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ARTICLE INFO ABSTRACT

Keywords: Detailed first-principles calculations of structural, electronic, elastic, thermodynamic and vibrational properties

DFT of two spinel crystals, MgAl,0, (MAO) and ZnAl,O, (ZAO): neat and doped with Ti’** ions, at ambient and

Spectroscopy elevated hydrostatic pressure, are reported. Special attention is given to the location of Ti** 3d level in the hosts’

ggj::gnf:li vels band gap. Various exchange-correlation functionals are employed for that purpose; the best agreement with the

MAO(MAS) experimental data is obtained for the M06 functional, which places the Ti** state at 4.39 eV above the valence

ZAO(ZAS) band top in MgAl,O, and at 4.08 eV in ZnAl,O,. Crystal field splitting of the Ti** 3d states is calculated for
different pressures; dependence of the crystal field strength 10Dq on pressure and Ti**-0>~ distance is analyzed.
Our calculations of the Debye temperature (based on the knowledge of elastic constants) result in close agreement
with the corresponding experimental data.

Doping with Ti** ions leads to a slight decrease of the elastic parameters and lowering the Debye temperature
by 20-40 K, because the Ti**-0%~ chemical bonds become longer and softer when compared with the AI**-0*~
ones in undoped materials. As a result, slight red shift of the most prominent features in the vibrational spectra
is expected; this is confirmed by the performed calculations. Obtained results give a deeper insight into the
properties of doped optical materials, highlight the effect of added impurity ions on their physical parameters
and may serve as useful guides for smart materials engineering with wide opportunities of fine tuneability of
their most important characteristics for potential applications.

1. Introduction

Crystals with the spinel structure constitute a very large family of
compounds with the general chemical formula AM,X,, where A and
M are the metal cations occupying the four- and six-fold coordinated
positions, respectively, and X stands for the anion, which can be any of
these elements: oxygen, sulfur, selenium, tellurium, nitrogen. As a rule,
the oxidation states of the A and M cations are +2 and + 3, respectively,
although the +4 oxidation state for the second cation can be met (in
such a case, the general chemical formula is A,MX,) [1,2]

The name “spinel” was given to Mg,Al,O, mineral in 1779 by the
Belgian scientist Jean Démeste (1743 — 1783) [3,4]. It originates from
the Latin word “spinella” (a little thorn), due to its sharp octahedral

* Corresponding authors.

crystals. A large number of possible combinations of cations and anions
determines a wide variety of spinel crystals with different physical prop-
erties. In addition, it is also possible to make the solid solutions having
the spinel structure, with a partial or complete cation substitution, thus
increasing the number of spinel compounds and allowing for fine tun-
ability of their properties by varying chemical composition.

All spinel crystals can be divided into the so-called “normal” A(M,)X,
and “inverse” M(AM)X, spinels, with the ions in the parenthesis being
located at the octahedral sites [5]. Intermediate cases can often happen;
they can be generally described as A,_; M,;(A;M,_,)X, with A charac-
terizing the degree of inversion (41=0 for the normal spinels and A1=1
for the inverse ones). The anion fractional coordinate u in the spinel
structure depends strongly on the cation inversion parameter [6].
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Table 1
Structural properties of the spinels considered in the present work.
MAO ZAO MAO:Ti** ZAO:Ti**
Exp. Calc. Exp. Calc. Calc. Calc
Lattice a = 8.075% 8.1527%, a = 8.0876/ 8.1534%, a = 8.1852° a = 8.18399"
parameters, A 8.15¢, 8.030, 8.1728, 7.98h, b = 8.1725 b = 8.18399
8.034¢ 8.321¢ c = 8.1915 c = 8.18396
Cell volume V,  526.54¢ 541.878, 529.004/ 542.027°, 548.375° 548.138°
A3 541.343¢, 545.83¢,
517.7824, 508.170",
518.556¢ 576.138!
O position 0.264¢ 0.26424" 0.375/ 0.38995" — —

parameter x

@ Ref.[38] ; ® This work; ¢ Ref.[21] ; ¢ Ref.[45] ; ¢ Ref.[46] ;f Ref.[39] ; & Ref.[47] ; " Ref.[48] ; ! Ref.[49] .

Spinels are not only abundant in nature, but they can also be
made artificially, in the form of single crystals, ceramics or powders,
with addition of different transition metal or rare earth ions, to be
used as phosphor materials with applications in lighting, optical ther-
mometry etc. Some recent representative examples are MgAl,0,:Tb**
[71, ZnGa,0,:Ce*t, Tb**+, Eu?* [8], MgAl,0,:Ce** [9], ZnAl,0, and
ZnGa,0, with Cr** [10], Mg, _,ZnxAl,0,:Cr** [11], MgAL,O,:Ni} [12],
MgA1204:Ti; [13,14], ZnA1204:Ti3+ [15] etc. Neat spinels also find im-
portant technological applications. Thus, high radiation resistance and
low swelling even after the exposure to high fluence of fast neutrons en-
couraged the long-term use of MgAl, O, in different nuclear technologies
[16].

Among various impurities that can be introduced into the spinel ma-
trices, the Ti** ions as dopants in spinels are of special interest. They
substitute for the trivalent cation at the octahedral sites. Since Ti** ions
have a single-electron configuration (3d'), they are ideal model systems
to be studied by the first-principles calculations, because no multielec-
tron effects within the 3d electron configuration can arise in this case.

In the present paper we consider two spinel crystals, MgAl,O, (MAO)
and ZnAl,0, (ZAO), neat and doped with the Ti** ions. By perform-
ing systematic first-principles calculations of their structural, electronic,
elastic and thermodynamic properties we analyze the influence of the
A cation and impurity ion on all these properties of the host materials
at the ambient and elevated hydrostatic pressure. Special attention was
paid to the location of the Ti** 3d states in the hosts’ band gap. A thor-
ough analysis of trigonal deformations of the TiOg allowed to identify a
criterion that determines the symmetry properties and degeneracy of the
ground Ti** electronic state. All obtained results — whenever possible
— are compared with the corresponding experimental and/or literature
data.

The structure of the paper is as follows: Section 2 contains descrip-
tion of the method of calculation; all obtained results are presented in
Section 3 and its subsections, and Section 4 concludes the paper with a
short summary of the main findings.

2. Method of calculations

Density functional calculations (DFT) in the formalism of linear com-
bination of atomic orbitals were performed with tools implemented
in the CRYSTAL23 software [17,18]. The hybrid B3LYP exchange-
correlation functional with Vosko-Wilk-Nusair correlation potential [19,
20] and all-electron basis sets of atomic Gaussian functions were chosen
to build up on and to continue the work on by Platonenko et al. [21].
All-electron basis sets were taken from the CRYSTAL database of basis
sets [22]: 8s-511sp for Mg [23]; 8s-64111sp-41d for Zn from [24] with
modified exponents from [25,26]; 8s-511sp-1d for Al [27]; 8s-411sp for
O [28]; 8s-6411sp-11d for Ti [29,30]. Full basis sets are listed in the
Supporting Information (SI).

Properties of pure MAO and ZAO crystals were modeled in their re-
spective primitive unit cells. The Ti** ions were added to cubic 56-atom

conventional cells. The Brillouin zone was sampled with I'-centered k-
point meshes generated with the Monkhorst-Pack [31] scheme accord-
ing to the supercell (SC) size. In convergence tests computed for the
primitive cell a 8 x 8 x 8 mesh turned out to be optimal. For the cubic
56-atom cells 4 x 4 x 4 mesh was used. All calculations involving Ti ions
were spin-polarized.

In CRYSTAL calculations five parameters control the numerical accu-
racy of computing two-electron integrals. Throughout all calculations
in this work they were set to 9 9 9 9 18. Physical interpretation of
these values is given in [17] and in the SI. All calculations with the
Ti ion were spin-polarized. In all calculations the convergence criterion
for self-consistent field procedure was set to 10~'0 Hartree. In all ge-
ometry relaxation calculations, in addition to the previous criteria, the
root-mean-squares of the gradient and of the displacement were set to
3% 1073 and 12 x 107> a.u., respectively.

The structures were tested for stability by performing I'-point fre-
quency calculations [32,33]. Elastic properties and structural relax-
ations under pressure were calculated using the approach outlined in
Refs. [34,35]. In these calculations the default convergence thresholds
were used.

3. Results and discussion
3.1. Structural properties

The initial structural data were taken from the Open Crystallography
Database [36,37], where original sources for MAO and ZAO crystals are
[38] and [39], respectively. The crystalline symmetries of MAO and ZAO
are described by space group 227 (Fd3m). Their respective primitive
cells are trigonal and contain 14 atoms, or two formula units. Spinel’s
conventional cell is a face-centered cubic cell that consists of four prim-
itive cells and has eight formula units. In their conventional cells (with
conventional choice of origin), the Mg or Zn atoms occupy Wyckoff po-
sitions 8a ((1/8 1/8 1/8), point group T, ); the Al atoms are in positions
16d ((1/2 1/2 1/2), point group D;,), and the O atoms occupy the 32e
positions (x x x, point group C;,). The following linear transformation
transforms spinel’s primitive cell into its smallest conventional cell:

-1 1 1
1 -1 1. (@)
1 1 -1

The same transformation reduces the Fd3m group to its subgroup P43m
(No. 215), and as a consequence the occupied Wyckoff orbits are split
[40,41]. Specifically, the 16d orbit (occupied by Al atoms, point group
D;,) splits into orbits 12i and 4e, whose respective point groups are C;
and Cj, (corresponding site symmetries are ..m and .3m). Applications
of Wyckoff splitting to computational modeling of materials including
MADO are described in earlier publications [42,43].

Effects of doping with the Ti** ions were modeled by optimizing the
crystal structures with one Al’* ion replaced by one Ti** ion in one unit
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cell. Although such dopant concentration (one out of sixteen atoms in
a unit cell, or 6.25%) is somewhat higher than the experimental values
(which are rarely above 3%), it still allows to get valuable information
about the structural and electronic properties of the TiOg octahedra and
compare them to AlOg4 octahedra in the studied compounds. We model
a neutrally charged defect in an uncharged cell, therefore our Ti-Ti dis-
tances of at least 8.18 A in either direction are well within the 5-10 A
threshold necessary to recover the macroscopic bulk behavior for elec-
trostatic screening or elasticity to within 0.01 eV [44]. This is the small-
est possible supercell for such calculations. The next smallest supercell is
a2 x 2 x 2 expansion of the primitive cell, which has 112 atoms, twice as
many as our cell. While that cell allows to model 3.125% concentration
of Ti, it also doubles the number of electrons, making DFT calculations
8 times as demanding.

Table 1 collects the summary of the experimental and optimized
structural data for the MAO and ZAO crystals, both neat and doped with
Ti3* ions.

Our lattice constants are in good agreement with the experimental
results. They are also in the range of lattice constants calculated for the
title hosts in other references by using different functionals. Replace-
ment of a A** ion by a larger Ti** ion is accompanied by a slight in-
crease of the optimized lattice constants of the doped materials in com-
parison with the pure spinels.

Splitting of Wyckoff positions in spinel supercells means that there
are only two different ways to perform Al — Ti substitution that con-
serves, at least in part, crystalline symmetry of spinel. In our calculations
we observed that in ZAO the choice of substitution site does not affect
the energy of defect’s formation, evidenced by negligible differences of
ca. 0.5 peV in total energies of Ti-doped ZAO cells.

In MAO the same substitution converged to different results, depend-
ing on the substituted Al site. An initial relaxation at the 12i site (point
group C;) produced unstable solution with an imaginary vibrational fre-
quency. This result also had an electronic ground state different from
that in ZAO:Ti. In Zn spinel Ti’s occupied 3d level was triply degener-
ate (15,), while in MAO:Ti it was doubly degenerate. This reminded us
of a result by Landron and Lepetit [50]: in their study they observed
that trigonal distortion of the regular octahedron along the [111] direc-
tion affects the relative energies of 1,, orbitals, i.e. they split into two
degenerated ¢’ orbitals and one a;, orbital.

Therefore, when we obtained a 1,, solution for MAO:Ti, we subjected
it and the same configuration of ZAO:Ti to a geometrical test: two axial
oxygen atoms in the TiO4 octahedron were symmetrically shifted along a
circular arc in the (110) plane (effectively, changing the O,;,~Ti~[111]
angle). For both spinels it was found that small changes of ca. +6° carry
a small penalty in total energy, <1 eV above the ground state, Fig. 1.
In MAO this distortion led to a small energy decrease, which was still
higher in energy than the imaginary-mode solution. The true ground
state for MAO:Ti was found by following the imaginary mode. Fig. 2
summarizes relationships between different solutions for Al — Ti sub-
stitution in MAO.

3.2. Electronic properties: A brief summary of the experimental
spectroscopic data

In spite of wide applications of the MAO crystals, its several funda-
mental optical characteristics are not precisely determined yet. In par-
ticular, this applies to the energy gap value E,, excitonic states and
optical absorption of intrinsic cation lattice defects, or the so-called an-
tisite defects (ADs), representing the situation when the Mg?* and Al*+
ions swap their sites. Due to low formation energy of Mg|,; and Al|y,
(both defects are charged with respect to a regular lattice), these defects
are easily detectable even in pristine, as-grown crystals and allow to ac-
commodate radiation-induced disorder of cation sublattice [51-54]. The
energy levels of such defects can appear in the host’s band gap close to
the conduction band bottom, thus masking the true host-related absorp-
tion edge.

Journal of Luminescence 293 (2026) 121800

Thorough spectroscopic measurements can help in estimations of
the experimental band gap values of crystalline materials. Cathodo-
luminescence spectroscopy of pristine MAO single crystals revealed
several lines/bands connected with the traces of impurity ions (e.g.,
R-components of the Cr3* ions) and broadband UV emission, a
maximum of which at low temperatures is located from 5.3 to
5.8 eV depending on inversion parameter of as grown materials
interpreted as the luminescence of self-trapped excitons or radia-
tive recombination of electron-hole (e-h) pairs at intrinsic lattice
defects (e.g., ADs) [55-57].

The intrinsic luminescence of MAO centered at the 5.3 eV has main
excitation bands at ~7.2 and ~8 eV [57]. To sum up these experimental
findings, we conclude that the energy gap in the stoichiometric MgAl,O,
single crystals at low temperatures can be estimated as £, = 8.2 eV. This
value is between the relevant ones in MgO (7.8 eV) and «-Al,05 (9.4 eV)
binary oxides, the equimolecular mixture of which forms a stoichiomet-
ric MgAl, O, spinel crystal. Additionally, Ref. [58] also gives the esti-
mation of the experimental band gap of MAO crystal between 8.05 and
8.2 eV.

Information about the ZAO band gap is even more scarce. The intrin-
sic UV emission of ZAO single crystals is peaked at lower energies (at
about 4.9 eV) if compared with the MAO spinel, which agrees with the
energy gap values E, in these materials. The substitution of Mg?* ions
by Zn?* ions (having a greater atomic number and ionic radius) reduces
the band gap value at least by 1 eV. According to Ref. [59], the edge of
fundamental absorption lies above 6.05 eV, but such intrinsic absorp-
tion definitely involves the region of exciton states as well. The location
of the exciton band in ZAO nanofibers is expected to be at about 7 eV
[60], which allows to estimate the ZAO band gap as 7 eV or slightly
higher.

3.3. Electronic properties: First-principles calculations

Fig. 3 shows the calculated band structures of neat MAO and ZAO
single crystals.

Both crystals are indirect band gap materials, with calculated band
gaps of 7.73 eV (MAO) and 6.45 eV (ZAO). Electronic band structures of
Ti3*-containing MAO and ZAO crystals are shown in Fig. 4. Decreased
ZAO band gap obtained in our calculations agrees with the above given
experimental results and with slightly increased ZAO lattice constants
and corresponding interatomic distances, if compared with the MAO
data. Tops of valence bands in both materials (made mainly by the oxy-
gen 2p states) are remarkably flat, which indicates a low mobility of the
holes in the valence band, whereas the lowest states from the conduction
bands (composed by the cations unoccupied orbitals, 3s states of Mg, 3s,
3p states of Al, and 4s states of Zn) exhibit considerable dispersion, es-
pecially around the I" point. Some other calculated results available in
the literature (for MAO 7.8 eV [61], 7.4 eV [62], for ZAO 4.25 eV [63],
4.44 eV [51]) are consistent with our values. Lower values of the band
gaps for ZAO obtained by other authors are explained by using the GGA
functional, which always underestimates the true band gap.

The most important result of incorporation of impurity ions into a
crystalline solid is a formation of additional energy levels in the host’s
band gap, which is confirmed by the data shown in Fig. 4. The zero of
energy in Fig. 4 is placed at the lowest occupied 3d state of Ti**, which
is 3.90 eV above the top of the valence band in MAO and 3.66 eV in
ZAO.

This value is close to the previously reported for Al,05:Ti** (4.78 eV,
according to the calculations in Ref. [64]). Experimental estimations of
the ground states of transition metal ions in insulating hosts can be made
based on the charge transfer transitions. Thus, the value of 4.8 eV for
the Ti3* in MAO was reported in Ref. [65]. As for the ZAO:Ti**, the
experimental measurements of the valence band — Ti** charge trans-
fer transition [66] place the Ti** ground state at about 5 eV above
the valence band top. Both experimental values (given the accuracy of



A. Chesnokov et al.

Journal of Luminescence 293 (2026) 121800

. 800
200 MAO:TI vetstee,

3 - 0.00 7.00 o ¢ " Spinminority gap, eV * .
o L] o *
£19.00 - g u ® 6.00 . .
H . Foro 3500 ¢
s - E 3 > ¢
314.00 » 5 g .
4 = o050 §400
£ 900 n = g T30 mE mEEEmgEEEEEg,
g ¥ " ° e tyg & Spin majority gap, eV -
5 ¥ 2030 9 200
g . g :
> 4.00 u g (1 -
2 §U.10 100
5100 famat & 0.00

030 20 0 0 10 20 0 4062 42 22 K 18 38 58 30 20 0 0 10 20 30 40

Angle change, deg Angle change, deg 700 Angle change, deg
2500 ZAO:TI 1.00 wo oo
> > 6.00 : M
o . o L o Spinminority gap, eV © &
g s .
§20.00 u goso 5.00 . .
g . k] N . .
g € © 400
31500 m . 3060 = .
) . g 3
] .
L1000 2040 2% aEsEEmEEEEEg,,
g ™ [] e n 3 500 = Spin majority gap, eV " =
< 500 . " R o
3 [ 3 ] 1.00
& 0.00 "man & 0.00 0.00
30 20 20 30 40 6 -4 2 4 6 30 20 20 30 40

-10 ) 10
Angle change, deg

-2 0
Angle change, deg

0 1
Angle change, deg

Fig. 1. Effects of O,,;,-Ti-[111] angle change in TiO4. Top row: MAO:Ti. Bottom row: ZAO:Ti. Left to right: total energy; a fragment of the energy diagram, showing
small angle changes, corresponding to <1 eV increases in the total energy; band gaps. A small decrease in total energy is associated with a small angular displacement.

Here, “ground state” refers to a t,, starting point.

70

3 " Lo Lop by

e 60 65 2S OS

2 Axial

8 50 Axia

% iangle

g 40 ;decrease

2 e

o 30 —g

o 2s

2 20

P

o I Imaginary

g 10 ?gmode scan

fim] S g
0 . 2lg

0Os

Fig. 2. Different solutions to relaxation of MAO:Ti. 6s, 2s and Os are the number
of symmetry operations. Labels of electronic orbitals indicate whether the #,,
level splits, and if so, which orbital is lower in energy.

__ZAO under pressure
Ve U =
"’ —

12

MAO under pressure b

r10

K>

-2

r X UK r L w xr X UK r L ow ox.
Fig. 3. Calculated band structures of neat MAO (left) and ZAO (right) single
crystals under pressure.

measurements and calculations) are in reasonable agreement with the
values calculated in the present work.

Splitting of the Ti** 3d states into the 1,, (ground state) and e, (ex-
cited state) in a crystal field is clearly seen in Fig. 4; the separation
between them is the crystal field strength 10Dq, which in both cases is
about 4.1 eV. This value overestimates the experimentally determined
10Dq parameter for MAO:Ti** (20041 cm™ or 2.48 eV [67]).

Basic definition of the 10Dq parameter in the classical crystal field
theory is the energy interval between the 1,, and e, orbitals of the cen-

tral ion located in the ideal octahedral crystal field with O, local symme-
try. However, direct and straightforward application of this definition to
the vast majority of real systems can be hindered by at least two facts:
i) low symmetry splitting of both #,, and e, states, which may result
in additional structured bands in the absorption/emission spectra and
formation of up to five 3d energy levels in the case of low enough lo-
cal symmetry (all point groups with only one-dimensional irreducible
representations), and ii) high degree of delocalization of 3d electrons
because of their strong interaction with ligands and overlap of 3d wave
functions with the s, p states of ligands (in our case, 2s, 2p states of
oxygen).

The latter implies that the 3d states of an impurity ion are no longer
atomic-like states with purely 3d character but contain a considerable
contribution of the ligands’ states. Both above-mentioned reasons are
present in the studied spinels. We emphasize that in our calculations
(ground state DFT) computed e, states in conduction band are not lo-
calized states. These delocalized e, states are bound to other states in
the conduction band which are not true excited states by definition of
the ground state DFT, and thus computed barycenters of t,, and e, or-
bitals may not correspond exactly to observed energies of optical tran-
sitions. Alternatively, 10Dq may be defined as the first d-d excitation.
This value may be approximated by difference between two differently
occupied d levels in the band structure. Under this definition our value
for 10Dq differs from experimental value by ca. 0.5 eV. This definition
works well for ZAO:Ti, but it does not work for MAO:Ti, where the 12
level splits into a,, and e}, levels, and the aforementioned limitations
of DFT also apply here. Regardless of the definition, computed value of
10Dq depends on the choice of DFT functional, as will be shown further,
and thus the main utility of these calculations lies in the ability to see
how factors such as applied pressure or changes in composition affect
this value.

Our process for calculating value of 10Dq is shown schematically in
the right part of Fig. 4. It involves calculating centers of DOS signals
and, in case of MAO:Ti, centers of sums of DOS signals. Center ¢ of a
DOS signal ranging from a to b is defined as a point between a and b
which satisfies the following equation:

c b
/ DOS dE =/ DOS dE. (2)
a c

Crystalline structure optimization and calculations of electronic
properties were also performed at the elevated hydrostatic pressures in
the range from 0 to 20 GPa. The band gaps and the crystal field strength
parameter 10Dq of both crystals are linearly increasing with pressure,
as indicated by Fig. 5. In Ti-doped spinels the magnitude of band gap
is determined by the position of Ti 3d! level, and while energy of 3d!
level is affected by changes in pressure (see Fig. 6), magnitude of the
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associated band gap remains almost constant, requiring large structural
distortions to change, cf. Fig. 1, where spin majority gap (a gap in Fig. 5)
also remains almost constant in response to structural changes. This is in
stark contrast to spin minority gap (f gap), which is largely determined
by changes in host’s conduction band (see Fig. 3).

In crystal field theory 10Dq is inversely proportional to ligands’ dis-
tance from the central ion: 10Dq = A/R", where R is Ti-O distance (av-
eraged over the TiO4 octahedron), and A is constant. Logarithm of this

expression yields In(10Dq) = In(A) — nIn(R). From fits in Fig. 5, we ob-
tain ny, 40 =2.21, and ny 4o = 2.52.

Additionally, test calculations for MAO:Ti** and ZAO:Ti** were per-
formed to investigate the influence of various functionals available in
the used software on the calculated properties of impurities. Fig. 6 shows
variation of the Ti** 3d level position in band gap of both spinels under
different exchange-correlation functionals and with applied hydrostatic
pressure.
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According to calculations of charge transition level (CTL) energies in
[65], Ti**/3+ CTL energy in MAO is 4.8 eV above VB and 3.45 eV below
CB. Some of the tested DFT functionals yield band structures close to this
model. Pure HF functionals (MO6L [68], SCAN [69], r2SCAN [70]) place
Ti3* level above VB at 4.67, 4.50, and 4.51 eV accordingly, but too close
to CB: less than 1 eV in all cases. Results obtained with hybrid meta-
GGA MO6 functional with 27% exact exchange [71] are closest to these
values among all tested functionals: without external pressure they place
Ti’* level at 4.39 eV above VB and 2.98 eV below CB. Another good
compromise is obtained with relatively simpler hybrid GGA functionals
B3LYP (20% HF) and PBESOLO (25% HF) [72]; both place Ti** level at
3.90 eV above VB, and 3.13 eV (B3LYP) or 3.60 eV (PBESOLO) below
CB.

3.4. Elastic and thermodynamic properties: First-principles calculations

Since both MAO and ZAO crystals have cubic structure, their elastic
properties are described by a 6 x 6 matrix of elastic constants C;; with
only three independent constants C,;, C,, C4. Calculations of elastic
properties for both neat and Ti-doped MAO and ZAO crystals were per-
formed for ambient and elevated hydrostatic pressures; the obtained
results are summarized in Tables 2—4 and Fig. 7.

Application of the external pressure makes chemical bonds stiffer; as
aresult, the values of all elastic constants are increasing. Table 2 collects
the linear approximations of the calculated elastic constants (shown by
symbols in Fig. 7) for undoped MAO and ZAO spinels.

Table 2

Linear approximations of elastic properties of the spinels
considered in the present work (equations of straight
lines from Fig. 7). P is the external hydrostatic pressure
in GPa (0 < P < 20), the calculated result is also in GPa.

Elastic constants, GPa MAO ZAO

Cy, 294.18 +3.76P  315.34 +4.23P
Cp 143.07 +3.82P 148.41 +3.93P
Cyy 163.59 + 0.66 P 157.68 + 0.50P
Bulk modulus B 193.44 +3.81P  204.05+4.03P
Shear modulus G 119.99 + 0.26 P 122.15+0.32P

Young modulus E 298.69 + 1.36P  305.86 + 1.49P

Another way of extracting the values of bulk modulus and its pres-
sure derivative for a crystalline solid is the optimization of crystal struc-
ture at different pressures with subsequent fit of the unit cell volume
change to various equations of state (EOS). This was done using auto-
mated routines in CRYSTAL by varying the volumes of fully relaxed cells
in range from 80% to 120% [35]. Following four equations of state [17]
were fitted to the obtained volume-energy pairs: Murnaghan’s EOS

By [ (Vo \ B
Pvy==2(2) -1
W) B [( V) ] 3
third-order Birch-Murnaghan’s EOS
3B, 14 3 17 3 17 3
— 220 (D) _(L)? 3—a| (L) -
PV) = ) <V> (V) l+4(B0 4)<V> 1)p, (©)]
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Table 3

Minimum volumes?, bulk moduli and their first derivatives according to
EOS fits in pure spinels.

MAO ZAO
EOS Vo, A>  B,GPa B Vo, A3 B,GPa B
Murnaghan 541.88  192.68 3.92 542.48  200.92  4.07
Birch-Murnaghan ~ 541.88  193.27 3.95 542.24 203.40 4.18
Poirer-Tarantola 541.88 193.74 3.96 542.08 206.09 4.26
Vinet 541.88 193.51 3.96 542.16 204.61 4.23

@ Calculated in primitive cells, presented here re-scaled to match crystallo-

graphic cells

Table 4
Results of EOS fits for Ti-doped spinels.
MAO:Ti ZAO:Ti
EOS V,, A? B,GPa B’ Vy,A*  B,GPa B
Murnaghan 548.54 188.87 3.86 548.63 197.87 4.10
Birch-Murnaghan 548.34 191.08 3.96 548.40 200.33 4.22
Poirer-Tarantola ~ 548.22  193.00 4.01  548.21  203.07  4.30
Vinet 548.26 192.02 4.00 548.29 201.54 4.27
Poirier-Tarantola’s EOS

P(V)=B VO[I(
= 07 n

Vs 36—2
— 1
V>+ S— |

5)

and Vinet’s EOS

2 1 1
V)3 V\3 3 V3

P(V)=3By| — 1-( = 2B =Dl =) -1
“ O(Vo> (Vo> el =3P )<Vo>

Table 3 summarizes the computed results. MAO is more compressible
than ZAO, and while at low pressure their volumes are almost equal, at
elevated pressures MAQ’s cell becomes smaller than that of ZAO.

If the elastic constants of a solid are known, its Debye temperature
can be calculated in a straightforward way [73]. At first, the longitudinal
and transverse velocities of elastic waves (v, and v,) should be calculated
as follows:

3B+ 4G G
v = —_—, 0 = -,
V' 3 p

where B is the bulk modulus, G is the shear modulus, and p is density.
With these values, the mean velocity v,, is calculated as

-1/3
o= 2,1
" \e Y '

Finally, the mean velocity is then used to calculate the Debye tempera-

ture O p:
1/3
h
®D= Z( > Upys

where h and k are Planck’s and Boltzmann’s constants, respectively, N,
is Avogadro’s number, u is the molecular weight of the simulation cell,
and n denotes the number of atoms in one formula unit. The calculated
values of the Debye temperature in comparison with available litera-
ture data are collected in Fig. 8; the methodology of obtaining and/or

(6)

)

€))

3nN,p
4z

©)
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Table 5
Vibrational modes (all in cm™) for pure spinels. “R”, “IR”, and “N” stand for Raman, infrared, and no optical activity, respectively. Acoustic
mode is omitted.

MAO ZAO
Experiment this work Experiment this work
N Ty 278 R Tyg 196¢ 209
R Tag ~300% 3119 327 IR Thy 220-231¢ 243
IR Ty, 335 N Toy 269
N Ty, 347 N Th 459
R E, ~400% 4109 412 R E, 4109, 420%¢ 424
N E, 431 N E, 428
N Ty 456 N Toy 464
IR Tiy 481", 5118 479 IR Tiy 494! 510%¢ 482
R Tag ~500k 492¢ 571 R Ty 509 506
IR Ty, 5291, 531/ 584 IR Tiy 559¢, 574¢ 552
585!
N E, 634 N E, 627
IR Tiy 6318, 670", 673 IR Tiy 662! 664¢, 654
6907 684
R Toq 6719 681 R Tyg 6204, 659%¢ 673
N Ay, 687 N Ay, 694
N Ay 767 N Ay 774
R A 7729 776 R Agg 720°, 758¢ 783

a Ref.[84] ; P Ref.[85] ; ¢ Ref.[86] ; ¢ Ref.[87] ; ¢ Ref.[88] ;/ Ref.[89] ; & Ref.[90] ; " Ref.[91] ; ! Ref.[92] ;/ Ref.[93] ; K Ref.[94] ; ! Ref.[95]

MAO IR absorbance ZAO IR absorbance
20 GPa 20 GPa
16 GPa 16 GPa
12 GPa 12 GPa
8 GPa 8GPa
4GPa 4 GPa
2GPa 2GPa
1GPa 1GPa
0GPa 0GPa
KI) 2K 460 S(IJO 860 1006 (I) 260 4(I)0 S(IJO 860 1006
Frequency, cm™! Frequency, cm™!
MAO:Ti IR absorbance ZAO:Ti IR absorbance
20 GPa AL
16 GPa
8 GPa
4GPa
2GPa
0GPa 0GPa
6 260 4(IJO 660 8(‘)0 1006 6 260 4(I)0 660 B(I)O 1006

1 1

Frequency, cm” Frequency, cm”

Fig. 10. Calculated IR absorbance spectra. Top row: pure spinels. Bottom row: Ti-doped spinels. Applied pressure stiffens the bonds which causes a shift to higher
frequencies.
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Fig. 12. Raman spectra of MAO:Ti and ZAO:Ti at 0 GPa (parallel polarisation, perpendicular polarisation, and total), overlaid with lines marking vibrational modes

of pure spinels. Color of vertical lines correspond to mode’s optical activity: blue for

extracting the literature data is described in the Supporting Information.
At first glance, our result (continuous yellow line in Fig. 8) looks like an
overestimation wrt. experimental values. However, DFT calculations are
done at T = OK, while experimental measurements are done at much
higher temperatures, and experimentally © ;, decreases at elevated tem-
perature [74,75]. Thus, interpolation of experimental values (e.g. lines

Raman, red for IR, black for optically inactive.

II. and Vgg9_300x in Fig. 8) places them within the confidence interval
of our calculations.

Replacement of one Al ion in a unit cell by one Ti ion reduces the
value of the Debye temperature by 20-40 K (Fig. 9). A slight increase of
Debye temperature with pressure is observed for both neat and Ti-doped
spinels.
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3.5. Vibrational properties: First-principles calculations

A perfect spinel crystal with 14 atoms in a primitive unit cell has
the following symmetry types of vibrational modes at the I' point of the
Brillouin zone (the size of mechanical representation is 42):

[yip = Ag(R) + Eg(R) + 3Ty, (R) + 5Ty, (IR) + Ty + 24y, +2E, + 2T,
10

Five of the nine optically active modes are Raman active, and five are
IR-active. One of the IR-active T}, modes is an acoustic mode, whose
frequency at the I'-point is zero. Seven modes (24,,, 2E,, Ty, 2T3,)
are silent i.e., they do not appear in vibrational spectra of MgAl,O, or
ZnAl,0,. Table 5 lists experimental and calculated vibrational frequen-
cies of pure spinels.

Despite having 4 IR-active modes, experimental IR spectra of MAO
have two distinct peaks in an area around 500-700 cm!. These trans-
mittance bands are attributed to AlO4 groups and serve as indication of
spinel formation. Broad bands at ca. 3500 and 1600 cm™! correspond to
stretching and bending of bonds in leftover water molecules; other bands
are attributed to impurities or functionalizations such as phosphate coat-
ings [89-92]. In ZAO, depending on the range of IR measurements, 3-4
modes are observed [84,95].

Experimental Raman spectra of MAO report 4 to 6 peaks. The four
principal peaks are T, at 300-311 cml, E, at 400-410 cm’! (the most
intense signal), T,, at 650-670 cm?, and Ay, at 740-770 cml. [93,94].
A signal between the last two peaks that appears at 720-730 cm! is as-
signed A, symmetry and is explained as cation inversion (redistribution
of some Al ions from octahedral to tetrahedral sites) [93,94]. T,, peak
at 500-590 cm! is difficult to observe even in powdered samples [94].
In ZAO, 2-4 peaks are usually observed[84,85,87,88], most notably a
E, peak at ~400cm’!, and a Ty, peak between 600700 cm’. Like in
MADO, structural defects such as dopants and cation disorder result in
additional modes.

Authors of an experimental study of Ti** impurity in ZnAl,0, con-
clude that Ti “causes the infrared active T;, phonons as well as the
inactive phonons (T4, Ay, E, and Ty, symmetries) to appear in the
Raman spectra” and that “replacement of aluminum atoms by tita-
nium and zinc atoms in the Ti-doped ZnAl,O, samples causes the
loss of the symmetry and consequently the Raman spectral activity
of all phonon transitions present”[84] . While it is worth noting that
their samples were synthesized under Zn-rich conditions and contained
Raman-detectable ZnO phase (the same fact is also reflected in their
computational methodology: two Al sites in the same cell are re-
placed by Ti and Zn), their conclusions and their computational re-
sults agree with those yielded by our model of Ti** impurity in cubic
spinels.

Figs. 10-11 show our simulated IR and Raman spectra of pure and
doped spinels. Loss of local symmetry associated with Ti doping results
in slight broadening of IR signals, and in a multitude of new peaks in
Raman spectra. Fig. 12 shows an overlay of all vibrational modes in pure
spinels over Raman spectra of Ti-doped spinels (all at 0 GPa), illustrat-
ing that while the majority of new signals in spectrum of a Ti-doped
cell may indeed be interpreted as activation of pure compound’s silent
modes, some signals are completely new and do not correspond to de-
composition of pristine multiplets.

4. Conclusions

Detailed calculations of the structural, electronic, elastic, thermody-
namic and vibrational properties of the neat and Ti**-doped MgAl,O,
and ZnAl,O, spinel crystals were performed in the present paper us-
ing the hybrid DFT approach. Due to its peculiar electron configuration
(3d"), the Ti** ions represent a very good model system for applica-
tion of the first-principles methods in the framework of the DFT-based
method, since no multielectron effects arise in the 3d electron shell. Ef-
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fects of AI** substitution by Ti** were analyzed by careful examination
of the changes in the electronic and structural properties upon doping.

We have shown that small distortions around Ti remove orbital de-
generacy (we show that even in absence of other point defects such as
vacancies or antisites, readily available in spinels, Tiog‘ octahedra are
easy to distort, and such distortions will enable new electronic transi-
tions by producing additional splitting of d-states and adjusting their
energies). The lowest 3d state of the Ti** is located at about 3.90 eV
above the top of the valence band in MAO and 3.66 eV in ZAO, which
agrees reasonably well with the corresponding calculated data for sim-
ilar structural units — Tioz’ octahedra in Al,O; and experimental es-
timations based on the analysis of the charge transfer absorption tran-
sitions for the Ti** ions in the studied hosts. Computing Ti’** ground
state in the band gaps of crystalline materials will help in understand-
ing charge transfer transitions and crystal field effects on the impurity’s
electronic states, including crystal field splitting and local lattice defor-
mations.

Influence of external hydrostatic pressure on the elastic constants
and Debye temperature was also analyzed; linear dependencies of cal-
culated band gaps and elastic constants on pressure were obtained in
the pressure range from 0 to 20 GPa. Ti facilitates lattice dynamics in
MAS and ZAS (evidenced by lower Debye temperature and activation
of silent modes in Raman spectra). When one Al’* ion in a unit cell is
replaced by one Ti** ion, the Debye temperature is lowered by about
20-40 K, because the Ti-O chemical bonds become slightly longer and
softer, if compared to the Al-O bonds. The infrared spectra of both com-
pounds were calculated for different pressures; all prominent peaks in
the spectra undergo a blue shift with applied pressure.
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