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Abstract

The structural, electronic and vibrational properties of the ternary borocarbide AIzBC are
studied using first principles calculations in order to evaluate its potential use for thermoelectric
applications. A fuller description of its crystal structure was achieved on the basis of an
orthorhombic unit cell, twice larger than the previously reported experimental one. Using a
semi-classical approach, the electronic transport properties were studied, and a high power
factor is expected for this compound. A high thermal conductivity is foreseen on the basis of
phonon calculations, suggesting that further developments aiming at its reduction would be

necessary for thermoelectric applications.



1. Introduction

Boron is an element that shows a propensity to form diverse atomic network structures where
clustering dominate. To a lesser extent, this is also the case for carbon, which has been much
more extensively studied for compounds such as nanotubes, fullerenes, graphite-related
materials... Interestingly, when boron and carbon elements are combined together in a more or
less equal content with transition metals, they behave rather similarly leading to the formation
of multinary boron carbide compounds. Boron-containing compounds are fascinating owing to
their rich and varied structural chemistry and their fascinating physical properties [1,2,3]. This
includes solid-state materials of formula MxByC, where M is a rare-earth metal, which exhibit
a broad diversity of original architectures, often unique. The chemical bonding in most of these
compounds can be rationalized by considering the interaction between main-group atoms first,
and with the non-metal framework in a second step [4,5,6]. In these ternary borocarbides, the
light elements can form either two-dimensional networks, which alternate with two-
dimensional nets of metal atoms, or one-dimensional chains of boron and carbon atoms
embedded in a metallic environment. Pseudo-molecules, from triatomic species to BsCs finite
chains, can also be drowned into a metallic matrix. Among these materials, Sc:BC», reported a
while ago by Bauer and co-workers, is a unique compound where only BC; finite linear chains
are present in the structure [7,8]. Later, Oeckler et al. synthesized the related compound LuzBCs
that contains similar linear BC units and additionally slabs of isolated carbon atoms in a
metallic environment [9]. The electronic structure of both compounds is characterized by

covalent bonding between the metallic matrix and the formally (BC,)’" non-metal anions [10].

Ternary boron carbides are also encountered with aluminum. Indeed, a few aluminum-
rich phases of the AI-B—C system have been investigated. For instance, the crystal structure of
AlBC3 was reported by Hillebrecht and Meyer [11]. It adopts a structure similar to that of
LuzBC;3, with linear BC; units and isolated carbon atoms. First-principles calculations showed
that the covalent bonding in this compound is stronger that in the lutetium and scandium analogs
[10]. Its low shear-strain resistance was theoretically studied [12]. Moreover, semiconducting
properties are expected for AIzBCs; whereas metallic ones are envisioned for Lu;BCs and
ScoBCa. The ternary compound AIBC is another example of ternary alumino-boron carbide
recently studied because of its chemical and thermal stabilities as well as its promising
mechanical properties [13,14,15,16,17]. AI3BC plays a part in the processing of B4C—Al metal
matrix composites that received considerable attention due to their superior thermal

conductivity, light weight, promising tribological properties [18,19]. Az BC crystals were used



to reinforce aluminum-based alloys commonly used for automotive and aerospace applications
[20]. Halverson et al. reported for the first time the synthesis of AZBC [21]. More than ten
years later, Viala et al. [13] identified a hexagonal unit cell with a = 3.491(2) A and ¢ =
11.541(4) A for this compound. In 1997, Meyer and Hillebrecht reported its crystal structure to
be a closest packing of Al (sequence ABACBC) with alternating layers of trigonal bipyramids
CAls and edge-sharing BAls octahedra, connected by common corners (Fig. 1) [14]. It is
noteworthy to mention that anisotropic refinements and difference Fourier syntheses showed
that Al2 atom occupies a position disordered in the z-direction around the site 25 at (0 0 4) (cf.

Figure 1).

e

Fig. 1. Crystal structure of Al3BC resulting from X-ray diffraction studies [14].

Several boron carbon materials have studied for their thermoelectric properties. The
figure of merit Z7, which characterizes the thermoelectric efficiency of a material [22], of boron
carbide reaches 1.06 at 1250 K for some samples of this material, demonstrating that it is a
potential thermoelectric material for use at high temperatures [23]. Furthermore, boron cluster-
containing compounds such as YBess and RB44Si> (R = rare-earth) have generally been found to
exhibit low thermal conductivity [24,25,26]. In all these materials, disorder from partial
occupancy of the atomic sites seems to play a major part in their intrinsic low thermal

conductivity.



The best thermoelectric candidates are highly doped semiconductors. According to their
relative electronegativity, the following charge distribution can be proposed (AI**)3(B>)(C*).
This suggests semiconducting properties for AI3BC. On the hypothesis of a modest thermal
conductivity, this makes A3BC a material of interest for thermoelectric applications. In this
manuscript, we theoretically analyze its electronic structure, electronic transport coefficients,

and vibrational properties.
2. Computational Details

Geometry optimizations were performed using the VASP code [27] based on density functional
theory (DFT) [28,29]. The exchange-correlation interaction was described within the
generalized gradient approximation in the parametrization of the Perdew—Burke—Ernzerhof
functional [30]. Projector-augmented wave potentials were used for all atoms [31]. Calculations
were performed with a cut-off energy of 400 eV. The electronic wave functions were sampled
on dense densities in the irreducible BZ using the Monkhorst method. Geometry optimizations
including cell parameters and atomic positions were carried out without any symmetry
constraints. To probe the dynamical stability of Al3BC, theoretical phonon spectra were

calculated based on the supercell approach using the PHONOPY package [32].

Electronic transport coefficients were calculated within the Boltzmann Transport
Equation. A constant relaxation time 7 for the electrons was assumed as well as a rigid band
structure [33,34], as implemented in the BoltzTrap-1.2.5 code [35]. 10 000 k-points in the BZ
were used to compute the band derivatives for transport calculations. Since pure DFT
exchange—correlation functionals are known to underestimate experimental band gaps, the
modified Becke—Johnson (mBJ) functional proposed by Blaha and Tran was used [36]. With a
reduced computational cost, this functional yields band gaps with an accuracy similar to GW
methods or hybrid functionals. The WIEN2k program package was used to perform this mBJ-
DFT calculations [37]. This program is based on the linearized augmented plane wave + local
orbital method where the unit cell is partitioned between spheres centered on the atomic sites
and the interstitial region. Sphere sizes of 1.98, 1.90, and 1.79 bohr were used for Al, B, and C
spheres, respectively. The charge density was expanded up to the reciprocal vector Gmax equal
to 14 A-l. Charge self-consistency was obtained from 120 irreducible k-points. Electronic

dispersion curves were shifted to set the Fermi level to 0 eV arbitrarily.



Elastic properties calculations were carried out with the CASTEP 8.0 code [38] using
the PBEsol functional [39]. All ultrasoft pseudopotentials were generated using OTF _ultrasoft-
pseudopotential generator included in the program. The cutoff energy for plane-waves was set

at 750 eV.
3. Results and Discussion

Structural Properties. In order the study the electronic structure of AI3BC, a model crystal
structure had to be considered since Al2 atoms occupy a half-occupied position. Moreover, this
disorder cannot be solved within the small unit cell and high symmetry proposed
experimentally. In a first model, Al2 atoms were located at (0 0 %) in order to consider the
P63/mmc space group. In agreement with the formal charge distribution, the corresponding band
structure suggests semiconducting properties with a band gap of ca. 1 eV (not shown here).
However, computation of vibrational properties of this model showed imaginary frequencies
of about 4.501 THz. The atom-projected vibration DOS sketched in Fig. 2 shows that Al atoms
are mainly contributing to these imaginary frequencies. Going deeper in the analysis clearly
shows that these imaginary frequencies are indeed mostly due to Al2 atoms. Such computed
vibrational properties are expected since this model simplifies the crystal structure resulting
from X-ray diffractions studies. Consequently, symmetry constraints were suppressed during
geometry optimizations. Since phonon calculations still showed negative frequencies
associated with the same Al2 atoms, larger unit cells were considered as well for the geometry
optimizations. Finally, relaxation of cell parameters and atomic positions led to the crystal
structure sketched in Fig. 3. This structure can be described with an orthorhombic unit cell with
a=11.5480 A, b=3.4985 A, and ¢ = 6.0451 A considering the Pnma space-group. This unit
cell is roughly twice bigger than the P63/mmc one. Atomic positions are given in Table 1. It is
noteworthy to mention that no imaginary frequencies are computed for this structure (vide
infra). As in the P63/mmc crystal structure, it is based on BAls octahedra that alternate with
trigonal bipyramidal CAls polyhedra linked via common vertices. In the Pnma structure, the
Al1-B and All1’-B distances in the octahedra range from 2.187 A to 2.225 A (see Table 2). The
average distance of the boron atom with vertices of the octahedra is slightly longer (2.209 A)
than the corresponding one in the P63/mmc structure (2.195 A). Moreover, B-Al2 contacts equal
to 2.473 A are present in the Pnma structure whereas corresponding contacts are measured at
2.644 A in the higher symmetry structure. In this latter, (A12); triangles of the trigonal pyramids
CAls are coplanar whereas they are tilted in the Pnma structure (cf. Fig. 3). It must be noted

that the bonds of the C with the vertices of the trigonal bipyramids (All and All’ positions) are



no more parallel to the ones of the neighboring pyramids, and to the cell parameter as well. As
Al-B distances, Al-C contacts in the bipyramidal polyhedra are computed slightly longer in the
Pnma structure compared to the P63/mmc one resulting from X-ray diffraction studies. Such a
difference may arise from the light overestimation of the cell parameters that is generally
observed when PBE exchange-correlation functional is considered for the geometry

optimization.
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Fig. 2. Atom-projected vibrational DOS of AI3BC with P63/mmc crystal structure: Al (blue),
B (yellow) and C (grey) atomic projections.

Fig. 3. Pnma crystal structure of AI3BC resulting from DFT calculations. The unit cell is

drawn with dotted blue lines.



Table 1. Atomic positions of AIzBC computed in the Pnma space-group.

x/a v/b z/c
All 0.4266 Ya 0.5994
All’ 0.5790 Ya 0.9342
Al2 0.2716 Ya 0.2531
B 0.4858 Ya 0.2491
C 0.2526 Ya 0.5870

Table 2. Selected distances (A) of AI3BC crystal structures.

P63/mmc [14] Pnma
All- C 2002(xX1) All- C 2011 (X 1)
B 2.195(X 3) B 2219 (X 2)—2.225(X 1)
All 2.670 (X 3) All  2.716 (X 2)
All” 2.682 (X 1)
A2 2.677 (X 3) A2 2.755(X 1)-3.027 (X 2)

All’— C  2.009 (X 1)

B 2.187(X 1)=2.202 (X 2)
All  2.682 (X 1)
All’ 2.650 (X 2)

A2 2.705 (X 2)—2.919 (X 1)

AR— C  2025(X3) AR—- C  2.031(X 1)-2.036(X 2)
All 2.672 (X 3) B 2473(X 1)

All 3.048 (X 3) All  2.755 (X 1)—3.027 (X 2)

A’ 2.705 (X 2)—2.919 (X 1)

Al2 0473

Electronic properties. The band structure of Al3BC with Pnma crystal structure sketched in
Fig. 4, suggests semiconducting properties with a direct band gap of ca. 1.2 eV. Dispersive
bands are computed in almost all directions suggesting good electrical conductivity for this
compound upon doping. Atom-projected DOS curves in the range [-5, 5] eV (not shown here)

indicate that all the atoms significantly contribute to the occupied bands and higher vacant



bands as well. This demonstrates the presence of strong covalent interactions in the structure.
The top of the valence band is mainly based on B and All atoms whereas all atoms equally

contribute to the bottom of the conduction band.
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Fig. 4. Band structure of AzZBC with Pnma crystal structure.

The electronic transport properties were computed for AI3BC using the semi-classical
approach (see computational details). This approach is based on the approximation of a constant
relaxation time. Thus, the electrical conductivity can only be roughly predicted. On the
contrary, the thermopower, which does not rely on the knowledge of the relaxation time, was
computed as a function of the chemical potential. It is sketched in Fig. 5. At 300 K the maximum
thermopower value is more than twice higher than that computed at 800 K. For both
temperatures, the maximum thermopower value for p-type doping is similar to that obtained
for n-type doping. At 300 K, absolute values larger than 1500 uV K-! are computed. Such values
make Az BC a promising material for thermoelectric applications. This is even more true that
a good electrical conductivity upon both n- and p-doping is also expected because of the

dispersive character of the bands that lie in the vicinity of the Fermi level (cf. Fig. 4).
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Fig. 5. Seebeck coefficient (S) computed as a function of the chemical potential () for Al3BC
with Pnma crystal structure at 300 K (plain) and 800 K (dotted).

Phonon and elastic properties. Figs. 6 and 7 display phonon dispersions and vibrational DOS,
respectively, for AI;BC. It is well known that the acoustic phonons are the most important ones
for thermal transport because of their larger sound velocity. However, low optical modes
constitute a possible source of scattering and should not be ignored [40,41,42]. Three acoustic
modes have zone boundary frequencies around ~ 4.5 THz along the three crystal structure
directions. As it can be seen from the vibrational DOS curves shown in Fig. 7, the acoustic and
low optical modes frequencies are mainly dominated by Al atoms. However, these acoustic
frequency modes values are much larger than those found in colusite [43,44], nitrides [45], or
oxychalcogenides [46] for instance, which exhibit low thermal conductivity. Furthermore, all
acoustic modes around the center of the BZ I" are not soft, which will probably lead to high
average sound velocities and high average Debye temperatures, resulting unfortunately in a

(too) high thermal conductivity [47].
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Fig. 7. Atom-projected vibrational DOS of A13BC with Pnma crystal structure: Al (blue), B

(yellow) and C (grey) atomic projections.

In order to gain more information about the thermal conductivity of Az BC compound,
the longitudinal (v;) and transversal (v;) phonon velocities, Young’s moduli (£), Griineisen
parameters () and Debye temperatures were computed from elastic properties calculations. As
shown in Table 3, the average phonon velocity, Young’s moduli, and Griineisen parameters are

7269 ms!, 128 GPa, and 1.1, respectively. Generally, large average phonon velocity, large

10



Young’s modulus, and small Griineisen parameters reflect strong interatomic bonding strength
and weak anharmonicity in the crystal lattice, which result in rather important thermal

conductivity [41].

Table 3. Calculated Young’s modulus, longitudinal (v;), transverse (v;), and average (vi») sound
velocities, Griineisen parameter (y) and Debye temperature (6p) for AI3BC.
E(GPa) vi(ms!) vi(ms?') vwms?') y 0p(K)
281 10212 6627 7261 1.1 940

Using Debye equation [48], the Debye temperature was calculated to be 940 K. Such a
value is very high and should lead to a large thermal conductivity according to Slack’s equation
[49]. Indeed, the thermal conductivity is calculated to be around 40 W m™ K-!' for AI3BC.
Knowing that good thermoelectric materials have a thermal conductivity of the order of a
couple of W m! K1, this value is very high for thermoelectric application requirement and may
prevent the AIzZBC compound to be considered as a promising candidate for thermoelectric
application. However, low frequencies modes are dominated by Al atoms as indicated by the
VDOS. This may allow to tune the thermal conductivity further by doping Al by heavier
elements such as In and/or Tl, and/or by reducing the grain size to enhance the boundary

scattering of heat-carrying phonons or by enhancing structural disordering [50,51]
4. Conclusion

DFT calculations were carried out to study the structural, electronic and vibrational properties
of the ternary aluminum boron carbide Al3BC. Computation of phonon properties confirmed
that a supercell has to be considered for a better description of its crystal structure. First-
principles calculations demonstrated that an orthorhombic unit cell can be proposed for Az BC.
The major difference of this in silico crystal structure with the previously reported one lies in
the small tilting of the trigonal basis of the AlsC bipyramids. Semiconducting properties are
expected for this compound. Using a semi-classical approach, a high Seebeck coefficient is
computed for this compound. Assuming a good electrical conductivity (owing to the dispersive
nature of its band structure), a high-power factor is expected for this compound. However,
calculations of phonon and elastic properties suggest a high thermal conductivity. This latter
may be reduced by partial substitution of aluminum atoms in the structure by heavier elements

or by nano-structuration. Furthermore, this material may also be considered as a promising

11



candidate for other applications such as thermal management in which a semiconductor with

high thermal conductivity is required.

Among the rather long list of ternary boron carbides, which were reported, a few show
some semiconducting properties and reasonable thermoelectric power. Results obtained here

on Al;BC are encouraging to theoretically investigate their thermoelectric properties.
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