicted at 12 GPa in KB,Hg [7]. Focused
on pressure equal to or lower than 100 GPa, many impor-
tant theoretical predictions on MA,H, have been carried out
[7-18]. In particular, when A is carbon element, the hydro-
carbon sublattice can been formed in the crystal MC,H,,
which is the significant structure characteristics in materials
and is also one of the most desirable structures to obtain
superconductivity. When the quasimolecule form of methane
(CHy4) was formed in MC,H,, Tian et al. reported that 7. in
MgCH, with P4/nmm symmetry reaches 84 K at 75 GPa
[8]. However, the stability of MgCH, could not be checked.
Subsequently, some of the authors of this paper predicted the
stable structures of KCHy [10], BeCHy [11], Li,(CHy)1_y
[12], and Ba,(CHy);—_, [18] with containing quasimolecule of
CHy, and also suggested that the systems can exhibit metallic
behavior and superconductivity at low pressures such as 5 and
10 GPa. For example, T, of Amm2 — Ba(CH,); exceeds 24 K
at 20 GPa, and increases to 43.7 K at 90 GPa [18]. Those stud-
ies show that ternary hydride MC,H, with molecular crystal
characteristics can be metallized at low pressures and exhibits
the high-temperature superconductivity.

From the reported results, however, the T, of ternary hy-
dride is still lower than that of binary hydride, although the
low-pressure superconductivity is realized. Hence, improving
the 7., more MC,H,-type ternary hydride superconduc-
tors need to be explored, or more studies on MC,H, are
needed. In this work, therefore, we choose MC,Hg ternary
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hydride with CH4 molecular characteristics to explore the
low-pressure and high-temperature superconductivity, based
on the first-principles calculations. MC,Hg can be regarded
as a metal-doped CH4 molecular solid, with the Fm3m space
group. At the same time, methane is the simplest of saturated
hydrocarbons and one of the most abundant organic molecules
in the universe. It is of great significance to study the met-
allization and superconductivity of methane solid. Differing
from P4/nmm of MgCH, [8], P2;/m of KCH4 [10], P1 of
BeCH,4 [11], P2; of Li(CH4)4 [12], and Amm?2 of Ba(CH4)3
[18], the doping concentration of metal in MC,Hg is reduced
by half. Here, investigating the crystal structures, electronic
states, and electron-phonon interactions of MC,Hg (M = Na,
K, Mg, Al, and Ga) at the low-pressure range of 0—100 GPa,
we predict that 7, of MgC,Hjy is higher than 55 K at 40 GPa
and T, of AIC,Hg can reach 67 K at 80 GPa. The higher
superconducting transition temperature is obtained in MC,Hg
ternary hydride.

II. COMPUTATIONAL DETAILS

In this work, we referred to the structural feature of KB, Hg
[7] and constructed the crystal structure of MC,Hg (M =
Na, K, Mg, Al, and Ga). Selected typical pressure points
of 0, 20, 40, 60, and 80 GPa, we performed the structural
optimizations and self-consistent energy calculation by using
Vienna ab initio simulation package (VASP) [19,20] based on
the exchange-correlation functional of generalized gradient
approximation (GGA) in version of Perdew-Burke-Ernzerhof
(PBE) [21] and projector augmented wave pseudopotentials
[22]. The plane-wave cutoff energy was set as 600 eV. In
the optimization process, convergence thresholds were set
as 1073 eV in energy and 1073 eV/A in force. The k-point
interval distribution of Monkhorst-Pack was 0.04 A~! for
structural optimization and 0.02 A~' for self-consistent en-
ergy calculation, respectively.

The phonon frequencies and electron-phonon interactions
were calculated by employing the QUANTUM ESPRESSO pack-
age (QE) [23,24]. The cutoff energies of 80 Ry were used
for wave functions. In both VASP and QE codes, the same
functional was selected. Forces and stresses for the converged
structures were optimized and checked to be within the error
allowance of the VASP and QE codes. Based on the calculated
Eliashberg spectral function [a*F ()]

«2F () = O 5w — wu). (1)
Ov

1
2w N(0) ; 1)
the electron-phonon coupling constant (A) is obtained:
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Furthermore, 7; was estimated by the Allen-Dynes—corrected
McMillan equation [25], expressed as
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In the modified McMillan equation, w* represents the

Coulomb pseudopotential which was taken as 0.1 in our
calculations. i, is the logarithmic average of phonon
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The factor fi f> depends on the A, u*, wiog, and mean-square
frequency (@;) [25].

III. RESULTS AND DISCUSSION

Starting from the optimized crystal structures, the enthalpy
of formation of MC,Hg is compared with several possible
decomposition enthalpies. The structures of each decompo-
sition product are taken from previous studies: Na (P63 /mmc
and Fm3m) [26,27], NaC (Immm) [28], K (P63 /mmc, Fm3m,
and Im3m) [27,29,30], KC, (P4/nmm) [31], KH (Fm3m)
[32], KH3 (14 /mmm) [27], KCH4 (R3m and P2, /m) [10], Mg
(Im3m) [33], MgC, (P4,/mnm) [34], MgH, (Fm3m) [35],
MgCH, (Pban and P4/nmm) [8], Al (Fm3m) [36], AlH;
(Fd3m)[37], Al4C3 (R3m)[38], Ga (Cmcm and I4/mmm)
[39,40], GaC ((P6smc) [27], GaH (P6smc) [27], GaHs
(I4/mmm) [27], C (Fmmm and P63 /mmc) [27], CH, (Cmcm)
[41], CH4 (P2y/c) [41], and Hy (P63/m) [42]. Calculated
enthalpy difference versus pressure for MC,Hg is shown in
Fig. 1. As shown in Figs. 1(a) and 1(e), when the pressure
is larger than 20 GPa, the enthalpy values of NaC,Hg and
GaC,Hg are lower than those of their possible decompo-
sition forms, which means that NaC,Hg and GaC,Hg are
thermodynamically stable above 20 GPa. Comparing with
the possible decomposition enthalpies, we can see that both
KC;,Hs and AIC,Hg can stably exist in the whole pressure
range considered [Figs. 1(b) and 1(d)], while MgC,Hg is
thermodynamically stable only below 40 GPa. Moreover, for
MC,yHg (M = Na, K, Mg, Al, and Ga), the metallization and
dynamical stability were also examined in the pressure range
of 0—100 GPa, the results are presented in Figs. S1—S10 of the
Supplemental Material (SM) [43]. If no imaginary frequency
is observed, the system is dynamically stable.

When MC,Hg satisfying the conditions of metallization
and thermodynamic and dynamical stabilities, we calcu-
lated its electron-phonon coupling constant A and logarithmic
average of phonon frequency wi,, and estimated its su-
perconducting critical temperature 7.. Figure 2 shows the
dependence of T, A, and wj, on pressure for MC,Hg (M =
Na, K, Mg, Al, and Ga). As reflected in Eq. (3), T; is com-
petitively determined by A and wjoe. Under the symmetry of
Fm3m space group, it was found that the monovalent metal-
doped cases NaC,Hg and KC,Hg lead to the relatively low-A
and -7 values, which are less than 0.7 and 30 K in the pressure
range of 0—100 GPa, respectively. NaC,Hg and KC,Hg are
comparable with Li(CHy)4 [12] and KCHy [10] in the super-
conductivity. And KC,Hg can only stabilize above 50 GPa.
Interestingly, MgC,Hg, AIC,Hg, and GaKC,Hg exhibit the
high superconductivity below 50 GPa. For example, the T, of
MgC,Hg rapidly increases with the increase of pressure and
reaches 55 K at 40 GPa, though it is not stable above 50 GPa.
Both AIC,Hg and GaKC,Hg are stable and superconductive
in the considered pressure range of 0—100 GPa. These two
systems have the T; higher than 50 K below 60 GPa, however,
the T, of AIC,Hg continues to increase with the pressure and
reaches 67 K at 80 GPa, while the 7, of GaC,Hg decreases

104511-2



HIGH-TEMPERATURE SUPERCONDUCTIVITY BELOW 100 ...

PHYSICAL REVIEW B 105, 104511 (2022)

@) o0 (b) 04 (c) 02
’ Na+2C+4H, 0 2,/r/y KC,+4H,
€ g € : £ 0.0
oS +\¢\ﬁ\ﬁ\ 9 o2% S Mg+2C+4H,
© -0.2 Naﬁ ZCH2+2H2 kS 0.0 K2 ary " © ,@CH i
> — > > > g~
) ~_ © -0.21\ o 0.2} T e——
u\ﬁ N : Q
T -0.4 NaCH | T 4 ’fc/y f e — 5 \ Q@MCHHW
N KC,Hg 0.4 MgC H o—__
0 20 40 60 80 100 0 20 40 60 80 100 "0 20 40 60 80 100
Pressure (GPa) Pressure (GPa) Pressure (GPa)
(d) 00 Al+2C+4H, (e) 02
— o— 2AIH L, +4CH, +H _
5 < /AH;QH 22 2 | g 0.0} Ga+2C+4H,
S 02 — S e
) o T 3
:I<:1 AICH, T < GaCQHB =5 q
04 20 40 60 80 100 % 20 40 60 80 100

Pressure (GPa)

Pressure (GPa)

FIG. 1. Calculated enthalpy difference versus pressure for MC,Hg, referenced to the decomposition enthalpy into element phase of
M + 2C + 4H,. The other possible decomposition enthalpies were considered. (a)—(e) Correspond to NaC,Hg, KC,Hs, MgC,Hs, AIC,Hs, and

GaC,Hg, respectively.

with the pressure after 60 GPa. Comparing with our previ-
ous studies on Li(CHy)4 [12], KCHy4 [10], BeCH4 [11], and
Ba(CHy)3 [18], MC,Hg creates the bigger wo, value at the
same pressure, which is just reason of that it has higher T..
However, the A of MC,Hg is less than those of KB,Hg [7] and
LaBHg [13,14], though MC;Hg has bigger wjo,. In addition,
comparing with the X close to 2 or greater than 2 in binary hy-
dride, the A of MC,Hyg is relatively low and difficult to exceed
1. Hence, further improving the electron-phonon interaction is
the main means to improve the 7, of MC,Hs. But, it is worth
noting that the 7, of MC,Hg does not increase or decrease
monotonically with the increase of pressure. From Eq. (3), T;
is determined by A and wjeg, and both of them are related to
o’F (w). Namely, the superconductivity is determined by both
electronic and phonon states. Although the phonon frequency
changes gradually with the increase of pressure as shown in
Figs. S6— S10 [43], the value of density of states (DOS) at
Fermi level does not vary monotonically with the increase of
pressure from the electronic structures shown in Figs. S1-
S5 [43], which leads to the nonmonotonic change of T, of
MC,Hg. Next, we will understand the M C,Hg superconductor
from the perspective of crystal structure, electronic character-
istics, and electron-phonon coupling in the cases of MgC,Hg
and A1C2H8.

MC,Hg has the Fm3m symmetry which is a common space
group in hydrides with high 7.. M, C, and H atoms occupy
the 4a (0.000, 0.000, 0.000), 8¢ (0.250, 0.250, 0.250), and
321 (0.360 % u, 0.360 % u, 0.360 % u) Wyckoff positions, re-
spectively. The u value is affected by pressure and doped
metal. The crystal structures in the cases of MgC,Hg and
AlIC,Hg are shown in Figs. 3(a) and 4(a), respectively. The
CH, tetrahedrons are formed between C and H atoms, namely,
methane quasimolecules, and there are eight CH4 molecules
in the unit cell of M C,Hg. From electron localization function

(ELF) shown in Figs. 3(b) and 4(b), the bonding between
different CH4 quasimolecules is neither the covalent bond
nor the ionic bond, but a weak intermolecular force. During
pressurization, MC,Hg has always maintained the molecular
crystal characteristics, and the intermolecular interaction be-
tween two CHy4 quasimolecules increases. In order to evaluate
whether CH, will rotate in the system, we designed a hypo-
thetical structure so that CHy quasimolecule has an arbitrary
rotation. In the case of MgC,Hg (at 40 GPa) and AIC,Hg (at
80 GPa) as shown in Fig. S11 [43], it was found that the
total energy increases when the CH4 molecules rotate. After
rotating, as shown in Table S1 [43], the total energy increased
by 0.11 and 0.34 eV /f.u. for MgC,Hjs (at 40 GPa) and AIC,Hg
(at 80 GPa), respectively. This indicates that CH4 molecules
are not easy to rotate, especially under high pressure.

The C-H bonding lengths in MgC,Hs (at 40 GPa) and
AIC,Hg (at 80 GPa) are, respectively, 1.124 and 1.115 A,
which are less than 1.227 A of B-H bond in KB;Hg at 12 GPa
[7] and 1.33 A of B-H bond in LaBHg at 150 GPa [14],
obviously shorter than the 1.546 A of S-H bond in in SHj at
150 GPa [44]. From ELFs shown in Figs. 3(b) and Fig. 4(b), a
strong polar covalent bond is formed between C and H atoms,
which is the main reason for the stable existence of CHy4 at low
pressure. In addition, the charge transfer occurs from metal
atom to CH4 molecules. Comparing MgC,Hg (at 40 GPa) with
AIC,Hg (at 80 GPa), the ionic character between metal and
CHy is slightly different, which may depend on the valence
state and electronegativity of the metal. The charge transfer
was examined by calculating Bader charge [45,46]. Table
S2 [43] presents the transferred charge from M to CHy at
different pressure for M C,Hg. The transferred charges from M
to CHy are 1.52 e/Mg and 1.65 e/Al in MgC,Hg (at 40 GPa)
and AIC,Hg (at 80 GPa), respectively. In fact, the charge is
transferred to C atoms from metal. In NaC,Hg, KC,Hg, and
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FIG. 2. The calculated superconducting critical temperature 7,
electron-phonon coupling constant A, and logarithmic average of
phonon frequency wy,, for NaC,Hg, KC,Hg, MgC,Hg, AIC,Hg, and
GaC,Hg change with the pressure.

GaC,Hg, the relatively less charge is also transferred to C
atoms, which are 0.74 e/Na at 60 GPa, 0.69 e/Na at 100 GPa,
and 0.66 e/Ga at 60 GPa, respectively. This difference in
charge transfer leads to differences in electronic states.
Methane solid is a wide-gap semiconductor with a band
gap of 7.7 eV at ambient pressure [47], and the band gap of
methane will not close until 500 GPa at room temperature
[41,47-49]. However, previous theoretical studies have pre-
dicted that the metal-doped methane can become to metal at
low pressure [8,10-12,18]. In this work, we further confirmed
this point. Due to the charge transfer from metal to CHy
molecules, MC,Hg realizes the metallization at the considered
low-pressure range of 10—100 GPa. For MgC,Hg at 40 GPa
as shown in Figs. 3(c) and 3(d), four bands cross the Fermi
level to form the complex Fermi-surface (FS) sheets such as
holelike FS around the L point and electronlike FS around
the W and T" points. With the same space group, AIC,Hg at
80 GPa has four bands crossing the Fermi level as shown in
Fig. 4(c). Due to the metallization from charge transfer, there

is the similar character between MgC,Hg and AIC,Hg, which
are the increase of Fermi level caused by charge transfer. Only
because of the different electronegativity and valence states
of metals, the amount of charge transfer is different which
results in that the shift of Fermi level is different. The relative
movement of the energy bands leads to the change of the size
and shape of the electronlike and holelike FSs. Hence, the
shape of FSs is different between MgC,Hg and AIC,Hg. At
the same time, the pressure will also cause the shift of the
Fermi level, resulting in the change of the number of FSs.
For example, at 20 GPa, there are two bands crossing the
Fermi level and forming the FSs in MgC,H;g (Fig. S13 [43]),
while three bands cross the Fermi level and form the FSs in
AlIC,Hjg (Fig. S14 [43]). In addition, the pressure will expand
the electronic state, so the energy gap will decrease with the
increase of pressure. For example, an energy gap of 1.2 eV
around —5eV in Mg,H;g at 40 GPa will disappear in Al,Hg at
80 GPa, as shown in Figs. 3(c) and Fig. 4(c).

From the projected DOS on atomic orbitals, the electronic
states near the Fermi level mainly come from C-2p, but
the contribution of Mg-s, p (Al-s, p) and H-s to FS is also
considerable. Focusing on the DOS values at Fermi level,
the results of MC,Hg are presented in Table S3 [43]. As a
result, the DOS values at Fermi level reach 0.78 and 0.91
states/eV /f.u. in MgC,Hg at 40 GPa and AIC,Hg at 80 GPa,
respectively. This result of density of electronic states at Fermi
level is larger than 0.4 states/eV /f.u. of SH3 at 200 GPa [50],
0.52 states/eV of LaBHg at 50 GPa [13], 0.60 states/eV of
KB,Hg at 12 GPa [7], and 0.50 states/eV /f.u. of Li(CHy)4 at
100 GPa [12], comparable with 0.75 states/eV /f.u. of LaH g
at 250 GPa [51], 0.87 states/eV/f.u. of MgCH, at 90 GPa
[8], and 0.90 states/eV /f.u. of BeCH,4 at 80 GPa [11], slightly
less than 1.57 states/eV/f.u. of KCH, at 80 GPa [10] and
1.44 states/eV /f.u. of Ba(CHy4)3 at 90 GPa [18]. With regard
to pressure effect, the DOS values at Fermi level for MgC,Hg
and AIC,Hg are different at different pressures. As shown in
Fig. S3 [43], the DOS value at Fermi level at the pressure with
the highest 7. is not the largest for MgC,Hg. The similar situ-
ation was also observed in AIC,Hg as shown in Fig. S4 [43].
In addition, as shown in Table S1 and Fig. S12 [43], at low
pressure, the DOS value at Fermi level changes obviously due
to the rotation of CH4 molecules, which is related to the easier
rotation of molecules at low pressure. On the contrary, at high
pressure, the DOS value at Fermi level caused by molecular
rotation changes little. Other metals such as Na-, K-, and
Ga-doped cases, the electronic DOSs exhibit the metallic
feature, and the relative big DOS values at Fermi level are ob-
tained in NaC,Hg, KC,Hg, and GaC,Hjg (see Figs. S1, S2, and
S5 [43]). The phonon structures including phonon spectra and
phonon density of states (PhDOS) shown in Fig. 5 present the
difference between MgC,Hg at 40 GPa and AIC,Hjg at 80 GPa.
Comparing with the Raman spectrum of pure CH4 solid
[52-58], the phonon frequencies of MgC,Hg and AIC,Hg
at gamma are reduced in the high-frequency region, which
is mainly because the vibration frequency of the system is
weakened after metal doping to form crystals. Although metal
doping forms a new crystal structure, the vibrational modes
of atoms and molecules still retain some characteristics. For
MgC,Hg at 40 GPa, referring to the Raman modes of CHy
solid [52-58], the phonon spectra MgC,Hg can be divided
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into three parts according to the contribution of elements. In
H-dominated region, the high-frequency modes in the range
of 23462644 cm~! mainly come from the stretching vibra-
tions of C-H bonds in CH4 molecules, the middle-frequency
modes in the range of 1187-1402 cm™' derive from the
bending vibrations of C-H bonds in CH4 molecules. The
vibration modes of Mg atoms are all localized in the low-
frequency region of 0-300 cm~!. In the frequency region of
0-1025 cm™', the CH4 molecular vibrations contribute most
of phonon modes, which mainly results from the couplings
between CH, and CH,4 and between CH4 and Mg. For AIC,Hg
at 80 GPa, the pressure makes H phonons shift towards
higher frequency and enable phonon band broadening. The
stretching vibration of C-H bonds in CH4 makes phonon in
the frequency region 2466-2715 cm~!. The bending modes
from C-H bonds distribute in the bigger frequency region of
831-1413 cm~'. However, the pressure makes CH4 molecular
vibrations weak, narrowing the frequency to a small range of
0-830 cm™!.

Combining electronic with phonon states, the electron-
phonon interactions were analyzed by calculating the
Eliashberg spectral function o’F(w). Then, the electron-
phonon coupling constant A was obtained based on the
o?F (w). As shown in Fig. 5, the total A is 0.79 for MgC,Hg
at 40 GPa and 1.01 for AIC,Hg at 80 GPa, respectively. In
MgC,Hsg, the contribution of Mg (by charge transfer) to total
A is about 19%, the contribution of CH4 — CHy4 coupling is
about 29%, while the contribution of H atoms reaches 52%.
In AIC,Hg, as a comparison, the contribution of Al (by charge

transfer) to total A is about 29%, the contribution of CH4 —
CH, coupling is about 20%, the contribution of H atoms is still
more than 51%. From these results, hydrogen dominates the
electron-phonon coupling interaction in M C,Hg, not carbon,
which is similar to KB,Hg, MgCH, [8], and Ba(CH4)3 [18],
while it is different from Li(CH), [12], KCH4 [10], and
BeCH, [11]. For other MC,Hg systems with lower 7;, such
as NaCH4 and KCHy, the contribution of H to total A is
obviously less than 50%, which for GaCH,4 with high T, the
contribution of H to total A reaches 52%, also more than 50%
(see Fig. S15 [43]). By comparing the 7, with A values of
these ternary hydrides, we can conclude that increasing the
contribution of H to electron-phonon coupling is a way to
design materials with high 7.

IV. CONCLUSION

In summary, for Fm3m — MC,Hg (M = K, Mg, Na,
Al, and Ga), we have investigated their crystal structures,
electronic states, phonon spectra, and electron-phonon in-
teractions at selected low pressures based on the density
functional theory and density functional perturbation theory.
The metallization and possible superconductivity were ana-
lyzed. We found that M C,Hg maintains the molecular crystal
characteristics, with a strong coupling between the C-H cova-
lent bonds, while the metallization can be achieved by doping
at selected low pressures. The absence of imaginary frequency
in the calculated phonon spectra suggests that this MC,Hg
structure is dynamically stable. The electron-phonon coupling
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calculations reveal that NaC,Hg, KC,Hg, MgC,Hg, AIC,Hs,
and GaC,Hg are all good BCS superconductors. Especially,
the 7, of MgC,Hg can increase to 55 K at 40 GPa from
13.4 K at 20 GPa, and the T, of AIC,Hg can reach 67 K at
80 GPa. Electronic states, phonon spectra, and the integral to
Eliashberg spectral function show that H has a considerable
contribution to the electron-phonon interaction in MgC,Hs,
AIC,Hg, and GaC,Hg superconductors and indicate that in-
creasing the contribution of H to electron-phonon coupling is
a way to design materials with high 7.
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