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Abstract—The phase stability, electronic structure, and magnetic properties of Al; _ ,Ti,N compositions
based on the metastable aluminum nitride modification with the rock-salt structure at low (x = 0.03) and
high (x = 0.25) concentrations of titanium in the system have been investigated using the results of ab initio
band calculations. It has been shown that, at low values of x, the partial substitution is characterized by a pos-
itive enthalpy, which, however, changes sign with an increase in the titanium concentration. According to the
results of the band structure calculations, the doped compositions have electronic conductivity. For x = 0.03,
titanium impurity atoms have local magnetic moments (~0.6 pg), and the electronic spectrum is character-
ized by a 100% spin polarization of near-Fermi states. Some of the specific features of the chemical bonding

in Al, _,Ti N cubic phases have been considered.

DOI: 10.1134/S106378341605005X

1. INTRODUCTION

Aluminum nitride exhibits a unique combination
of physical characteristics that are important for prac-
tical applications: the wide band gap (up to 6.2 eV),
high electrical resistivity (~10*  cm), high thermal
conductivity (to 320 W/(m K) for single crystals and
180—220 W/(m K) for sintered powders), high Vickers
hardness (12 GPa) [1], chemical resistance in the bulk
state, and nontoxicity. Owing to the aforementioned
properties, aluminum nitride is a very promising
material for applications in many branches of industry,
such as the manufacture of micro-modules, integrated
circuits, active elements of light-emitting diodes, and
thermally conductive composite materials (fillers),
metallurgy (lining materials for electrolysis cells,
tanks, crucibles for molten aluminum, tin, gallium,
glass, etc.), atomic industry (due to the high corrosion
resistance to molten salt media, AIN coatings can be
used for functional and structural components of
nuclear reactors), and space engineering (housings
and substrates for powerful monolithic integrated cir-
cuits of power amplifiers, thermally conductive insu-
lators for heaters of active instrument thermostats,
substrates for thermoelectric converters based on Pel-

tier elements in systems for cooling to the temperature
of 160 K) [1-3].

There are several known crystalline modifications
of aluminum nitride [4]: the most stable (and well-
studied) modification has a hexagonal lattice of the
wurtzite type (w-AIN), while the known metastable
phases have cubic structures of the sphalerite (s-AIN)
and rock salt (r-AIN) types. Of particular interest is
the metastable modification »-AlIN, because it has a
higher thermal conductivity (250—600 W/(m K) for
sintered powders) as compared to the hexagonal mod-
ification w-AIN (due to the higher symmetry of the
crystal lattice and, therefore, the weaker phonon scat-
tering [5, 6]), the high electrical resistivity (~10'° Q
cm) and mechanical strength [7], as well as wide band
gap (the experimentally determined minimal value of
the band gap corresponding to the indirect optical
transition for thin films is equal to 3.83 eV, according
to the data reported in [6], or 4.81 eV [8]).

At present, there is a sufficient number of studies
devoted to theoretical simulation of the band structure
as well as the elastic, electronic, optical, and thermo-
dynamic properties of the AIN cubic phases in the bulk
state (see, for example, [8§—23]). In particular, it was
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shown that (1) both cubic modifications, s-AIN and -
AIN, are mechanically stable; (2) the cubic modifica-
tion r-AlN is stabilized with respect to the hexagonal
modification w-AIN at an external pressure of higher
than ~13 GPa; (3) according to the results of the sim-
ulation of the P—T phase diagram for AIN, the mini-
mal pressure stabilizing the »-AIN phase decreases
with an increase in the temperature; and (4) in con-
trast to the w-AIN compound, which is a direct-band-
gap semiconductor, for the s-AIN and r-AIN phases,
the minimal values of the band gaps correspond to the
indirect '—X electronic transition and amount to 3.2—
3.4 and 4.0—4.5 eV, respectively. However, it should be
noted that the studies on the synthesis of metastable
cubic phases of aluminum nitride AIN and their phys-
ical characteristics (see, for example, [4—6, 8, 14, 24—
32]), as a rule, have dealt with the properties of thin
films, coatings, nanoparticles, or powder materials. As
a result, it remains an open problem whether they can
be synthesized in the form of bulk samples certainly of
interest for practical applications. An approach pro-
posed in [14, 33, 34] to the synthesis of the r-AIN
phase consisted in the isostructural spinodal decom-
position of metastable solid solutions with the Ti; _
LWALN composition (for example, Ti, 4Al, 4N) into alu-
minum and titanium cubic nitrides. The authors of
these papers assumed that the binary phases formed
upon decomposition are free of impurities and stoi-
chiometric. At the same time, under certain condi-
tions (for example, with excess of titanium in the sys-
tem), the formation of doped cubic aluminum nitrides
r-Al, _ [ Ti,N with low titanium concentrations x ~
0.01—0.05 seems to be quite probable, because the
atomic radii of Al and Ti are close enough to each
other (R, = 1.43 A, Ry; = 1.46 A). Therefore, it can be
expected that the partial substitution of titanium for
aluminum in the lattice of the ~~-AIN phase, which, at
small concentrations, is accompanied only by local
distortions of the crystal structure, can occur with a
low consumption of energy. In this case, the elec-
tronic, transport, magnetic, thermodynamic, and
other properties of titanium lightly doped phases based
on r-AlN can differ significantly from the properties of
undoped aluminum nitride and Ti, _ ,Al,N solid solu-
tions with high concentrations x ~ 0.25—0.75, which
were studied in the majority of works known to the
authors. In our opinion, the prediction of the physical
properties of impurity compositions r-Al; _ , Ti N with
low concentrations x and the evaluation of their phase
stability seem to be a useful step in the development of
the theoretical basis for the efficient synthesis and
technological applications of the cubic modification
of aluminum nitride.

In this work, based on the results of ab initio band
calculations, we have carried out a comparative study
of the phase stability, electronic structure, and mag-
netic properties of the doped composition 7
Al, _,Ti,N for two specific cases of low (x = 0.03) and

PHYSICS OF THE SOLID STATE Vol. 58 No. 5

2016

925

high (x = 0.25) titanium impurity concentrations. The
first case simulates the formation of single titanium
impurity centers in the cubic aluminum nitride, which
is accompanied by a local transformation of the crys-
talline environment, whereas the second case simu-
lates the formation of an ordered solid solution in
which Al and Ti atoms are in equivalent positions of
the initial face-centered cubic (fcc) lattice of alumi-
num nitride, and the interatomic distances AlI-N and
Ti—N are equal to each other.

2. MODELS AND COMPUTATIONAL ASPECTS

The cubic modification of the aluminum nitride
r-AlN has the rock-salt structure with the lattice con-
stant varying for thin films in the range from 4.06 to
4.045A [4, 9, 32, 34] depending on the synthesis con-
ditions. The doped phase r-Al, _ ,Ti N at the titanium
concentration x = 0.03 was simulated by an extended
2 x 2 x 2 supercell of Al;; TiNj3, (the central aluminum
atom was replaced by the titanium atom) correspond-
ing to the nominal composition Al ;Ti, (3N, whereas
at x = (.25, the phase was simulated by an Al;TiN, cell
obtained from the conventional cell of »-AIN by the
replacement of aluminum atoms at the cube vertices
by titanium atoms and corresponding to the nominal
composition Al ;5Ti,,sN (Fig. 1). Both of the chosen
cells possess the symmetry of the simple cubic lattice
(space group Pm-3m).

The energies and band structures of all the com-
pounds under consideration were calculated using the
full-potential linearized augmented plane wave (FP-
LAPW) method (spin-polarized version) with the
generalized gradient approximation (GGA) for the
exchange—correlation potential in the Perdew—
Burke—Ernzerhof (PBE) form [35] implemented in

(b)

Fig. 1. Cubic cell simulating the doped -Al; _ ,Ti N phase
with titanium concentrations x = (a) 0.03 (Al3; TiN5,) and
(b) 0.25 (AI3TiNy). Large black and gray balls are titanium
and aluminum atoms, respectively. Small balls are nitro-
gen atoms.
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Crystal structure type, the optimized lattice constants (a and ¢ in A), the number of formula units per unit cell (2), and the
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ground-state energy (E, in Ry) per formula unit of the considered phases according to the data of ab initio calculations

Compound Structure a,c Z E
Ti hep 2.978 2 —1707.618454
(P65/mmc) 4.678
Al fcc 4.032 1 —485.641256
(Fm-3m) —
TiN fcc 4.248 1 —1817.410499
(Fm-3m) (4, 256%
4.235, 4.250°
r-AIN fcc 4.071 1 —595.342673
(Fm-3m) (4.0707, 4.001¢,
3.982, 4.068°)
Al3 TiN3, pc 8.142 1 —20272.900327
(Pm-3m) —
Al;TiNy pc 4.136 1 —3603.350149
(Pm-3m) —

Data taken from the following papers: ¢ [8], ? [38], € [9], ¢ [17], and ¢

the WIEN2k software package [36]. The radii of the
atomic muffin-tin (MT) spheres for all phases were
chosen as follows: 1.8 bohr for Al, Ti and 1.5 bohr for
N. The plane-wave basis set was limited by the value
K...x determined as the Ry X K., = 7.0, where Ryr is
the minimal value of the chosen atomic MT radii,
FE_ o= 6.0 Ry is the energy separating the core electron
states from the valence states, and E; _,(Ti) = 0.50 Ry is
the linearization energy for the d states of titanium
atoms. The integration over the Brillouin zone was
performed by the tetrahedron method [37] using a
10 x 10 % 10 k-point grid. The convergence criteria for
self-consistent calculations were as follows: 0.01 mRy
for the total energy, 0.001 e for the electron charge,
and 1 mRy/bohr for the forces acting on the atomic
cores.

3. RESULTS AND DISCUSSION
3.1. Phase Stability

At the first stage of our investigation, we optimized
the structural parameters and calculated the energies
of the equilibrium state of the »-AIN and TiN nitrides
with the rock-salt structure, as well as metallic alumi-
num and titanium (in the most stable modifications,
fcc and hexagonal close-packed (hcp), respectively).
The obtained results are presented in the table. It can
be seen that they are in satisfactory agreement with the
available experimental and theoretical data. It is inter-
esting to note that the lattice constant of 4.071 A for r-
AIN in the bulk state is very close to the experimentally
determined value of 4.08 A for aluminum nitride films

[19] (see also [20—22] and references therein).

in the epitaxial layer structures »-AIN/TiN [4]. This
circumstance allows us to hope that physical proper-
ties (electronic, transport, mechanical, etc.) of the
bulk phase and cubic aluminum nitride thin films
grown on TiN substrates will also be largely similar to
each other. According to the obtained data, the
enthalpy AH = AE + PAV for the formal reaction of
the complete substitution of titanium for aluminum -
AIN + Ti —» TiN + Al at P=0and 7= 0 K is negative
and equal to approximately —1.233 eV/form.unit, thus
indicating the preference of the replacement Ti — Al
in the cubic structure of the nitride. At the same time,
in the case of a partial substitution, the formation of
isolated titanium impurity centers in r-AIN can be
accompanied by the energy consumption associated
with local distortions of the crystal structure, because
the AI-N and Ti—N equilibrium distances in the
cubic nitrides are slightly different from each other
(2.035 and 2.124 A, respectively).

In order to investigate the phase stability of the
r-Al, _ Ti N system at different impurity concentra-
tions, we carried out the structural optimization of the
compound with the formal composition Al;TiNj3,,
which simulated single titanium impurity centers in
the lattice of the r-AIN phase, and the Al;TiN, com-
pound simulating the solid solution at x = 0.25
(Fig. 1). In the first case, it was assumed that the lat-
tice constant of the Al;TiN;, compound is equal to
twice the lattice constant for »~-AIN, and the change in
the crystal structure is determined only by the relax-
ation of atoms from the coordination spheres nearest
to the titanium impurity. This simplification seems to
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be reasonable, because, according to the results of the
optimization, the displacement of the six nitrogen
atoms nearest to the titanium impurity from the initial
positions (the first coordination sphere) is equal to
~0.06 A, whereas the displacement of twelve nearest
neighbor aluminum atoms to a new equilibrium posi-
tion (the second coordination sphere) is already one
order of magnitude smaller, and the displacements of
atoms from more distant coordination spheres are
insignificant. In the second case, we assumed that all
the atoms in the Al;TiN, cell are located in fixed crys-
tallographic positions (the Al-N and Ti—N inter-
atomic distances are equal to each other), and the
optimization was reduced to the determination of the
equilibrium value of the lattice constant (4.136 A). The
calculated energies of the optimized structures
Al;TiN;, and Al;TiN, are presented in the table.
Based on the obtained results, it is easy to estimate the
enthalpies AH for the formal partial substitution reac-
tions

32r-AIN + Ti = Al; TiNg, + Al

and

4r-AIN + Ti — AL TiN, + Al

(also at P= 0 and T = 0 K), which are approximately
equal to +0.577 and —0.031 eV, respectively (or +0.018
and —0.008 eV per formula unit of the Al o, Ti; o3IN and
Al 75Tl »sN compositions, respectively).

Thus, although the enthalpy of formation of the
doped r-Al, ¢, Tiy ;N phase is positive, its absolute
value is relatively small (~5% of the energy of the tran-
sition of the aluminum nitride AIN from the wurtzite-
like phase to the r-AIN phase, which, according to
estimates [9, 10], lies in the range of ~0.32—
0.34 eV/form.unit). Therefore, we can expect that, at
sufficiently high temperatures, the entropy contribu-
tion to the change in the Gibbs free energy AG= AH —
TAS will exceed the aforementioned enthalpy AH and
thus will lead to the value of AG < 0. Consequently, the
formation of titanium lightly doped r-Al, _,Ti,N
phases containing single impurity centers seems to be
quite probable. It is interesting to note that the
enthalpy of formation of the 7-Al, ;5 Ti, ,sN phase has a
negative value. This indicates the possibility of the
partial substitution reaction Ti — Al in 7-AIN with the
formation of an ordered solid solution even at 7= 0 K,
whereas the absolute value of the enthalpy of forma-
tion is relatively low. Hence, it can be expected that the
direction of this reaction, as in the previous case, will
depend substantially on the conditions of its occur-
rence. The slightly smaller value of AH for the
r-Al; ;5Tiy ,sN phase, as compared to r-Al ¢;Ti 3N,
can most likely be explained by the formation of addi-
tional covalent Ti—N bonds in the crystal (see below),
which stabilize the system. At the same time, as noted
in [34], the Ti, _ ,ALN solid solutions are metastable
with respect to the isostructural decomposition into

PHYSICS OF THE SOLID STATE Vol. 58 No. 5

2016

927

the cubic nitrides AIN and TiN, because the calcu-
lated enthalpies of isostructural mixing over the entire
range of concentrations x are positive and reach the
maximum at x ~ 0.7. Therefore, the enthalpy of the
formal reaction of decomposition of the r-Al, ¢, Ti, (3N
phase into 7-AIN and TiN will be all the more positive.
It should be noted, however, that owing to distortions
of the crystal structure of this phase due to the relax-
ation of atoms in the nearest environment of the impu-
rity centers, this decomposition is no longer isostruc-
tural and may spontaneously not occur for kinetic rea-
sons (for example, due to the high energy of the
intermediate state of the system). However, the solu-
tion of this problem goes far beyond the scope of this
paper. Therefore, we will restrict ourselves to general
remarks that the formation of the metastable r-
Al 97 Ti o3N phase (for example, in a mixture of metal-
lic titanium and r-AlN) is characterized by a not too
high value of the enthalpy and, at reasonable tempera-
tures, seems to be quite probable, along with the for-
mation of Al,_ Ti N solid solutions with titanium
concentrations x > 0.25.

3.2. Electronic Structure and Magnetic Properties

To date, there is quite a lot of papers devoted to the
theoretical study of the band structure of the nitrides
TiN and r-AIN (defect-free cubic crystals). Therefore,
we will discuss its specific features only briefly. Figure 2
presents the total and partial densities of electronic
states (DOS) for the aforementioned nitrides and the
structure of the energy bands E(k) for the aluminum
nitride »-AIN, which were calculated for their equilib-
rium crystal structure and are in reasonable agreement
with the results reported in [38, 39] for TiN and in [10,
18—23, 33, 34] for r-AIN. It can be seen that r-AlN is
a wide-band-gap semiconductor, and the top of the
valence band and the bottom of the conduction band
correspond to the I and X points of the Brillouin zone,
respectively. The minimal band gap corresponds to the
indirect I'—X optical transition and, according to the
calculations, amounts to ~4.35 eV. This value is in sat-
isfactory agreement with the results presented in the
papers [18—23], which reported values in the range of
4.0—4.5 eV. For the direct I'-T transition, the calcu-
lated band gap is ~5.38 eV. As is known, one of the
drawbacks of the methods used for band structure cal-
culations and based on the density functional theory
(DFT) is a systematic underestimation of the band gap
of the material as compared to the experimental value
[40]. At the same time, as far as we know, there are
only two papers devoted to the experimental determi-
nation of the band gap in »-AIN, where the values of
the band gap were found to be 3.83 eV [6] and 4.81 eV
[8], which are in relatively good agreement with the
calculated data. However, it should be remembered
that the estimates were made for the bulk state,
whereas the authors of [6, 8] were dealing with r-AIN
thin films, and the band gaps for these two forms of the
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Fig. 2. Total and partial densities of electronic states for cubic nitrides: (a) ~~-AIN and (b) TiN (see text). (c) Structure of the energy
bands E(k) for r-AlIN. In all cases, the position of the Fermi level (EF) is taken as zero.

same material can differ significantly (for example,
the experimental value of the band gap for bulk MgO
single crystals is equal to ~7.77 eV [41], while for thin
films, it can be ~2.5 eV [42]). As can be seen from Fig.
2, the valence band of ~-AlN is predominantly formed
by the N—2p states with a relatively small (especially
near the top of the valence band) contribution from
the aluminum states, whereas the contributions from
these states to the formation of the bottom of the con-
duction band are comparable to each other. As regards
the titanium nitride, its electronic spectrum consists
of two main bands: (1) the 4 band located ~(3—8) eV
below the Fermi level (E£f) and formed by the hybrid-
ized N—2p and Ti—3d states (Fig. 2) responsible for
the formation of the covalent components of the
chemical bonds Ti—N; and (2) the B band with the
near-Fermi part formed only by the Ti—3d states
(with the calculated density at FEp N(Ep) =
0.86 states/(eV form. unit)) responsible for metallic
conductivity of TiN. The spin polarization of “spin-
up” and “spin-down” electronic states for both
nitrides is negligible, and their ground state is non-
magnetic.

A completely different situation occurs with the
impurity phase r-Al, ¢, Tig o3 N. Figure 3 shows the den-

PHYSICS OF THE SOLID STATE

sity-of-state distributions calculated for the optimized
structure of the formal composition Al;; TiN3,. As can
be seen from this figure, the incorporation of titanium
atoms into the r-AIN structure leads to the appearance
of the impurity Ti—3d band in the electronic spec-
trum, which undergoes an orbital splitting into the 7,,
and e, components in the cubic crystal, so that the 7,,
band appears to be lying in the band gap of the initial
matrix and partially filled, whereas the e, band merges
with the bottom of its conduction band and remains
vacant. In turn, the impurity Ti—#, and Ti—e, bands
undergo spontaneous spin polarization due to the
intra-atomic exchange in the partially filled Ti—3d
shell, thus splitting into the spin components Ti—#,1 |
and Ti—e,p | respectively. As a result, the Ti—#,,1 band
crosses the Fermi level £ and is partially filled, while
the Ti—#,, band is vacant (Figs. 3, a2). This is accom-
panied by the formation of local magnetic moments of
~0.63 pjp at titanium impurity atoms (the values were
calculated within the corresponding MT spheres), the
magnetic moments of the other atoms do not exceed
the absolute value of ~10~3 pg, and the complete mag-
netic moment per cell of the formal composition
Al; TiN;, is close to an integer value of ~1 pg. Thus,
Vol. 58
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Fig. 3. Densities of electronic states for impurity systems
(a) Al3TiN3, (r-Alg 97Tiy g3N): (al) the survey spectrum
and (a2) the impurity Ti(3d)—t2g and Ti(3d)—eg states in
the band gap of the initial matrix (»~-AIN); and (b) Al3TiNy4
(r-Alg 75Tig 5N).

the impurity phase r-Al, ¢;Ti, (3N becomes conductive
and, according to the results of the simulation of the
band structure, is characterized by a 100% spin polar-
ization of the near-Fermi electronic states P =
INt(Eg) — NY(Ep)l/[N1(Ep) + N(Ep)] (according to
our calculations, for the phase of the formal composi-
tion Al; TiN3,, the density of states at the Fermi level
N1(Ep) = 22.20 states/(eV form.unit), N (Eg) = 0).
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This phase is conductive with respect to only one elec-
tron spin subsystem (for definiteness, “spin up”) and
represents a semiconductor with respect to the other
subsystem (“spin down,” see also [43]). In this con-
text, we can mention the paper of Wu et al. [44], who
carried out the simulation of the band structure of the
partially magnesium substituted wurtzite-like phase
w-Alp 937sM8gg 0625IN  (With the formal composition
Al;sMgN o), for which the authors also predicted a
100% spin polarization of the near-Fermi states.

As regards the Al;TiN, system, which simulates the
r-Al, ;5Tij ,5sN solid solution, an increase in the tita-
nium concentration leads, on the one hand, to a sig-
nificant broadening of the near- Fermi band predomi-
nantly formed by the Ti—3d states (Fig. 3) and, on the
other hand, to the absence of its spin polarization (the
calculated magnetic moments of both the individual
atoms and the Al;TiN, cell as a whole are negligible).
This fact can be qualitatively explained by taking into
account the simplest Stoner criterion for ferromag-
netism of electron gas N(Egp) - I > 1 (where [ is the
parameter of electron—electron exchange interac-
tion), as well as the decrease in the density of states at
the Fermi level N(Eg) (per formula unit of Al, _ ,Ti,N)
about twice when going from Al; TiN;, to Al TiN,.
Therefore, the Al ;5Tij ,sN solid solution is charac-
terized as a conventional metal whose magnetic
properties are determined by the Pauli paramagne-
tism of conduction electrons with the magnetic sus-

ceptibility x = 2UpN(ER)/3 ~ 7.4 % 106 cm3/mol
(where N(Eg) = 1.39 states/(eV form.unit) is the calcu-
lated value per formula unit of Al;TiN, and the factor
of 2/3 is due to the Landau diamagnetism). Thus,
according to the results of the simulation, upon incor-
poration of titanium impurity atoms into the cubic
aluminum nitride, the impurity phase r-Al, _ ,Ti,N
acquires metallic conductivity. In this case, the impu-
rity phase at low concentrations x (a few percent) can
undergo a transition to the magnetic state, whereas at
x ~ 0.25, it is a nonmagnetic metal.

Finally, we briefly consider specific features of the
chemical bonding in the r-Al, _ [ Ti,N phases in com-
parison with the perfect cubic aluminum nitride
r-AIN. The maps of the charge density distributions in
the corresponding planes parallel to the (100) plane
for the ~-AIN and titanium-containing cubic phases
under consideration are shown in Fig. 4. It can be seen
from this figure that, in »~-AIN, there are almost no
directional cation—anion Al—N bonds (Fig. 4a). In
other words, the covalent component plays a minor
role, and the chemical bonding has a pronounced
ionic character. The effective atomic charges calcu-
lated according to the Bader scheme [45] are equal to
O(Al) = +2.51e and Q(N) = —2.51e. These values are
somewhat different from the values estimated in the
formal ionic model: AI’*N3-. The incorporation of
isolated titanium atoms into aluminum sites in the lat-
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Fig. 4. Charge density distribution maps: (a) in the (100) plane of »-AlN, (b) in the (200) plane of Al3; TiN5,, and (c) in the (100)
plane of Al;TiNy. The distances between the contours on maps (a, ¢) and (b) are equal to 0.05 and 0.10 e/A3, respectively.

tice of the »~-AIN phase leads to the formation of direc-
tional bonds between the titanium atom and nitrogen
atoms involved in its nearest environment (Fig. 4b, x =
0.03). It should be noted that the Ti—3d states in the
r-Alj o7 Tij (3N system, along with the formation of the
near-Fermi Ti—#,, band, are also admixed to a small
extent with the valence band of the initial matrix com-
posed predominantly of the N—2p states (in the range
~4 eV below the top of the valence band, see Figs. 2
and 3) and thus can participate in the formation of
bonding electronic states in the crystal. A further
increase in the titanium concentration leads to an
increase in the contribution from the Ti—3d states to
the low-lying valence band separated from the par-
tially filled near-Fermi band by the energy gap
(Fig. 3). Therefore, it can be expected that the role of
the aforementioned states in the formation of bonding
states will also increase. Indeed, as can be seen from
Fig. 4c, in the r-Al;;5Tij,sN system, there are well-

PHYSICS OF THE SOLID STATE

defined directional Ti—N bonds. Therefore, it can also
be expected that the role of the covalent component of
the chemical bonding in solid solutions will be
enhanced with an increase in the titanium concentra-
tion x (because, in this case, the number of Ti—N
bonds per formula unit of Al, _ [Ti N increases). This
fact is probably responsible for the stabilization of the
r-Aly ;5Tiy,sIN phase (a lower value of the enthalpy
AH) with respect to the r-Alyq,Tiy ;N phase. No
directional Al-N bonds are observed in the r-
Al, _ [ Ti,N phases, as well as in the perfect cubic alu-
minum nitride.

4. CONCLUSIONS

The phase stability, electronic structure, and mag-
netic properties of compounds with the formal com-
positions Al; TiN;, and AL TiN, based on cubic
aluminum nitride, which simulated titanium-doped
Vol. 58

No. 5 2016
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Al,_,Ti,N cubic phases at low (x = 0.03, single
defects) and sufficiently high (x = 0.25, the solid solu-
tion with a regular lattice) impurity concentrations,
were investigated based on the results of the ab initio
band calculations. It was shown that, in contrast to the
solid solution with the titanium concentration x =
0.25, the Al o;Tij 03N phase containing single defects
is metastable with respect to the mixture of metallic
titanium and cubic AIN, while the enthalpy of partial
substitution of titanium for aluminum is relatively
small, so that the formation of this phase seems to be
quite probable. Upon doping with titanium, the
Al, _ Ti,N phases acquire electronic conductivity. In
this case, it was predicted that the compounds with the
titanium concentration x = 0.03 should have a band
structure characterized by a 100% spin polarization of
near-Fermi states, whereas at x = 0.25, they should be
in the state of a conventional nonmagnetic metal. The
chemical bonding in the perfect cubic aluminum
nitride has a pronounced ionic character. However,
with an increase in the concentration of titanium in
the Al, — ,Ti N solid solutions, the role of the covalent
component increases, which, in the authors’ opinion,
qualitatively explains the stabilization of the solid
solution (negative enthalpy of partial substitution) at
x ~ 0.25.
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