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Pressure-stabilized superconducting electride LisC
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The search for electrides has recently attracted great interest owing to their unique physical properties, such
as superconductivity. LisC has been proposed as a candidate electride with a high superconducting critical
temperature 7. of 48 K originating mainly from the localized electrons. Here, a combination of structure
searches and first-principles calculations has been performed to acquire the phase diagrams of a Li-C system
at high pressure. The structure searches unraveled four successive structures under pressure for LisC that are
energetically more stable than the previously proposed superconducting one. The dimension of the localized
electrons in LisC decreases under compression due to the reduced interstitial voids. Electron-phonon calculations
demonstrated that the four LisC phases are superconductors with a maximum 7; of 5.7 K, excluding its possibility
of high superconductivity. Analysis showed that the host hybridized electrons, instead of interstitial electrons,

contribute mainly to the superconductivity in LisC.
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I. INTRODUCTION

Electrides are special ionic compounds in which intersti-
tial quasiatoms (ISQs) behave as anions [1-3]. The organic
electride Cs*(18C6),:(e™) was the first electride to be synthe-
sized experimentally [4]; however, the practical applications
of organic electrides are greatly restricted by their instabil-
ity above room temperature and chemical sensitivity to air
and moisture [1]. The discovery of the first stable inorganic
electride, [CazgAlrgOgs]*T (de™) (C12A7:¢7), which is much
more stable [5], has opened up applications for electrides
including catalysis [6], electronics [7], and batteries [8].

According to ISQ topologies, electrides are categorized as
zero dimensional (0D; cavities) [5,9], one dimensional (1D;
linked) [10], two dimensional (2D) [7,11], or three dimen-
sional (3D) [12,13]. Electron conductivity is closely related
to its dimensional characteristics. Low-dimensional 0D elec-
trides usually exhibit poor conductivity owing to the cavities
confining electrons, whereas high-dimensional electrides are
likely to allow electron conduction because of the delocal-
ization of the anionic electrons [3,14]. For example, the 0D
electride #P4 Na shows insulating behavior with a large band
gap [9], and transforms to a 3D metallic electride c/24 struc-
ture, where the ISQs form a conducting channels [13].

Electrides are prone to be insulating because of the
strong localization of both interstitial and orbital electrons
[9,15,16]. Exceptionally, some electrides, such as C12A7:e~
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[17], MnsSis-type NbsIr; [18], and ZrsSbs [19], are exper-
imentally observed to exhibit metallic properties, and even
possess superconductivity with a 7; of 0.4, 9.4, and 2.3 K at
ambient pressure, respectively. Thus, superconducting elec-
trides are now a new category of superconductors that have
attracted intense interest [17]. Nevertheless, only a few elec-
trides exist at ambient pressure, which significantly limits
their further applications, despite high pressure being an effec-
tive method to stabilize new materials with exotic properties.
Indeed, the inorganic electride family has been greatly en-
riched by the discovery of high-pressure electrides [9,13,20-
29]. As pressure increases, the energies of the valence orbitals
of atoms increase more rapidly than those of the ISQs, which
results in electrons moving to the interstitial space [30]. Var-
ious electrides are stabilized under high pressure, including
elements [9,13,20] and compounds [21-28]. In addition, high
pressure can improve the superconductivity of electrides. For
example, the 7; of C12A7:e™ increases from 0.2 K at ambient
pressure to 1.79 K at 4.7 GPa [31], and LigP is predicted
to be a good superconductor with a high 7; of 39.3 K at
270 GPa [24]. By far, there are two distinctively different
standpoints to elucidate the superconducting mechanism of
electrides: (i) ISQ-derived superconductivity, e.g., LigP [24]
and C12A7:e~ [17]; (ii) low ISQ concentration favors good
superconductivity, e.g., NbsIrs [18] and LisSi [28].
Electrides are easier to be discovered among lithium com-
pounds [21-28] because Li has a relatively incompressible
core, in which s valence electrons relocate more readily to
interstitial areas. C, which has a moderate electronegativity
(2.55), is an ideal element for attracting electrons to populate
separate interstitial orbitals, instead of binding electrons to
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anions. Therefore, lithium carbides are promising candidates
for electrides. Previous research has identified a series of
lithium carbides (e.g., LiCj, [32,33], Li,C, [34-37], Li,Cs
[38], LisC [39], LisC [40], and LisC [41]); among these, LigC
[41] and LisC [40] have been predicted to be good supercon-
ducting electrides with a 7; of 10 and 48 K at high pressure,
respectively.

Here, in order to obtain the complete phase diagram of a
Li-C system, we investigate the crystal structures of various
stoichiometric Li,C, compounds under high pressures up to
200 GPa. We found that LisC is a superconducting electride
with a maximum 7; of 5.7 K, which is much lower than the
previously predicted 48 K [40]. Additionally, LisC is demon-
strated to be an insulator at high pressure. Our results alter
the previous perspective about structures and properties of the
Li-C system and stress the need for a thorough search for a
crystalline ground state.

II. COMPUTATIONAL DETAILS

To search for thermodynamically stable Li,C, candidate
compounds under pressure, a structural prediction was per-
formed using the swarm intelligence-based crystal structure
analysis by particle swarm optimization (CALYPSO) program
[42—45], which has successfully predicted several metastable
and stable compounds [46—49]. The predictions of the crys-
tal structures of Li,C, (x,y = 1-6) were performed at 50,
100, and 200 GPa. The maximum number of atoms in the
simulation cell for each composition was no more than 28.
In order to find the ground state of Li-C compounds dur-
ing the prediction, more than 2000 structures were sampled
for each prediction run and the structural search was con-
sidered converged when ~1000 structures were generated
after finding the lowest-energy structure. In each structure
prediction, 60% of the structures with lower enthalpies were
selected to build next-generation structures by particle swarm
optimization, and 40% of the structures in the new gen-
eration were randomly generated. These procedures greatly
increase the diversity of the structures, which is crucial for
structural global search efficiency. Structural relaxations and
electronic structure calculations were performed using the
projector augmented-wave (PAW) method, as implemented
in the Vienna ab initio simulation package (VASP) [50]. The
density functional theory exchange-correlation functional was
approximated by the Perdew-Burke-Ernzerhof (PBE) gener-
alized gradient approximation [51]. The all-electron PAW
method was used for Li and C atoms with valence configu-
rations of 1s?2s! and 2s>2p?, respectively. The cutoff energy
for the expansion of the wave function in the plane-wave
basis was set to 1000 eV. Monkhorst-Pack k-point meshes
[52] with a grid density of 0.20 A~! were chosen to en-
sure a total energy convergence of better than 1 meV per
atom. The single-point energy calculations using the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [53] were also
performed to estimate the band gap. Finally, the optB88-vdW
van der Waals density functional was used to include dis-
persion in the exchange-correlation functionals [54] for all
the optimizations. The dynamical stability was determined
by calculating phonon frequencies using the supercell finite
displacement method [55] within the PHONOPY code [56].

Electron-phonon coupling (EPC) calculations were conducted
with the density functional perturbation (linear response) the-
ory, as implemented in the QUANTUM ESPRESSO package [57].
Ultrasoft pseudopotentials for the Li and C elements were
used with a kinetic energy cutoff of 80 Ry. The T values
of all metallic Li,C, compounds were estimated with the
Allen-Dynes modified McMillan formula [58].

III. RESULTS AND DISCUSSION

To investigate the phase stability of Li-C systems, we
calculated the formation enthalpies of all considered Li-C
compositions with respect to decomposition into elemen-
tary substances to construct the convex hulls, as shown in
Figs. 1(a)-1(c). There are eight energetically stable Li,C,
compounds, shown by solid squares on the convex hulls, for
which we calculated the relative enthalpies with respect to
other Li,C, compounds or elements as functions of pressure
to obtain the phase diagrams [Fig. 1(d)]. The vdW interaction
has proved to be important for predictions of both structural
and energetic information for graphite and graphite inter-
calated lithium compounds [38,59]. Given that both Li,Cs
and LiC, contain graphene sublattices, we consider the vdW
interaction for all the Li-C compounds during the struc-
tural relaxation [please see Supplemental Material (SM) [60]
Fig. S1]. In addition to the previously observed or proposed
structures (shaded gray bars), we identified nine different
stable structures [colored bars, Fig. 1(d)], namely the Cmmm
and the P1 structure for LigC; the P3ml, the Cmcm-1, the
C2/m, and the Cmcm-1II structures for LisC; the R3m structure
for Li3C; and the C2/m and the P1 structures for Li,C. All
of the stable phases are dynamically stable with no negative
frequencies (Fig. S2 in SM [60]). Moreover, we found that
the carbon motifs in the Li-C compounds evolved in the fol-
lowing sequence with increasing carbon content (Table I and
Fig. S3): isolated C anions (LigC, LisC, and LisC); a mixture
of isolated C anions and C, dimers (Li3C); C, dimers and Cq4
zigzag tetramers (LipC); single carbon ribbons (Li;Cy); dou-
ble carbon ribbons (Li,C3); and graphene (LiC;). LisC and
LigC are typical electrides; however, LigC is insulating under
high pressure (Figs. S4 and S5). Note that LisC is previously
reported with a T, of 10 K (80 GPa in the R3m structure).
However, the superconductivity in LigC is suppressed when
transforming to the Cmmm phase (47 GPa) and even becomes
a semiconductor in the P1 phase (Fig. S5). We also investigate
the superconductivity of other metallic lithium carbides as
summarized in Table II. Except LisC, all of them exhibit
very weak superconductivity (<1 K) under high pressure, thus
hereafter, our calculations and discussions will focus on the
LisC.

Under compression, LisC exhibits complicated phase tran-
sitions [Fig. 1(d)]. The hexagonal P3ml structure became
stable at 42 GPa. In this structure each C atom is coordinated
with 14 Li atoms, forming a CLi,4 octadecahedron [Fig. 2(a)],
with an average Li-C distance of 2.13 A at 50 GPa. Two
CLij4 polyhedrons are connected with each other by face shar-
ing. As pressure increases, an orthorhombic Cmcm-I structure
emerges at 53 GPa, also consisting of CLij4 polyhedrons
[Fig. 2(b)]. The two centered CLi4 are linked by face shar-
ing and then connected to the ones in the corner via edge
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FIG. 1. Thermodynamic stabilities and stable pressure ranges of Li,C, compounds. (a)-(c) Formation enthalpies (AH) per atom of the
Li,C, compounds at 50, 100, and 200 GPa, respectively. (d) Pressure-composition phase diagram for all stable Li,C, compounds, where gray
areas denote previously reported structures and colored areas our predicted structures. The detailed enthalpies for each compound as a function

of pressure are shown in Fig. S1.

sharing. Then it transforms to the C2/m structure [Fig. 2(c)]
at 96 GPa, and finally another orthorhombic Cmcm structure
at 113 GPa, denoted as the Cmcm-II phase [Fig. 2(d)]. Under
high pressure, the coordination environment of the C atoms in
LisC does not change greatly, and the structures are composed
of CLij4 units, except Cmcm-1I, which is composed of CLi;s

(a) P3m1 (b) Cmcm-1
£x o
(+ 4
CLiy, CLi,, LO
L
Q.
b (+ 4
b O
c . "Q

units due to the extreme compression. All of the Li-C bonds in
LisC exhibit ionic characters, confirmed by the Bader charge
analysis (Table S1). We have also predicted the previously
reported P6/mmm with a T of 48 K [40], however, unexpect-
edly, it possesses a much higher enthalpy (e.g., 0.91 eV per f.u.
at 200 GPa) than that of our four predicted phases, and thus

(d) Cmcem-11

FIG. 2. Crystal structures of LisC at high pressures. (a) P3m1 at 50 GPa, (b) Cmcm-I at 60 GPa, (c) C2/m at 100 GPa, and (d) Cmcm-1I at
120 GPa. Green and brown spheres represent Li and C atoms, respectively.
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TABLE I. Carbon motifs in the pressure-induced stable Li-C
compounds.

Li,C, Pressure (GPa) C motifs

Liy5,6C 35-200 o

LizC 40-200 0+0—0

LixC 10-120 0-0
120-200

LisCy 4-87

LiaCs 37-173

LiCy 127-200

the previous structure is energetically unstable over the whole
range [Fig. S1(b)]. The reason for the discrepancy in the
predictions is probably due to the complexity of the ground
state of LisC, indicating that more structures and repeated
simulations are required in the prediction run, especially for
those stoichiometries containing a large number of atoms in
the unit cell (e.g., N > 20).

According to the octet rule, LisC can be represented the-
oretically as (LisC]"(e™), and the excess of electrons leads
to the formation of electrides, as shown by the electron lo-

TABLE II. The calculated electron phonon coupling parameter
(1), logarithmic average phonon frequency (wi,), and the estimated
1. for selected Li,C, structures using the Allen-Dynes modified
McMillan (ADM) equation with u* = 0.10.

Li,C, Phase Pressure (GPa) A we (K) T (K)
LicC Cmmm 50 0.23 659 0.01
LisC P3m1 50 0.38 478 1.5
Cmcm-1 95 0.49 503 5.7
C2/m 100 0.44 470 3.1
Cmcm-11 120 0.41 660 3.1
140 0.42 671 3.6
160 0.43 673 4.3
Li,C Cmce 50 0.2 666 0.09
C2/m 100 0.24 782 0.02
LizCy Immm 50 0.25 1084 0.06
LiC, P6/mmm 100 0.24 1279 0.4

calization function (ELF; Fig. 3). The presence of interstitial
confined electrons was confirmed by the partial charge den-
sities (Fig. S6). In P3ml, the ISQs are dispersed loosely
in the interlayer spaces to form 2D electrides in the (001)
plane [Fig. 3(a)]. In the Cmcm-1 phase [Fig. 3(b)], there are
infinite 1D zigzag chains of ISQs inside the channels, formed
by face-sharing CLi;4 along the ¢ axis. In the C2/m phase,
the ISQs are rearranged into an hourglass-shaped distribution
at the vertices of the monoclinic lattice [Fig. 3(c)]. Further
compression-induced ISQs that are more localized and have
a lozenge shape along the a axis in the Cmcm-II phase
[Fig. 3(d)]. The dimensionality reduction of the electrides is
consistent with the Bader charge analysis (Table S1), in which
the ISQs in LisC become smaller with increasing pressure,
i.e., 0.76, 0.68, 0.49, and 0.43¢ for P3ml, Cmcm-1, C2/m,
and Cmcm-II1, respectively.

The band structures and partial densities of state (DOS)
for LisC were calculated to explore the electronic proper-
ties further [Figs. 4(a) and S7]. Upon compression, all the
LisC structures remain metallic with a large contribution
from Li-p electrons as well as strong hybridization between
the ISQs and atomic orbital electrons (C-p and Li-p) at
the Fermi level (Ef). Owing to the metallic character of
LisC, the EPC was calculated to estimate the potential super-
conductivity. The EPC parameters (1) are 0.38, 0.49, 0.44,
and 0.41 for P3ml at 50 GPa, Cmcm-I at 95 GPa, C2/m
at 100 GPa, and Cmcm-II at 120 GPa, respectively (Ta-
ble II). The T values were estimated using the Allen-Dynes
modified McMillan equation [58], using a typical Coulomb
pseudopotential of u* = 0.1. Accordingly, the estimated 7
values are 1.5, 5.7, 3.1, and 3.1 K for the P3ml, Cmcm-
I, C2/m, and Cmcm-II phases, respectively. The relatively
higher superconductivity of Cmcm-1 is attributed to the higher
occupation of the total DOS [Fig. 4(a)] at E; and stronger
EPC among LisC structures. Next, we will focus on in-
vestigating the pressure-dependent superconductivity of this
phase.

The phonon dispersions, projected phonon DOS, Eliash-
berg spectral function «?F, and EPC integral A(w) for
Cmcem-1 were calculated [Figs. 4(b) and 4(c)]. Cmcm-I has
a relatively large A of 0.49 at 95 GPa, comparable to that of
LigC at 40 GPa (0.47) [41] and larger than that of Liy,C at
50 GPa (0.276) [39]. According to the EPC integral, the low
frequencies (below 14 THz) make the main contribution to
the total A (~69%). To investigate the pressure dependence
of the superconductivity of Cmcm-I, we calculated its T; un-
der different pressures [Fig. 4(c)]. A increases with pressure,
whereas the DOS at E, denoted as N(Ey), decrease, which
mainly originates from the decrease of ISQs at Ef [Fig. 4(c)]
and has small coupling with the vibration due to the confined
electrons in the 1D channel. Thus, even if N(Ey) slightly
decreases, the proportion of free electrons from Li/C does
not. A is proportional to the proportion of the total number
of free electrons in N(Ey) that has coupling with the phonons
and is inversely proportional to the total number of ISQs. The
DOS at Ef of Cmcm-1 consists of the hybridization of ISQs
with Li-p and C-p orbital electrons [Fig. 4(a)], whereas the
number of ISQs decreases with pressure; thus, the increase
in A is attributed to the interaction between the hybridized
states of the host Li-p and C-p orbitals with the phonons. The
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FIG. 3. 3D (top panel) and 2D (bottom panel) ELF maps of LisC compounds. (a) P3m1 at 50 GPa, (b) Cmcm-I at 95 GPa, (c) C2/m at
100 GPa, and (d) Cmcm-II at 120 GPa. The 3D ELF maps have isosurface values of 0.55, 0.7, 0.7, and 0.7, respectively.

increase in A enhances T for Cmcm-I from 3.7 K at 60 GPa to
5.7 K at 95 GPa, which is larger than the highest value of T
(4.7 K) for LisC [39], as well as that for other typical electride
superconductors (e.g., C12A7:e~, 0.4 K) [17]; ZrsSbs, 2.3 K
[19]; MgONa, 3.4 K [61]; Y,C, 0.9 K [61]; and Ca,N, 4.7 K
[62]). We should emphasize that the 7; of the Cmcm-1 phase
is much smaller than that of the P6/mmm structure (~48 K
at 210 GPa), whose superconductivity originates mainly from
the high conductivity of 2D ISQ topology with a large oc-
cupation at E; [40], however, it is not stable over the whole
pressure range. The superior superconductivity of P6/mmm
is not unreasonable, considering its larger DOS at Ef (~1.50
eV~! per fu.) and stronger electron-coupling parameter A
(1.26) [40] compared with that of the Cmcm-I structure. Thus,
a key factor in designing high-T7; superconducting electrides is
that there is a high DOS occupation at £y dominated by ISQ
or host atoms, which determines its superconducting mecha-
nism.

(@)4

IV. CONCLUSIONS

The phase diagram of Li-C binary systems under high
pressure up to 200 GPa was explored by using a com-
bination of crystal-structure prediction and first-principles
calculations. Eight stable lithium carbides are stabilized un-
der pressure, among which LisC and LicC are electrides.
In addition, Cmcm-I LisC exhibits superconductivity with a
maximum 7; of 5.7 K, which is attributed to EPC originating
from the hybridization of host electrons. By contrast, LigC
is an insulator under high pressure. Our predicted structures
for LisC and LigC exclude the previously proposed high
superconductivities (maximum of 48 K) estimated basing
on energetically unfavorable structures, which highlights the
necessity of performing thorough structure prediction in or-
der to investigate accurately the physical properties of new
materials.
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FIG. 4. (a) Calculated band structures and partial density of states (DOS), and (b) phonon dispersion and projected phonon DOS of Cmcm-1
at 95 GPa. (c) T;, EPC parameter A, and DOS of C, Li, and ISQs at the Fermi level (E;) of Cmcm-I at different pressures.
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