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Ab nitio study of the electronic structure and
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We investigate the electronic structure, chemical bonding and elastic properties of the hexagonal aluminum car-

bonitride, AlsC3N, by ab initio calculations. AlsC3N is a semiconductor with a narrow indirect gap of 0.81 eV. The

valence bands below the Fermi level (Er) originate from the hybridized Al p—C p and Al p-N p states. The calculated
bulk and Young’s moduli are 201 GPa and 292 GPa, which are slightly lower than those of Ti3SiCa. The values of the
bulk-to-shear-modulus and bulk-modulus-to-c44 are 1.73 and 1.97, respectively, which are higher than those of Tig A1C

and Tiz2 AIN, indicating that AlsC3N is a ductile ceramic.
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1. Introduction

Recently, a class of ternary carbides and nitrides
with layer-interleaved structure, called MAX phase or
MAX-like compound, have generated increasing in-
terest among researchers.!' 3] These compounds each
have a unique combination of properties usually as-
sociated with metals and ceramics, including high
Young’s modulus, high electrical conductivity, high
thermal conductivity, pseudoductility at room tem-
perature, good resistance to high-temperature oxi-
dation and thermal shock, and good tolerance to
damage.l'! The aluminum-containing MAX(-like) ce-
ramics, such as TizgAlCy, TioAlC, CraAlC, NboAlC,

[4—6] [7-10] Lave

etc. and Zr—Al-C ternary compounds
been experimentally and theoretically studied in de-
tail. The experimental results and the theoretical cal-
culations indicated that the amazing properties re-
sulted from the nano-laminated structure and weak
bonding between different layers in the unit cell. This
correlation provides a new route to the design of new
structural materials with good mechanical properties
similar to those of the MAX phases.

In the present work, we investigate the electronic
band structures, the equation of state (EOS), and
the mechanical properties of AlsCsN with the first-
principles calculations, which have been used to ob-

tain reliable elastic properties of inorganic carbides
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and nitrides.l''=13! In the Al-C-N system, four com-
pounds, expressed stoichiometrically as a general for-
mula (AIN),, Al;C3, where n = 1 to 4, are clarified.
The two members with n being odd numbers of 1 and 3
respectively of these four compounds, i.e., Al;C3N and
Al;C3N3, have space group symmetry P63mc with
two formula units per cell. The other two compounds
with n being even numbers of 2 and 4 respectively, i.e.,
AlgC3Ny and AlgC3Ny, have space group symmetry
R3m with one formula unit per cell. The structures of
(AIN),,Al4C5 have been discussed in detail by Jeffrey
and Wu,['¥ but the synthesis and properties of these
aluminum carbonitrides have not been systematically
reported to date. Our aim is to clarify the electronic
properties, predict the physical properties, and pro-
vide a starting point for the research of (AIN), Al4Cs
ceramics.

2. Crystal structure and compu-

tational detail

Figure 1 shows the crystal structure of Al;C3N.
The lattice parameter a is 3.281 nm, and c is
21.670 nm. The atomic configuration of this com-
pound can be described as an intergrown structure

consisting of two kinds of tetrahedrons. One is the
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hexagonal AIN slab and the other consists of Al and
C atoms in an arrangement similar to that of binary
aluminum carbide, Al4Cs. In Al5C3N, three layers of
point-shared AlC, tetrahedron slabs are interleaved
by the slab of AIN tetrahedron. Due to the differ-
ent coordination environments, five kinds of aluminum
atoms, three kinds of carbon atoms, and one nitrogen
atom are distinguished and indexed with various num-
bers as shown in Fig. 1.

Fig. 1. Crystal structure of AlsC3N with the space group
of P63mec (Al: black ball; C: dark grey ball; N: light grey
ball).

The ab initio calculations on ground-state elec-
tronic properties and EOS of Al;C3N were carried
out in the framework of a plane-wave pseudopoten-
tial total energy method based on the density func-
tional theory (DFT).['>'6] The plane-wave basis set
cut-off energy was selected as 500 eV for all cal-
culations, which was enough to lead a good con-
vergence. The exchange-correlation energy of the
electron—electron was treated under the generalized
gradient approximation (GGA-PBE) scheme.['”) The
special point sampling integration over Brillouin zone
(BZ) was performed with 9x9x2 k-points meshes via

the Monkhorst-Pack method.['8) The tolerances for
the geometry optimization were selected as the dif-
ference in total emergy within 1 x 1076 eV/atom,
the maximum ionic Hellmann—Feynman force within
2x1073 eV/A (1 A=0.1 nm), the maximum stress of
4x1073 GPa, and the maximum ionic displacement
within 1x10~* A. The 20-percent empty bands were
adopted, and the smearing energy was selected to be
0.05 eV. The optimized lattice parameters were in
satisfactory agreement with the experimental values.
The differences in lattice constant were less than 0.7%,
which partially indicates that the calculated results
are creditable. To investigate the mechanical proper-
ties of Al;C3N, we also optimized the geometric struc-
ture of the unit cell under the isostatic stress in a range
of 11 GPa-70 GPa with the same tolerances setting.

3. Results and discussion

To illustrate the chemical bond characteristics of
Al;CsN, the partial density of states (PDOS) of each
element that is broken up into sites and the angu-
lar momentum contribution are also investigated, to-
gether with the total density of states, which are pre-
sented in Fig. 2. The band structure of AlsC3N is com-
posed of two groups of valence bands and one group
of conduction bands. An indirect gap, ~ 0.81 eV,
between valence bands and conduction bands, indi-
cates that Al;C3N is a narrow-gap semiconductor,
though the gap calculated with the density function
theory (DFT) is usually lower than the experimental
result.['”) For Al;CsN, the lower states lying around
—16.0 eV and —14.1 eV originate mainly from the
N 2s and C1 2s orbitals, respectively. Overlappings
of Al4 2p and C2 2s orbitals, Al4 2p and C3 2s or-
bitals, Al3 2p and C2 2s orbitals extend from —13.1 eV
to —9.8 eV. From —8.3 ¢V to the Fermi level (Er),
the valence bands contain strong sp-derived and pp-
derived hybridization states of Al and C, Al and N,
which make AlsC3N stable. The Al 3s—N 2p and
the Al2 3s—N 2p covalent bonding states are located
around —7.5 eV and —6.5 eV, respectively. The band
of pp-derived hybridization states of Al2 and N atoms
is composed of three peaks located at —6.6, —4.8, and
—3.7 eV, respectively. While the Al 3p—C 2p cova-
lent bonding states are located around —3.1, —1.8,
and —1.2 eV respectively. Therefore, the chemical
strength of the Al-C bond should be weaker than that
of the AI-N bond.

126201-2



Chin. Phys. B Vol. 20, No. 12 (2011) 126201

0.6

All

Total and projected densities of states/(1/eV unit cell)

N
0
0 e =

16 8 0 4 8 16 -8 0 4 8
Energy/eV Energy/eV

Fig. 2. Total and projected densities of states for AlsCsN
each as a function of energy (E). The Fermi level is aligned
with 0 eV.

Table 1 shows the Mulliken populations and
lengths of bonds, and the charge of composed atoms in
Al;C3N. Owing to the difference in electronegativity
between the metallic and non-metallic atoms, the ionic
bonds are formed since Al atoms donate some elec-
trons to the non-metallic C and N atoms and thus be-
come slightly positively charged. As mentioned above,
the strong covalent bonds, derived from the sp and pp
hybridizations, are formed between Al and C atoms,
and Al and N atoms. The bonding nature can also
be illustrated through the calculated total electron—
charge—density contour as shown in Fig. 3. Due to the
deviation of electron atmosphere and the charge trans-
fer from Al to nonmetallic atoms, the charge-density
around C and N atoms is the highest. The charac-
teristic orbital of pp hybridization can be clearly ob-
served between Al and C atoms, and between Al and
N atoms in the calculated difference—electron—density
counter plot. Note that the electron density between
two AI-C-N slabs along the ¢ axis is relatively low.
Thus we suppose that the atomic chains of C1-All—
N-Al2-C2-Al3(Al4)-C3-Al5 are formed in Al;C3N

unit cells. A similar chain-like structure in TizSiCy
was also reported by Zhou et al[2921 So Al;C3N
should have mechanical properties similar to those of
MAX phases. However, dissimilar to the typical MAX
phases with the metallic-covalent-ionic bonding, the
chemical bond of Al;C3N can be characterized to be
covalent-ionic. These bonds ought to be responsible
for the significant anisotropies of thermal expansion
and elastic constant, high modulus, and hardness.

' > '
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Fig. 3. Calculated total electrons—charge—density contour
of (1120) slice of AlsC3N 2x2x1 supercell.

Table 1. Calculated bond lengths and populations of various Al-C and Al-N bonds, and the charge

number of various atoms in AlsC3N.

Bond Bond length/A Bond population Atoms Charge/e
All-C1 2.0776 0.49 All 1.07
All-N 1.8092 0.40 Al2 1.27
Al2-N 1.9743 0.52 Al3 1.17
Al2-C2 1.9158 0.42 Al4 1.17
Al3-C2 1.8919 0.66 Al5 0.99
Al4-C2 2.1991 0.16 C1 -1.38
Al4-C3 1.9089 0.65 C2 -1.54
Al5-C3 1.8565 0.54 C3 -1.49
Al5—C1 2.1441 0.42 N -1.27
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Two methods are usually used to study the
strengths of chemical bonds in compounds. One is
to investigate the response of the bond under the ex-
ternal stress and the other is to calculate the bonding
energy. We study the variation of length of the bonds
between Al and nonmetallic atoms under different iso-
static stresses in a range from 1 GPa to 70 GPa. The
results show that the compressibilities of AI1-N, Al2—
N, Al2-C2, and Al4-C2 bonds are higher than those
of the other bonds. The bonding strength of these
four weak bonds are also calculated from the follow-
ing formula:

En_B =[Eas — (EA—stab + EB_gtab)]/n, (1)

where Eo_p is the bonding energy of A—B bond, Eap
is the total energy of AB unit cell, Fa_g.p is the en-
ergy of the A slab after eliminating B slab in the unit
cell, Eg_glap is the energy of the B slab after elimi-
nating A slab, n is the number of molecules per unit
cell. The calculated cohesive energies of Al1-N, Al2—-
N, Al2-C2, and Al4-C2 bonds are 0.89, 1.46, 0.98,
and 0.76 eV, respectively. Therefore, Al;C3N can be
described as the compound composed of Al,C and
Al3C5N slabs in structure.
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Fig. 4. Calculated pressure—volume relations for AlsCzN.
The insert shows the pressure dependence of the relative
lattice parameters (c/a) for AlsC3N.

The reliable elastic parameters can be obtained
within a high accuracy by the ab initio calculation
based on DFT. In this work, we adopted two methods
to calculate the elastic properties of AlsC3N. One was
the method to construct the equation of state (EOS),
the other was the finite strain method. The geometry
optimizations of Al;C3N were performed under the
hydrostatic external pressure in a range from 1 GPa
to 70 GPa. Figure 4 illustrates the dependences of cell
volume and relative lattice constant (shown in the in-
set) on the external stress. It is indicated that no

phase transformation occurs in the compressive pro-
cedure since the relative cell volume and lattice con-
stant continuously decrease with the increase of pres-
sure. Due to the bonding strength along the a axis
of AIN and Al;Cj3 tetrahedrons in Al;C3N being close
to that along the c axis, the relative lattice constant,
¢/a, decreases just by less than 1% as the pressure in-
creases from 0 GPa to 70 GPa. According to a third
order Birch-Murnaghan equation,?? the bulk modu-
lus at zero pressure By and its pressure derivative B’
are estimated as 195 GPa and 3.84 GPa, respectively.

Table 2 shows the stiffness constants, bulk mod-
ulus, shear modulus, Young’s modulus, and Poisson’s
ratio of Al;C3N calculated with the second method
mentioned above. For comparison, the correspond-
ing constants of AIN, Al;C5[3 and several typi-
cal MAX ceramics®*=28) are also shown in the ta-
ble. The stiffness constant is a proportional coeffi-
cient relating the given strain to the calculated stress
by o; = cijsj.[%’?’o] Six different symmetry elements,
including c11, c12, €13, €33, Ca4, and cgg, can be re-
solved for a hexagonal crystal. The last component is
not independent since cgs = (c11 — ¢12)/2. The bulk
and shear moduli, B and G, can be computed by the

following formulae suggested by Hill:[3!]
1
B:§(BV—1—BR)7 (2)
1
G=§(Gv+GR), (3)

where By and Gy, Br and GRr are bulk and shear
moduli deduced by Voigt and Reuss approximation,
respectively. The dependences of these moduli on elas-
tic coefficient in a hexagonal structure can be found
elsewhere.[?1:32] The correlations of Young’s modulus
FE and Poisson’s ratio v of polycrystalline Al C3N with
B and G can be described with the following equa-

tions:
9BG
E= 3B+ G’ (4)
3B — 2G
V= SBET G 5)

For AlsC3N, the computed values of ¢11, (c11 — c12),
caa, and (c114c12)c33 — 2¢34 are positive, which is in
accordance with the criteria of mechanical stability for
a hexagonal crystal. The calculated c¢;; and cs3, as-
sociated with the principal stress—strain relation, are
much higher than c44 and cgg, which are usually used
to describe shear behaviours. And cy; is slightly less
than css, implying that the bonding strengths along
[1010] and [0110] directions are weaker than those
along [0001] direction. The value of c44 is almost equal
to that of cgg, implying that the shear behaviours
along [1010] (0001) are close to those along [1010]
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(0110). In a hexagonal structure, the anisotropic
elastic behaviours can be described by three factors,
related to the elastic coefficient as follows: A; =
deaa/(c11 + 33 — 2¢13), Ao = 4dcaa/(ca2 + €33 — 2¢23),
and Az = 4ces/(c11 + ca2 — 2¢12), which are corre-
sponding to {1010}, {0110}, and {0001} shear planes
along different directions, respectively. The computed
values of A; and A, are both 0.64 and Az is 1, indi-

cating that the {0001} plane exhibits isotropy, while
the other two planes deviate from isotropy. We also
calculated the factor 3, defined as the ratio of linear
bulk modulus along the a axis to that along ¢ axis,
ie., B = (c11 + c12 — 2c13)/(cas — c13).3°!

of B is just about 1, implying the isotropy of elastic

The value

behaviour along different crystal axes, which is also
mentioned above.

Table 2. Calculated values of elastic constant ¢;; (GPa) and calculated bulk modulus B (GPa), shear
modulus G (GPa), Young’s modulus E (GPa), and Poisson’s ratio v of AlsC3N and relevant ceramics.

Compounds c11 c12 c13 c33 c44 C66 B G E v

Al;CsN 374 158 82 421 101 108 201 116 292 0.26
Al4Cs 352 115 52 391 116 119 170 129 309 0.20
AIN 382 130 105 352 114 126 199 122 304 0.25
TizSiCo 365 125 120 375 122 120 204 123 307 0.25
TigAlC 321 76 100 318 144 123 166 128 305 0.19
CraAIC 396 117 156 382 173 140 226 118 358 0.24
Tig AIN 309 66 91 280 125 122 155 118 281 0.20

The bulk modulus of AlsC3N, estimated from
the finite strain method, is in good agreement with
that calculated from the EOS. The calculated bulk
and Young’s moduli are slightly less than those of
Ti3SiC,?4 and are higher than those of Tiy A1C,[25:26]
while the shear modulus of Al;C3N is almost equal
to that of TisAlC, and less than that of Ti3SiCy (as
shown in Table 1). The calculated B, G, E, and v of
Al;C3N are close to those of AIN in comparison with
Al4C3. Pugh suggested that the ductility be defined
as the ratio of bulk-to-shear-modulus, B/G.*4 Sun
et al.27 discussed the machinability of M;AN repre-
sented with the ratio of bulk-modulus-to-c44, B/cyq.
For example, diamond has B/G and B/cyy of 0.9
and 0.8, and the corresponding values of Al, a typical
metal, are 3.0 and 2.6, respectively.[®>] The calculated
ratios of bulk-to-shear-modulus and bulk-modulus-to-
cqq of Al5C3N are 1.73 and 1.97, respectively, which
are close to those of CraAIN (B/cy4 is about 2) and
a bit higher than those of Ti;AlC (B/G = 1.29 and
B/cqy = 1.15, respectively) and Ti2AIN (B/G = 1.31

and B/cyq = 1.24, respectively).[2728]

Hence, the alu-
minum carbonitride with hexagonal crystal, AlsC3N,
is rather ductile, which is similar to the typical MAX
ceramics. The unique chain-like structure in the unit
cell of Al5C3N is suggested to result in the good duc-

tility.

4. Conclusions

We studied the electronic structure, the chemical
bonding, and the elastic properties of AlsCsN with
the ab initio calculations. The aluminum carbonitride
studied in this work is a semiconductor. Due to the
strong orbital hybridization and charge transfer from
Al to nonmetallic atoms, the chemical bonding of this
compound can be characterized to be covalent-ionic.
The calculated bulk, shear, and Young’s moduli are
201, 116, and 292 GPa, respectively. The ductility and
the machinability of AlsCsN, defined as the ratio of
bulk-to-shear-modulus and bulk-modulus-to-c44, are
better than those of typical MAX phase, which may
be attributed to the chain structure in the AlsC3N
unit cell. We hope that these calculated results can
inspire further experimental and theoretical study on
AlngN.
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