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ABSTRACT: We studied the binary carbide systems Li,C, C22~ e
n

and CaC, at high pressure using an evolutionary and ab initio
random structure search methodology for crystal structure

prediction. At ambient pressure Li,C, and CaC, represent salt- = ® - 8 o e

like acetylides consisting of C,>~ dumbbell anions. The ®

systems develop into semimetals (P3m1-Li,C,) and metals . .

(Cmem-Li,C,, Cmcm-CaC,, and Immm-CaC,) with polymeric ® pressure e —e =
anions (chains, layers, strands) at moderate pressures (below o —_— o e

20 GPa). Cmcm-CaC, is energetically closely competing with g

the ground state structure. Polyanionic forms of carbon g i ® . @ . ® - ®
stabilized by electrostatic interactions with surrounding cations b ® ® P ®

add a new feature to carbon chemistry. Semimetallic P3m1- ® @ ®

Li,C, displays an electronic structure close to that of graphene.

The 7* band, however, is hybridized with Li-sp states and changed into a bonding valence band. Metallic forms are predicted to
be superconductors. Calculated critical temperatures may exceed 10 K for equilibrium volume structures.

1. INTRODUCTION and strands, 2D slabs and layers, to 3D frameworks.
Envisioning polyanions from carbon, corresponding to, e.g,
infinite chains or ribbons and stabilized by electrostatic
interactions with surrounding cations, adds a new feature to
carbon chemistry. Materials consisting of polymeric carbon
anions can be expected to display interesting optical and
electron transport properties.

The idea of polymeric carbon structures has been raised
several times, most explicitly in two theoretical works on Li,C,
and MgC,'”"! and an experimental study on BaC,."*> Here, we

Metal-intercalated graphite and fullerenes (i.e., fullerides) have
been extensively investigated for their remarkable structural and
physical properties. For example, superconductivity is observed
in both classes of compounds, with transition temperatures
exceeding 20 K for some fullerides,' ™ and Li intercalated
graphite is an important ingredient to battery technology. The
interesting materials properties of intercalated graphites and
tullerides can be associated with partial electron transfer from

the metal to the carbon backbone. However, in contrast with its performed a systematic search with Li,C, and CaC,.

heavier congener silicon, carbon lacks an extended polyanionic Intriguingly, already at very modest pressures (below 10

chemistry which appears restricted to carbides with C*7, C,*", GPa) these carbides unfold a polymeric structural chemistry; in

and C;* moieties.” fact, for CaC, a polymeric modification is closely rivaling the
The polyanionic feature is a general phenomenon of ground state structure. The novel carbides are distinguished by

intermetallic compounds which are constituted of an s-block unique electronic structures and predicted to be super-

metal (i.e, alkali or alkaline earth) and a more electronegative conductors.

p-block metal or semimetal component (e.g,, B, Al, Si, etc).*’

These so-called Zintl phases are, similar to ionic salts, 2. METHODS

rationalized by assuming an electron transfer from the less Two different methodologies for structure prediction were applied to

electronegative (active) component, but now p-block anions do the CaC, and Li,C, systems: (i) The evolutionary algorithm

not necessarily achieve an electronic octet but may form USPEX"™"* and (i) ab initio random structure searching as

covalent bonds to each other to do so. The resulting polymeric

anions (polyanions) display an incredibly rich structural Received: January 29, 2013

versatility, ranging from clusters, one-dimensional (1D) chains Published: May 14, 2013
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introduced by Pickard and Needs.'® Structure searches were done in
the range of 0—20 GPa with 1, 2, 3, 4, and 6 formula units per
simulation cell. For structural relaxation and calculations of electronic
properties ab initio calculations were performed using the first-
principles all-electron projector-augmented waves (PAW)"” method as
implemented by the Vienna Ab Initio Simulation Package (VASP).'®
Valence electrons were treated as 3p®4s?, 1s*2s', and 2s*2p” for Ca, Li,
and C, respectively. Electron—phonon coupling and lattice dynamics
calculations were performed using the QUANTUM-ESPRESSO
package' and the PBE exchange correlation”® Details on the
calculational procedures are given as Supporting Information.

3. RESULTS AND DISCUSSION

At ambient pressure Li,C, and CaC, represent salt-like
acetylides which consist of the C,*~ dumbbell anion
isoelectronic to dinitrogen.”"** Figure la depicts the

LizCz Cng
a) GS GS (CaCy-11)
c *‘3
L 1) ®e
e oo
Fa .
| ®
. ,’ &= ?’Lg(,
' 0@ L
b) P-3ml T
[ e
et
P P ™ TR
y m apn mus
*3- 2385 P ) —EBILLEED
a > B w
Cmem (CrB) Cmem
b %
""‘«‘. 35 q._‘?l.lﬁ ‘ ‘ ‘ ‘
® ::.0.-;.0 P oo e
o e J'® e ‘o . _ oo
oo @ N =
Wi L e 4 e

Figure 1. Crystal structures of Li,C, and CaC, phases (left and right,
respectively). (a) Acetylide ground state structures. (b) Predicted
polyanionic carbide structures. Carbon and metal atoms are
represented as red and gray circles, respectively. Carbon—carbon
distances (in Angstroms) are labeled.

orthorhombic ground state structure of Li,C,, which can be
related to the CaF, fluorite structure (i.e.,, dumbbell centers and
Li atoms take the positions of Ca and F atoms, respectively)
and the monoclinic structure of CaC,-II (which is related to the
NaCl structure similar as Li,C, is to CaF,). CaC, is
polymorphic; two more modifications, tetragonal CaC,-I and
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monoclinic CaC,-III, are known at room temperature. CaC,-II
is considered the low-temperature ground state.””

Enthalpy differences for various phases obtained from the
structure prediction simulations, relative to the ground states of
Li,C, and CaC,, are shown in Figure 2a and 2b, respectively.
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Figure 2. Enthalpy—pressure relations for LiC, (a) and CaC, (b) with
respect to their ground state structures. Broken lines/open symbols
and solid lines/solid symbols represent results with and without
considering zero-point energy, respectively. Broken vertical lines
indicate transition pressures.

For Li,C, at around 6 GPa other structures with space groups
P3ml and Cmem (P3m1-Li,C, and Cmem-Li,C,, respectively)
become more stable. Noteworthy is the rather large
destabilization of P3ml1-Li,C, by zero-point energy which
shifts the transition pressure by several GPa and makes this
phase rapidly unfavorable with respect to Cmcm-Li,C,.
Somewhat surprising, for CaC, a structure with Cmcm
symmetry is energetically closely competing with the
established polymorphs at ambient pressure and stabilizes
rapidly with increasing pressure. This result is in sharp contrast
to the finding of Kulkarni et al,*® who predicted pressure
stability in excess of 20 GPa for polymorphs based on a quasi
NaCl-type arrangement of Ca cations and dumbbell anions (cf.
Supporting Information for a detailed comparison). At about
16 GPa Cmcm-CaC, is superseded by another phase, Immm-
CaC,. The obtained structures for Li,C, and CaC, appear
plausible: (i) they are detected with two independent methods
of structure prediction, (ii) they are consistently found when
increasing the simulation cells, and (jii) they are dynamically
stable, ie., in the considered pressure range (0—20 GPa) there
are no imaginary phonon frequencies throughout the Brillouin
zone. The latter implies that the predicted polymorphs are
metastable at their equilibrium volume corresponding to
ambient pressure, and they are thermodynamically stable at
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high pressures with respect to modifications based on dumbbell
units.

The predicted structures all contain polymeric forms of
carbon and are depicted in Figure 1b at their (zero pressure)
equilibrium volume. The P3m1-Li,C, structure is composed of
slightly puckered honeycomb (graphene) sheets of C atoms
that are intercalated by a double layer of Li atoms. Li and C
atoms within layers are stacked on top of each other along the
hexagonal ¢ direction. The resulting short Li—C distance (2.02
A) imposes the corrugation of carbon layers and gives C atoms
a peculiar “umbrella”like coordination. The distance between
neighboring C atoms is 1.51 A, which is considerably elongated
compared to graphene/graphite (1.42 A). The double layer of
Li atoms relates to a close-packed arrangement with distances
of 2.57 and 2.84 A within and between single layers,
respectively. The Cmem-Li,C, structure is isotypic to the CrB
structure and has already been detected by Chen et al.'®
Carbon atoms are arranged as zigzag chains (“all-trans”
conformation) with an equidistant C—C distance of 1.45 A.
Interestingly, in the Cmcm-CaC, structure chains of carbon
atoms occur in an “all-cis” conformation with two different
distances (140 and 1.46 A). Yet another polymer carbon
structure is realized with Immm-CaC,, where zigzag chains are
connected to yield strands of hexagons. The C—C distance
within chains is 1.55 A and, thus, noticeably longer than within
the isolated chains in Cmcm-Li,C, and Cmcm-CaC,, whereas
the connecting distance is shorter (1.48 A).

The acetylide ground state (GS) modifications of Li,C, and
CaC, are insulators with wide band gaps, whereas the
polymeric forms represent semimetals or metals (Figure 3).
Peculiar is the electronic structure of P3m1-Li,C, (Figure 3a).
The carbon s and p orbitals form three o- and one 7-bonding
bands which are occupied and located in the energy range from
—20 to —4 eV below the Fermi level. Their dispersion
resembles closely that of graphene. The contribution of p,
orbitals to the energy bands is highlighted as “fatbands” in
Figure 3a. In graphene the antibonding 7 band (7*) is empty.
In P3m1-Li,C, this band is hybridized with Li s,p, states and
transformed into an Li—C bonding valence band which is
dispersed in the energy range from —4 eV up to the Fermi level.
The Li(s,p,)—C(p,) hybridization (sketched as an inset in
Figure 3a) is curious, leading to a gap opening at the Fermi
level along the directions I'=M and I'=K. Consequently, the
density of states (DOS) for P3m1-Li,C, displays a pronounced
pseudo gap at the Fermi level, the hallmark of a semimetal.

A large contribution of the Li states to the valence bands is
also observed for Cmcm-Li,C, with carbon zigzag chains
(Figure 3b, DOS). In the band structure the 7 and 7z* bands
stemming from the carbon p orbitals perpendicular to the plane
of the chain (p,) are highlighted. The direction '—Z mirrors
the band structure of the one-dimensional chain. The Fermi
level intersects where the 7 and 7™ band become degenerate at
Z. The corresponding direction for Cmcm-CaC, is depicted in
Figure 3c. The “all-cis” chain has a four-atom repetition unit.
Thus, four p orbitals give rise to z-type bands which appear
“folded back” when compared to the “all-trans” zigzag chain.
The consequences of the Peierls distortion are remarkably
weak. The bonding—antibonding splitting, which occurs at I at
about —1 eV below the Fermi level, amounts to only 0.2 eV.
The lower part of the third, antibonding, 7 band is filled. Both
systems containing linear chain polymers are metals. This is
also the case for Immm-CaC, (Figure 3d), where C atoms form
strands of hexagons, and the metallic feature is probably typical
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Figure 3. Electronic band structure and DOS for P3m1-Li,C, (a),
Cmem-Li,C, (b), and Cmcm-CaC, (c). p, contributions are shown as
fatbands. (d) DOS for Immm-CaC,. Site-projected DOS shows the C-
px (red line) and metal (Li-sp/Ca-spd) contribution (blue line). Insets
in a and b sketch the Li—C bonding interaction in P3m1-Li,C, and the
interplay of lone electron pair ¢ and C—C 7 bands as valence and
conduction bands in Cmem-Li,C, and CaC, (linear chain polyanions),
respectively.

for systems with 1-D polymers. In contrast with, e.g, P3ml-
Li,C,, 1D systems have apart from o-based bonding bands also
o-type bands associated with lone electron pairs. The latter
disperse in an energy range where the z-type bands are located,
i.e, several eVs below and above the Fermi level. As a
consequence, “lone pair” ¢ bands are not completely filled and
in turn 7* bands become partially occupied, i.e., holes in lone
pair bands are balanced by electrons in 7* bands. This interplay
is sketched as inset in Figure 3b.

Whereas the structural properties of carbides containing
polymeric carbon arrangements are reminiscent of Zintl phases,
their electronic structures are not quite typical for this class of
compounds. Most notable is Cmcm-CaC,, where a Zintl phase
description would lead to the expectation of a band gap or
pseudo gap at the Fermi level. To elaborate on the issue of
polyanionic carbon we performed a Bader analysis of the
electronic charge density distribution in the unit cell. Through a
Bader analysis a charge can be uniquely assigned to an atom,
and the results are compiled in Table 1.>* In the acetylide GS
modifications C atoms attain a charge of —0.87 and —0.77 for
Li,C, and CaC,, respectively. These values may be considered
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Table 1. Atomic Charges According to a Bader Analysis™*

Li,C, CaC,
Immm (GS) +0.87 C2/c (GS) Ca +1.54; C —0.77
Cmcm +0.84 Cmcm Ca +1.38; C —0.69
P3ml +0.48 Immm Ca +1.27

C(3b) —0.37; C(2b) —0.90

as a reference corresponding to maximum “ioniciy”. In the
phases Cmcm-Li,C, and Cmcm-CaC, containing linear carbon
chains these values appear somewhat decreased (—0.84 and
—0.69, respectively) but large enough to justify their
classification as polyanionic. Clearly different is the situation
with P3m1-Li,C,, where the charge on the C atoms in
graphene-like layers is just —0.48, manifesting the peculiar
covalent Li—C bond. The difference between two- and three-
bonded C atoms is also seen in Immm-CaC,: The two-bonded
atoms in the hexagon strands attain a charge of —0.90, whereas
the three-bonded ones attain just —0.37.

We conclude that carbon, as the most electronegative group
14 element, can establish polyanionic chemistry. However, it
differs from the higher congeners, mostly because carbon can
effectively utilize 7 bonding. 1D polyanions corresponding to
linear zigzag chains and strands of hexagons are also known
with silicon. For example, CaSi adopts the CrB-type structure
and Eu,Si, displays the hexagon strands.”® For silicon these
polyanions are realized at higher electron counts (i.e., higher
formal charges), implying that z* bands, which are not
significant to bonding for silicon, are typically fully occupied.

Lastly, we address the question whether the novel
polyanionic forms of carbon may be associated with interesting
materials properties. To explore superconductivity electron—
phonon coupling (EPC) calculations were performed on the
metallic phases Cmcm-Li,C,, Cmcm-CaC,, and Immm-CaC,
containing 1D carbon polyanions at their equilibrium volume
corresponding to ambient pressure. The superconductivity
critical temperature T was calculated via the Allen—Dynes-
modified McMillan equation®® and obtained as 8.6—14 K for
Cmcem-Li,C,, 1.3—3.5 K for Cmcm-CaC,, and 9.8—14.6 K for
Immm-CaC, using a typical range of 0.14—0.1 for the Coulomb
pseudopotential * (see Table 2). Maximum values of A range

Table 2. Superconductivity Parameters of Metallic
Polyanionic Carbides

O1eg (K) 2 Te (K) (4* = 0.10)
Cmcem-Li,C, 671 0.586 14.2
Cmcem-CaC, 586 0.427 3.50
Immm-CaC, 471 0.668 14.6

from 0.43 to 0.67. The major contributors to T are the
logarithmic average phonon frequency w,, and the EPC
constant A, which are dominated by the Eliashberg function
@*F(w). Figure 4 shows o&’F(w) as a function of phonon
frequency @ in Cmcm-Li,C, and Cmcm-CaC,.

The phonon dispersion of carbides with 1D polyanions can
be divided roughly into three regions: the high-frequency
region down to 800/600 cm™' (Li/Ca compounds) charac-
terized by in-plane C—C stretching and bending modes, an
intermediate region down to 400/300 cm™' (Li/Ca com-
pounds) where out-of-plane C atom modes are located, and the
low-frequency region where modes are dominated by displace-
ments of metal atoms. It is clearly seen from the Eliashberg
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Figure 4. Phonon DOS with site projections (left), and Eliashberg
function @*F(w) and electron—phonon coupling integral A(w) (right)
for Cmem-Li,C, (a) and Cmcm-CaC, (b).

function that the low- and intermediate-frequency vibrations
provide the major contribution to the superconductivity. In
fact, 1 attains between 70% and 75% of its maximum value from
phonons involving metal atom and out-of-plane C atom
displacements. This indicates that the coupled electronic states
should have a considerable 7 contribution (partially filled 7*
band). At the same time those states have a large contribution
from the metal atoms (cf. Figure 3b—d). This picture appears
to be similar to metal-intercalated graphite where super-
conductivity is explained by carbon out-of-plane vibrations
coupling to an “interlayer state” with large metal orbital
contributions.””

4. CONCLUSION

We investigated the possibility of polyanionic forms of carbon
with Li,C, and CaC,. Our results from crystal structure
prediction methodology suggest that with pressure acetylide
carbides unfold a novel polymeric carbon chemistry, which is
rich in structure and reminiscent of Zintl phases. In contrast to
salt-like acetylides, polyanionic carbides of Li,C, and CaC, are
either semimetals or metals. The metallic forms were shown to
be superconductors. Striking are the comparatively low-
pressure conditions (below 20 GPa) for inducing polyanionic
carbides, suggesting their accessibility even by large-volume
high-pressure technology. However, at present formation
conditions are unknown. Although enthalpically favored,
formation of polyanionic carbides may be kinetically hindered;
instead, high-pressure transformations produce closer packings
of dumbbell units and cations. This has been observed in room-

dx.doi.org/10.1021/ic4002219 | Inorg. Chem. 2013, 52, 6402—6406



Inorganic Chemistry

temperature experiments with BaC, and Li2C2.12’28 Increasing
pressure further results in amorphization. Also, CaC,
amorphizes when compressing at room temperature.”® The
local structure of the amorphous carbide phases has not yet
been analyzed but might reveal the presence of polyanionic
carbon fragments. Formation of crystalline phases possibly
requires simultaneous application of high pressure and high
temperature.

B ASSOCIATED CONTENT
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Further details on the computational procedures as well as
crystallographic information on predicted structures and their
equation of state parameters; figure comparing enthalpies vs
pressure of polyanionic CaC, modifications with various
dumbbell modifications predicted by Kulkarni et al.**> This
material is available free of charge via the Internet at http://
pubs.acs.org.
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