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In this paper, a DFT-based study of the structural and electronic properties at ambient pressure of pure
beryllium carbide (CBe2) phase is presented. The PBE-GGA approach, as implemented in the Quantum
Espresso electronic structure code, was used through the scalar-relativistic calculation. A structural
equilibrium parameters and bulk modulus were also calculated. Obtained results show that phase
is semiconducting in nature with a band gap equal to 1.22 eV. Electronic properties in terms of band
structure and density of states are presented. Calculations show that magnetic ordering is not favorable
and total magnetic moment is zero. Using electron localization function and the Bader charge analysis
we also determined a bonding character inside BesC.
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1. Introduction

Beryllium carbide in its pure form is a color-
less transparent crystal historically identified by
Lebeau [1] with BesC composition. For a long
time, only one crystalline form of this compound
was known, the so-called anti-fluorite structure,
previously studied and experimentally reported by
Wycoft [2]. Recently, some additional possible
structures of beryllium carbide have been identified
to be energetically stable, including quasi planar
hexacoordinate carbon [3], a promising 2D material,
or a stable hexa-coordinate monolayer [4]. A wide
range of applications for beryllium carbide such as
for ablation coatings in experimental fusion reac-
tors [5] or as the diffusion barrier against atomic
copper [6] has recently drew attention to this mate-
rial. However, among many experimental and theo-
retical articles [7-10] related to Be2C, according to
the author’s best knowledge, there is no theoretical
work devoted to the study of electronic properties
of this compound.

The chemical composition of beryllium carbide
in its bulk form may suggest that the compound
should be characterized by low mass and at least
insulating or semiconducting behavior, due to its
transparency in the visible part of the electromag-
netic spectrum. The available literature seems
to confirm these assumptions, at least for low-
dimensional (2D) structures where ab-initio data
were previously published [3, 4]. In [3], Li et
al. identified two types of electronically stabilized
BeoC, the quasi-planar hexa-coordinate (BeoC-I)
and tetra-coordinate (BeyC-II) indicating that the
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former form is more stable in terms of energy. Then,
in the work of Maseri et al. [4], a new polycrys-
talline two-dimensional form of this material was
reported, namely Be,;C-III. However, although in-
teresting, known two-dimensional systems may have
different properties than BeoC in its bulk form.
The formation mechanism of beryllium carbide was
also studied using molecular dynamics (MD) simu-
lations of the sputtering process [11, 12] and tested
for absorption and diffusion in the context of op-
erating the material under reactor conditions [13].
Therefore, in order to fill the gap of bulk CBes
material, in this paper we present DFT-based first
principles theoretical calculations focusing on struc-
tural and electronic properties of this interesting
compound.

2. Computational details

The calculations were performed using a Quan-
tum Espresso software package [14]. Structural re-
laxation and electronic structure calculations were
performed using the plane wave method using the
generalized gradient approximation (GGA) in the
Perdew, Burke, and Ernzerhof (PBE) form. For all
calculations, the projector augmented-wave (PAW)
pseudopotentials were used. The electronic config-
urations for Be and C were 152252 and 1s522522p?2,
respectively. The CBes crystallizes in the face cen-
tered cubic structure with the F'm—3m space group,
where one can distinguish two sublattices: the car-
bon fcc and internal SC Be sublattice. Together
they form the anti-fluorite structure, which is pre-
sented in Fig. 1.
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Fig. 1. Cell structure of CBes.

All computations were done including the
scalar relativistic effects. For ensuring accu-
rate results, proper convergence tests were con-
ducted. The Monkhorst—Pack uniform k-point
mesh 15 x 15 x 15 for the Brillouin zone sam-
pling was established on that base. The en-
ergy cutoff for the wavefunction kinetic energy is
Eout,xin = 62 Ry and the cutoff for the charge den-
sity is Feut,p = 248 Ry. The electronic convergence
criterion was set to 107% Ry. For the relaxation
procedures, a 10~* Ry/atom convergence criterion
was used for ionic minimization. This criterion was
met when all components of all forces were less than
this value. The above parameters used during cal-
culations were carefully checked by utilising proper
convergence tests.

3. Results

In the first step, the relaxation of both atomic
positions as well as cell parameters optimization
were done using the classic minimization of energy
in respect to the fcc lattice a parameter. The re-
sulting structure is presented in Fig. 1. From en-
ergy in respect to the volume curve obtained in
this step, the equilibrium lattice parameter equal
to a = 4.33 A was obtained and the bulk modulus
equal to K = 180.4 GPa was calculated using the
Murnaghan equation of state [15], i.e.,
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where Ky — the bulk modulus, K; — the deriva-
tive of Ky, Ey — the equilibrium energy, V; — the
equilibrium volume and V' — the volume.

After ionic relaxation of the structure, a self-
consistent field (SCF) calculation of the total en-
ergy was conducted including breaking of magnetic
symmetry to form the ferromagnetic case. During
the SCF cycles, the introduced magnetic moment
was always quenched to zero, regardless of the site
on which it was induced, indicating that the mate-
rial is not susceptible to magnetization. Next, the
band structure along with the density of states was
calculated and presented in Fig. 2.
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Fig. 2. Band structure and density of states of

CBes. The blue line indicates the Fermi level.
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Fig. 3. Projected density of states of CBez. The
blue vertical line denotes the Fermi level.

As can be seen, there is a band gap of size
E, =1.22 eV visible both in the BAND and DOS
plot which is of indirect type (between I' and X
directions in the Brillouin zone). The presence of
the band gap means that the material is semicon-
ducting in nature. A shift in the Fermi level from
the valence band (VB) towards the conduction band
(CB) typically indicates that the nature of this ma-
terial is extrinsic-like, and that its nature is closer to
an n-type semiconductor. This means that in com-
parison to the intrinsic state, there are more elec-
trons in the conduction band than holes in VB (con-
sequently, the electrons are majority charge carri-
ers). In the next step, the projected density of
states (PDOS) for the equilibrium lattice param-
eter was calculated and presented in Fig. 3.

The PDOS graph clearly shows the contribution
of atomic shells shares into the total DOS (marked
as the filled gray curve). It is clear that for the
lowest lying states (near —12.5 eV), the major con-
tribution is coming from the carbon (s) and beryl-
lium (p) shells. The major contribution in the —10
to —2.5 €V range comes from the Be (p) and C (p)
shells, which suggests that they are important for
the stabilization of CBes as the mixing in this range
is strong. The highest occupied molecular orbital
(HOMO) is almost purely contributed by the C (p)
shell, yet there is a visible small contribution from
the Be (p) states, also beneficial to bonding. The
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Fig. 4. Electron localization function for (—110)
plane of CBes.

Fig. 5. Electron localization function of CBes con-
ventional unit cell. The isovalue is set to 0.15 e/A.

lowest unoccupied molecular orbital (LUMO) con-
sists mainly of evenly mixed Be (p) and C (s) while
the remaining virtual orbitals are dominated by the
p shell coming from beryllium.

To determine the nature of the binding, the elec-
tron localization function (ELF) was calculated and
presented in Fig. 4. For the preparation of this fig-
ure, a (—110) cut plane was chosen, as this plane
goes through the cross section of the largest possi-
ble number of atoms. Please note that only valence
electrons are included in this plot. The analysis
clearly shows that the electrons are mostly local-
ized in the close vicinity of carbon ions with the
maximal localization point located in between car-
bon and beryllium, which suggests an ionic type
of bonding between C and Be. The blue regions
in Fig. 4 localized near Be atoms also suggest that
there is a significant charge transfer from Be ions.
Additionally, there are visible localized electrons be-
tween the nearest Be (those aligned horizontally),
making also a covalent bond. The charge between
Be ions located above or below cannot be seen in
the (—100) plane, yet a similar analysis shows that
this covalent character is also evident between each
nearest Be ion. The overall cell ELF is presented
in Fig. 5.
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As can be seen in Fig. 5, the major ELF is in
the close environment of carbon ions. At this sur-
face, the isovalue level ELF between Be is not vis-
ible, which also confirms a weak covalent bonding
between Be ions. To investigate it more precisely,
the Bader charge analysis was carried out [16].
From this analysis, it is clearly seen that each Be
is depleted of 1.97 electrons while each carbon gets
nearly 1.94 electrons.

4. Conclusions

The structural and electronic properties of the
CBes phase were calculated. The calculated bulk
modulus of 180 GPa means that the material is
rather hard to compress. From the conducted elec-
tronic analysis, the semiconducting nature of the
compound is revealed with the indirect band gap
of 1.22 eV. The frontier molecular orbital, as shown
in the PDOS figure, consists mainly of the C 2(p)
shell which in connection with the Be 2(p) shell
is mainly respomnsible for the stabilization due to
strong mixing below the Fermi level. By utiliz-
ing the electron localization function, the nature of
bonding was specified. The bonding between car-
bon and beryllium is of ionic nature, while the bond-
ing between the nearest Be has a covalent character.
The Bader charge analysis seems to confirm this ob-
servation, showing the additional charge accumu-
lated at carbon ions while the charge is depleted of
beryllium.
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