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BaC: a thermodynamically stable layered
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To predict all stable compounds in the Ba—C system, we perform a comprehensive study using first-principles
variable-composition evolutionary algorithm USPEX. We find that at O K the well-known compound BaC, is

metastable in the whole pressure range 0—-40 GPa, while intercalated graphite phase BaCg is stable at 0-19 GPa.
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A hitherto unknown layered orthorhombic Pbam phase of BaC has structure consisting of alternating layers
of Ba atoms and layers of stoichiometry Ba,Cs containing linear Cs groups and is predicted to be stable in the
pressure range 3—32 GPa. From our electron—phonon coupling calculations, the newly found BaC compound is

a phonon-mediated superconductor and has a critical superconductivity temperature T. of 4.32 K at 5 GPa. This

www.rsc.org/pccp

Introduction

Metal carbides have attracted much attention due to their interesting
physical and chemical properties. For example, superconductivity
has been found in the intercalated graphite compounds, such as
CaCe (T, = 11.5 K)' and YbC, (T. = 6.5 K),”> and in some metal
dicarbides such as YC, (7 = 4.02 K)? and LaC, (T, = 1.8 K)." The first
reported superconducting alkali metal-graphite intercalation com-
pound is KCg with a T, = 0.14 K.> However, upon increasing the
alkali metal concentration via a high-pressure fabrication technique,
the transition temperature T can be further increased up to 1.9 K in
LiC,° and 5 K in NaC,.” In the graphite intercalation compounds, the
interlayer state is also found to be occupied and the energy of the
interlayer band is controlled by a combination of its occupancy and
the separation between the carbon layers.® These covalently bonded
carbon-based materials often have strong electron-phonon coupling
and phonon frequencies’ and therefore can be superconducting
when they have finite density of states at the Fermi level.

In the Ba-C system, only two carbides are known - dicarbide
BaC, and the intercalated graphite BaCs. Under ambient
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compound is dynamically stable at O GPa and therefore may be quenchable under normal conditions.

conditions, BaC, crystallizing in the CaC,-type structure with
space group I4/mumm can be considered as a tetragonally distorted
NaCl-type arrangement in which Ba atoms occupy the Na sites
and characteristic C, dumbbells on the CI sites. Recently,
pressure-induced structural transition of BaC, has been studied
by synchrotron X-ray diffraction and Raman spectroscopy at
room temperature. It was found that the I4/mmm phase of
BaC, transforms into an R3m rhombohedral structure at 4 GPa
and amorphization takes place above 30 GPa.' Calculations
within density functional theory (DFT) indicate that the I4/mmm
BaC, is an insulator with a DFT band gap of about 2.2 eV."" BaCg,
unlike YbCg and CaCg, shows no trace of superconductivity even
at a very low temperature down to 80 mK, because the separation
between graphene layers in BaCs is so large that superconductivity
is suppressed.”

It is well known that pressure, as one of the fundamental
thermodynamic variables, can drastically alter the chemical
and physical properties of materials and give rise to a large
number of novel phenomena which only emerge under high-
pressure conditions.'® For the Ba-C system, an open question
is whether new compounds beyond BaC, and BaCs emerge
upon increasing pressure. In this paper, we report the detailed
high-pressure phase diagram of the Ba-C system based on our
ab initio global variable-composition crystal structure search
and discover a previously unknown metallic BaC phase that
becomes stable at a remarkably low pressure of 3 GPa.

Computational details

Searches for stable structures were carried out using the USPEX code,

based on the evolutionary algorithm™ ™ in the variable-composition
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mode. Many previous studies have demonstrated the power of
this method/code in predicting stable crystal structures and
novel compounds.’”” ™ To explore all stable stoichiometric
compounds and their crystal structures in the Ba—-C binary system,
we first performed the newly developed variable-composition
searches (VCS)* and then focused on the most promising compo-
sitions using the traditional fixed-composition searches (FCS).
Evolutionary predictions were performed at pressures 0, 10, 20,
30 and 40 GPa. During global optimization, a number of structures
(with different compositions) are generated, relaxed, ranked on the
basis of their fitness (which is derived from the computed
energies). The underlying structure relaxations and total energy
calculations were performed using the Vienna Ab-initio Simulation
Package (VASP).>' The projector augmented wave (PAW) method>>
was used to describe the interaction between core and valence
electrons and the Perdew-Burke-Ernzerhof (PBE) implemented
generalized gradient approximation® was used to treat the
exchange-correlation energy. The valence electron configuration
of Ba used here is 55>5p®6s”. For structure relaxations, the plane-
wave energy cutoff was set to be 540 eV and the Brillouin zone was
sampled by uniform I'-centered meshes with reciprocal-space
resolution 21 x 0.03 A™" or better.

The vibrational properties and electron-phonon coupling (EPC)
coefficients were calculated by Quantum Espresso.>* PBE-PAW
atomic datasets were created with input data from PSLibrary.>®
These PAW potentials had the same valence electron configura-
tions as the ones we used with the VASP code. Force constants
were calculated using density-functional perturbation theory
(DFPT).*® In these calculations, we used a kinetic energy cutoff
of 80 Ry, an 8 x 8 x 12 k-point sampling mesh, a Gaussian
smearing of 0.01 Ry, and a4 x 4 x 6 g-point mesh in the Brillouin
zone for the newly-found BaC phase. The critical superconductivity
temperature 7, was obtained from the Allen-Dynes modified
McMillan equation.>”

Results and discussion

Stability of compounds in multicomponent systems is defined
by the convex hull construction. The calculated convex hulls for
the Ba-C system at 0, 10, 20, 30, and 40 GPa are presented in
Fig. 1. The well-known P63/mmc (graphite) and Fd3m (diamond)
phases of C, Im3m and P63;/mmc phases of Ba, and P6z/mmc
BaCs intercalated compound can be reproduced readily in our
searches. Remarkably, the previously reported compound BaC,
never appears on the convex hull. According to the FCS simulations,
we find that BaC, structure with space group P1 at 0 GPa and Cmcm
above 10 GPa are always more stable than the extensively studied
tetragonal I4/mmm and rhombohedral R3m phases of BaC, in
the entire pressure range from 0 to 40 GPa. While the P1 structure
does have C, groups as in some dicarbides, the Cmcm phase of
BaC, contains 1D gear-like chains of carbon atoms, being entirely
different from the I4/mmm and R3m phases in which the
characteristic C, dumbbells are separate from each other. As
shown in Fig. 1, however, it must be pointed out that none of
the BaC, phases are stable at any pressure considered here.
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Fig. 1 Calculated convex hull diagrams of the Ba—C system at 0, 10, 20,
30, and 40 GPa.

Interestingly, from our VCS and FCS simulations at 10, 20, and
30 GPa, barium monocarbide (BaC) with space group Pbam, an
unreported yet thermodynamically stable phase, is determined.
As shown in Fig. 2(a), Pham-BacC is a layered structure, in which
layers of stoichiometry Ba,C; alternate with pure Ba layers. In
the “Ba,C;” layer, the linear C;-groups and Ba atoms form
characteristic Ba-C-C-C-Ba configuration, which is comparable to
the layered Mg—C—C—C=—Mg configuration in the experimen-
tally determined magnesium sesquicarbide (Mg,Cs) with space
group Pnnm.”® On the other hand, Pham-BaC can be interpreted as
a special structure in which the edge-sharing and distorted bec-Ba
columns, as marked in Fig. 2(b), form the basic framework
intercalated by Cs-groups. It can be expected that these edge-
sharing bee-Ba building blocks would play an essential role in
determining the electrical behavior of the Pbam phase. In fact,
various Ba,C; compounds, such as the intercalated P3m1 phase
containing the graphene sheets, Pnnm and P2,/c phases containing
C;-groups, were also detected from our FCS simulations at different
pressures. As indicated in Fig. 1, however, Ba,C; is always
metastable. The optimized structural parameters of the Pbam

e
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Ba,C, Layer o
Q
-
_0
) 0 )
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Fig. 2 Crystal structure of Pbam-BaC at 5 GPa: (a) side view with the
marked “Ba,C3" and “Ba" atomic layers; (b) top view along the z axis in
which the edge-sharing distorted bcc-Ba building blocks are marked in
blue lines for clarity. Large green spheres and small brown spheres are Ba
and C atoms, respectively.
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Table 1 Optimized lattice parameters of the stable Pbam BaC at 5 GPa and metastable P2;/c (5 GPa), Pnnm (5 GPa), P3m1 (5 GPa) phases of Ba,Cs,

P1 (0 GPa) and Cmcm (5 GPa) phases of BaC,

Wyckoff positions
Compound Space group Lattice parameters (A, deg) Atom Site x y z
BaC Pbam a=7.650, b =7.714, c = 4.428 Ba 2c 0.0000 1/2 0.0000
Ba 4h 0.3425 0.3237 1/2
C 2a 0.0000 0.0000 0.0000
C 4g 0.1255 0.1212 0.0000
Ba,C; P2,/c a=4.314,b = 5.736, c = 7.763, f = 90.58 Ba e 0.2939  0.1284  0.6833
C 2a 0.0000 0.0000 0.0000
C 4e 0.1700 0.6808 0.5535
Pnnm a=7.591, b = 6.803, ¢ = 4.630 Ba 4g 0.2546 0.5447 1/2
C 2b 0.0000 0.0000 1/2
C 4g 0.0455 0.1901 1/2
P3m1 a = 4.344, ¢ = 16.089 Ba 2c 0.0000 0.0000 1/3
Ba 2d 1/3 2/3 0.1065
C 6h 0.6671 0.6671 1/2
BaC, Pi a =4.467, b = 4.562, ¢ = 8.200, « = 86.76, # = 105.00, y = 64.47 Ba 2i 0.0479 0.6848 0.7485
C 2i 0.6308 0.3743 0.5506
C 2i 0.4550 0.0915 0.0532
Cmcem a =4.408, b = 9.474, ¢ = 4.887 Ba 4c 0.0000 0.3569 1/4
C 8f 0.0000 0.0508 0.3911

BaC, the metastable P3m1, Pnnm, and P2,/c phases of Ba,Cs;, and
Cmem of BaC, are listed in Table 1. At 5 GPa, the C-C bond lengths
are about 1.330-1.341 A in the structures containing C; groups,
being longer than those of C, dumbbells — about 1.261-1.264 A - in
the Cmcm, I4/mmm or R3m BaC, This is consistent with
C,-dumbbells having a triple, and C;-group double bonds.

The computed energetics of different phases has allowed us
to construct the pressure-composition phase diagram of the
Ba-C system, presented in Fig. 3. For pure C, the P63/mmc
graphite structure transforms into the cubic diamond structure
with space group Fd3m at ~8 GPa, which is consistent with a
great number of experimental or theoretical studies.>>*° For pure Ba,
the pressure-induced structural transition from Im3m to Pés/mmc is
predicted to occur at ~ 3.5 GPa, which also agrees well with the
previous experimental results or theoretical predictions.>'”** At
14 GPa, the intercalated compound BaCs (P63/mmc) would lose
its stability and transforms into a rhombohedral R3m phase,
which is a CaCg-type structure’ and becomes unstable at 19 GPa.
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Fig. 3 Pressure-composition phase diagram of the Ba—C system.
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Above 3 GPa, Pham-BaC becomes stable and coexists with Ba, C,
and BaCes. When pressure goes beyond 32 GPa, BaC finally
decomposes into the P6s/mmc Ba and Fd3m C, and no Ba
carbides remain stable. This pressure-induced decomposition
in the Ba-C system has been observed in recent high-pressure
X-ray diffraction and Raman spectroscopy measurements by
Efthimiopoulos and co-authors,'® where they suggested, however,
that the irreversible amorphization above 30 GPa is due to decom-
position of BaC,.

The calculated electronic band structure and density of
states (DOS) of the Pham phase of BaC at 5 GPa are presented
in Fig. 4. At 5 GPa, two bands which are marked as band I and
band II in Fig. 4 cross the Fermi level (Er), indicating metallic
character of this phase. Band I makes two small hole-pockets
along the I'-Z-U path, while band II makes an electron-pocket
around the I' point. Moreover, the total DOS at Er is about
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Fig. 4 Band structure along high-symmetry lines in the Brillion zone and
projected electronic density of states of the Pbam phase of BaC at 5 GPa.
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Fig. 5 2D slices of electron localization function for the Pbam phase of
BaC at 5 GPa: (a) ELF for the (001) plane through the Cz group and Ba
atoms; (b) ELF for the plane through Ba atoms.

0.71 states per eV per f.u., which is mainly contributed by the
Ba-5d states and to a small extent also the C-2p states. When
pressure goes up to 15 GPa, the total DOS is broadened
considerably, but band I makes only one hole-pocket and the
DOS at Eg drops to about 0.42 states per eV per f.u., indicating
the decrease of conductivity.

Fig. 5 shows the calculated electron localization function
(ELF) of Pham-BaC at 5 GPa. As presented in Fig. 5(a), the ELF
values between carbon atoms in the C; group are nearly 1.0,
indicating strong covalent bonding. The ELF value between the
nearest Ba atoms, as shown in Fig. 5(b), is about 0.5, indicating
metallic bonding among them, which is consistent with our
previous analysis of the crystal structure and electronic DOS.

The calculated phonon dispersion curves along high-
symmetry directions in the Brillion zone, projected phonon
DOS, and Eliashberg spectral function o’F with the integral
curve of the electron-phonon coupling parameter A for Pham-BaC
at 5 GPa are shown in Fig. 6. The dynamical stability of the Pham
phase is confirmed by the absence of imaginary frequencies. The
low-frequency vibrations below 130 cm™ " are mainly contributed
by the heavy Ba atoms, but the coupled Ba-C translational
motions are also not negligible. In the higher-frequency region
between 171 and 275 cm ™, the phonon spectrum is mainly due to
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Fig. 6 Calculated phonon dispersion, projected phonon density of states

and Eliashberg spectral function o°F with the integral curve of the electron—
phonon parameter ..
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the librational motions of C; groups. The two flat bands at
around 585 and 609 cm ' can be assigned to the bending
vibrations of the linear C; groups. The phonon modes at
around 1127 cm ™' correspond to stretching of bonds between
the C(2a) and C(4g) atoms in C; groups, but do not contain a
displacement of the central C(2a) atom due to symmetry. At
high frequencies above 1687 cm™', the phonon spectrum is
mainly ascribed to the stretching vibrations between C(4g)
atoms and C(2a)-C(4g) pairs in C; groups. In addition, according
to our phonon calculations at 0 GPa, the Pbam BaC is still
dynamically stable, which indicates that this compound may
be quenchable under normal conditions.

The calculated Eliashberg spectral function «*F(w) of BaC
under 5 GPa is depicted in Fig. 6. The corresponding integral of
EPC parameter /(o) is about 0.65, indicating a moderate EPC
strength. The vibrations below 130 cm ™' mostly from Ba atoms
contribute about 60.0% of the total 4 value. The librational
vibrations of C; groups within the 171-275 cm™* frequency
range contribute about 29.7%, while about 4.9% and 4.6% of
the total 4 are from the bending motions of C; groups between
585 and 609 cm~ ' and the stretching vibrations of C atoms
', respectively. The calculated logarithmic
average frequency w, is relatively low - 151.1 K at a pressure
of 5 GPa. The corresponding critical superconductivity tempera-
ture T, obtained from the modified Allen-Dynes equation using
commonly accepted Coulomb pseudopotential, u* = 0.10, is
about 4.32 K. Moreover, this value of T, is somewhat higher
than that of the pure metallic Ba (<1.3 K at the pressure of
5.5 GPa), which verifies that the contributions of the vibrations
of C; groups to the superconducting behavior of the Pham BaC
cannot be ignored. With increasing pressure, the calculated 7.
drops to 1.54 K at 10 GPa, and 0.76 K at 15 GPa due to the weaker
EPC strength. This is in contrast to the case of pure Ba, where T,
increases with pressure.*® Similar behavior, however, appears in
many phonon-mediated superconductors, such as the exten-
sively studied MgB,,** CaCq,*® and BH recently reported by us.*®

above 1687 cm™

Conclusions

A high-pressure phase diagram of the Ba-C system built from
first-principle total-energy calculations and ab initio evolutionary
structure prediction simulations has indicated that at 0 K the
extensively studied barium dicarbide (BaC,) is always metastable.
According to our evolutionary structure searches and static
enthalpy-pressure calculations, barium monocarbide (BaC)
with space group Pbam is found to be stable in the pressure
range from 3.1 to 32.3 GPa. BaC finally decomposes into Ba
and C above 32.3 GPa, which is consistent with the recent
experimental work. Unlike BaC, containing C, dumbbells, the
orthorhombic Pbam-BaC has the characteristic linear three-
membered carbon Cj-groups. Pham-BaC is metallic with mostly
Ba-5d states at the Fermi level. Electronic structure calculations
also show strong covalent bonding within Cj-groups in
the Pbham phase. Lattice dynamics and electron-phonon
coupling calculations further indicate that the Pham phase is

Phys. Chem. Chem. Phys., 2014, 16, 20780-20784 | 20783


http://dx.doi.org/10.1039/c4cp02781g

Published on 18 August 2014. Downloaded by State University of New Y ork at Stony Brook on 27/09/2014 07:17:26.

PCCP

a phonon-mediated superconductor with a moderate EPC
strength and T, = 4.32 K at 5 GPa.
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