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Stoichiometric zinc aluminate (ZnAl2O4) and zinc gallate
(ZnGa2O4) are simulated in the framework of the shell
model, for which a new set of two-body interatomic poten-
tial parameters has been developed. Using these param-
eters, a reasonable prediction is made for elastic and di-
electric constants of ZnAl2O4 and ZnGa2O4. Both oxides
are stable against decomposition to the component oxides.
The fitting of the potential energy surface of these oxides to
the equation of state yields the bulk modulus and its pres-
sure derivative. The bulk modulus is predicted to be higher
in ZnAl 2O4 as compared with that in ZnGa2O4, whereas the
pressure derivative remains the same in both oxides. On the
other hand, the octahedral and tetrahedral volumes of
ZnGa2O4 are greater than those of ZnAl2O4. These differ-
ences in compressibility behavior can be attributed to the
size difference between Al3+ and Ga3+ in the spinel oxides
considered here. The calculated formation energies of the
native defects suggest the preference of disorder in the cat-
ion sublattice over the Schottky and Frenkel defects. Al-
though the degree of disorder is expected to be small, it is
likely to influence the vacancy population in the lattice.
Finally, deviations from stoichiometry are considered in
which a preference for the dissolution of Al2O3/Ga2O3 via
the formation of zinc vacancies is predicted relative to that
of ZnO in ZnAl 2O4/ZnGa2O4.

I. Introduction

THE reflective optical properties of zinc aluminate
(ZnAl2O4), zinc gallate (ZnGa2O4), and intermediate zinc

aluminogallate spinel oxides have been investigated recently.1

Both oxides are structurally isomorphous, where Al3+ and Ga3+

are interchangeable. The optical bandgap of the polycrystalline
ZnAl2O4 is ∼320 nm and of the ZnGa2O4 is ∼295 nm. The
absorbance spectra of these spinels show that they are highly
reflective for wavelengths (l < 300 nm) in the ultraviolet (UV)
region of the optical spectrum. Therefore, the paint developed2

from zinc-based spinel oxides provides a good thermal control
coating. At present, pigments based on aluminum-doped ZnO
that reflect light only from visible through the ultraviolet region
of the spectrum are commonly used on spacecraft. Therefore,

it is expected that coatings of zinc-based spinels would be
far superior as thermal control coatings for aerospace
applications.3

Although extensive work involving both experimental and
theoretical methods has been performed on spinel oxides, there
is a lack of information about bulk and defect properties of
ZnAl2O4 and ZnGa2O4. For example, the known properties of
these materials are only the lattice constants4 and the absor-
bance spectra.1 We are aware of no extensive theoretical stud-
ies on these materials, except electronic structure calculations5

and the prediction of the stability of the normal spinel structure
over the inverse structure for ZnAl2O4.6 To provide a detailed
knowledge of the crystalline and defect properties of these
zinc-based spinel oxides, we have embarked upon a theoretical
study based on both atomistic and first-principles methods. In
this article, we present the results of an atomistic simulation
study that includes derivation of interatomic potentials, deter-
mination of the equation of state and compressibility behavior
at the octahedral and tetrahedral sites in the spinel lattice, and
energetics of point defects in ZnAl2O4 and ZnGa2O4.

II. Method

The simulation of oxides using interatomic potentials is now
a well-established field with the most common approach based
on a fully ionic description of such materials.7 Quantum me-
chanical results have shown that many oxides can be genuinely
considered as ionic, provided the formal oxidation state of the
metal cation does not exceed 2+. Even for oxidation states >2+,
the ionic model is often a reasonable basis for interatomic
potential models, because effects of covalency can be sub-
sumed to the parameterization for closed-shell ions, such as
those considered in this study. Hence, we have chosen to use a
fully ionic description of the oxides simulated in the present
study. The force field used in this work consists of a pairwise
interaction energy that is composed of a Buckingham potential
to model the short-range Pauli repulsion and the leading term
of any dispersion energy, plus the Coulomb interaction.

Eij = A expS−rij

r D − Crij
−6 +

qiqj

rij
(1)

whereEij is the interatomic potential,A, r, andC constants that
are determined empirically, andq the change of the particles.

Because of the conditionally convergent nature of the elec-
trostatic interaction, an Ewald sum is used to calculate the
electrostatic energy and its derivatives.8 The partitioning be-
tween reciprocal and real space is chosen so as to minimize the
total number of terms to be evaluated.9 Other interactions are
summed directly in real space out to a cutoff of 12 Å, except for
the exponential repulsion, which is truncated when it becomes
less than the target accuracy for the Ewald sum. Ion dipolar
polarizability also has been included through the use of the
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shell model.10 Here, a massless shell, on which all interatomic
potentials act, is coupled by a harmonic spring to a core, i.e.,

Ecore–shell=
1

2
kr2 (2)

(wherek is the spring constant) from which it is Coulombically
screened, yielding an environment-dependent ion polarizabil-
ity. All structures have been optimized with respect to the
asymmetric unit fractional coordinates and cell strains using
analytical symmetry-adapted first and second derivatives
within a Newton–Raphson procedure. All calculations have
been performed using the programGULP.11

III. Results and Discussion

(1) Derivation of Interatomic Potentials
Although there are various existing transferable sets of in-

teratomic potentials for oxides based on the ionic model, very
few include all the relevant interactions needed for this study,
particularly those between gallium and oxygen. Hence, we
have generated an optimized set of potential parameters for the
materials in this study. However, there is insufficient data for
ZnAl2O4 and ZnGa2O4 to develop a reliable model because of
the lack of known physical properties. To resolve the above
problem, the interatomic potentials have been fitted in several
stages. First, the oxygen–oxygen short-range potential has been
taken from the work of Bushet al.,12 who concurrently have
fitted it to a wide range of oxides. In this potential, the oxygen–
oxygen repulsion results almost exclusively from the electro-
statics, which, given that formal charges probably represent an
overestimate, is quite reasonable. The dispersion energy term
of the Buckingham potential (which has been allowed to fit
freely in the work of Bushet al.) has a physically sensible
value that accords well with quantum mechanical estimates
based on embedded cluster calculations.13

To further reduce the number of free parameters to be de-
termined for the target spinel materials, the oxygen-shell-
model parameters and the Zn–O Buckingham potential were
fitted to the hexagonal polymorph of ZnO (wurtzite), for which
there is a wide range of known physical properties. Quantities
included in the least-squares fit, in addition to the crystal struc-
ture, were the elastic constantsC11, C12, C13, C55, andC66, and
the static and the high-frequency dielectric constants, both par-
allel and perpendicular to thec-axis. After the zinc and oxygen
parameters were determined, based on ZnO, they were then
fixed, whereas the Al–O and Ga–O Buckingham potential pa-
rameters were determined by fitting toa-Al2O3/ZnAl2O4 and
Ga2O3/ZnGa2O4, respectively. In the case of Al–O, the elastic
constants and static dielectric properties of corundum were
included, as was the crystallographic information. The relaxed-
fitting algorithm was used in all parameter determinations.14

Here, an optimization of the crystal structure was performed at
every stage of the least-squares procedure. This algorithm had
the benefit that the fitted quantities became the changes in
structural parameters rather than the forces calculated at the
experimental structure. It was a superior procedure, because
minimizing the forces did not guarantee to produce better re-
sults unless the second derivatives also were improved. Fur-

thermore, this allowed all properties included in the fit to be
properly determined about the energy minimum configuration
rather than at the unrelaxed experimental geometry. The final
interatomic potential parameters obtained for the spinel oxides
considered here are given in Table I.

(2) Perfect Lattice: Cohesive Properties
The space group of the spinel-type structure isFd3m. The

unit cell of a normal spinel (the type considered in this work)
contains 32 oxygen anions in the positions of a cubic close-
packed arrangement in which eight divalent cations are situated
in one-eighth of the tetrahedral interstices, and 16 trivalent
cations are situated in one-half of the octahedral interstices.
The position of the oxygen ions in the unit cell is given by the
internal parameter,u. Therefore, two parameters are needed to
characterize the normal spinel structure, namely,u and the
unit-cell constanta. In the interatomic potential model used
here, these two parameters are optimized simultaneously.

In both spinel oxides, our calculated values ofa andu are
within 2% of the corresponding experimental values (Table II).
Much smaller errors would have been obtained by fitting the
Al–O and Ga–O potentials to these structures while excluding
the data for the parent binary oxides. However, this would have
led to loss of accuracy in the description of the curvature of the
potential-energy surface about the minimum. The ion size dif-
ference between Ga3+ and Al3+ is responsible for largera and
smalleru parameters in ZnGa2O4, as compared with ZnAl2O4.
This is as expected, because, given that the divalent cation is
the same in both spinels,u should decrease when the size of the
trivalent cation increases.15 For elastic and dielectric constants,
no experimental data is available for comparison with the pre-
dicted values. However, these values appear to be reasonable
when we compare them with those of similar spinel oxides,
such as MgAl2O4

16 and ZnCr2O4.17 Also, the calculated lattice
energy for both spinel oxides compares well with the experi-
mental Born–Haber value of∼204 eV for MgAl2O4.18

To further test the reliability of our potential model, we
examine the stability of these spinel oxides with respect to their
component oxides (see Table III). The calculated enthalpies of
these reactions (obtained by taking the difference in lattice
energies) are −1.88 and −1.62 eV, respectively, showing that
these spinels are predicted to be stable in our model. However,
the calculated values are much larger than the corresponding
value for MgAl2O4, which is a few tenths of an electron volt.18

Therefore, our static lattice calculations indicate a much higher
stability of ZnAl2O4 and ZnGa2O4 relative to MgAl2O4. A
recent quasi-hydrostatic powder X-ray diffractometry (XRD)
study of MgAl2O4 predicts that it is stable with respect to its
component oxides up to 65 GPa at room temperature.19

(3) Perfect Lattice: Equation of State
Here, we analyze the crystalline response of both spinel

oxides to hydrostatic pressure under static conditions, i.e., at
zero temperature, neglecting zero-point contributions. Because
there are no experimental data available on these oxides, our
theoretical results are compared with well-established general
trends found in other spinel-type oxides.4,15 Basically, the rel-
evant properties that can be used to conduct such an analysis
are (i) the bulk modulus (B0) and its pressure first derivative

Table I. Short-Range Potentials and Shell Model Parameters for ZnAl2O4

and ZnGa2O4
†

Bond‡ A (eV) r (Å) C (eV?Å6) k (eV?Å−9) Y (e)

Als–Os 3829.69 0.248 0.0
Znc–Os 890.42 0.314 0.0
Os–Os 25.41 0.694 32.32
Os–Gac 2339.78 0.274 0.0
Alc–Als 425.26 2.96
Oc–Os 24.85 −2.82
†Host lattice ions are Zn2+, Al3+, Ga3+, and O2−. ‡Subscript c refers to core and subscript s refers to shell

of a given ion.
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(B08), both evaluated at zero pressure; (ii) the octahedral and
tetrahedral compressibilities of cations in the lattice; and (iii)
the pressure dependence of the lattice parameteru and of the
two (divalent and trivalent) cation–oxygen bond lengths. These
properties manifest interdependences, as have been clearly il-
lustrated by Finger, Hazen, and Hofmeister15 in their compara-
tive study of MgAl2O4 and magnetite with silicate spinels.

The polyhedral bulk moduli (B0)oct and (B0)tet are inverse of
the octahedral and tetrahedral compressibilities, respectively,
and are given as

~B0!oct = −
1

Voct
S P

Voct
D

0

~B0!tet =
1

Vtet
S P

Vtet
D

0
(3)

whereVoct and Vtet are the corresponding volumes of the oc-
tahedral and tetrahedral interstices, and the derivatives are
evaluated at zero pressure.

We first generate the potential-energy surface for both spinel
oxides, in which we have considered the cell volumes ranging
from 80% to 110% of the calculated equilibrium value, while
relaxing the internal lattice parameteru for each value of the
cell volume. The energy surface then is used to obtain the
volume dependence of pressure and the static equation-of-state
(EOS) parameters. We have used numerical as well as several
proposed empirical EOS fittings (see Franciscoet al.20 for
details) and have found consistency of the calculated param-
eters among the various fitting procedures. Integration of the
empirical EOS allows us to reproduce the energy surface that
is plotted with the calculated values in Fig. 1, which shows that
the quality of the EOS fits is very good for both spinels. Once
the equilibrium volumes at the desired pressures are computed,
the remaining necessary properties can be obtained easily.

Table IV includes bulk moduli, showing the compressibility
behavior of the two spinels studied here. Accordingly,
ZnAl2O4 and ZnGa2O4 exhibit different pressure behavior. The
rigidity of the trivalent cations against deformation results in
ion sizes that constitute an important factor in understanding
the EOS of analogous spinel oxides. Thus, the local compress-
ibilities at the octahedral sites in both crystals are unambigu-
ously indicative of the importance of this factor. The higher
octahedral volume (Voct) in ZnGa2O4 forces the tetrahedral
volume (Vtet) to be higher in this crystal than that in ZnAl2O4.
The greater the volume of the interstice (for a fixed oxidation
state) the lower the associated bulk modulus,15 as given by the
corresponding (B0)oct and (B0)tet values. Moreover, the bulk
moduli of these crystals are roughly the average of their re-
spective (B0)oct and (B0)tet bulk moduli. Hence, the∼15%
higher B0 value in ZnAl2O4 than in ZnGa2O4 can be traced
back to the trivalent cation sizes. The pressure derivative of the
bulk modulus (B08) remains almost the same in both crystals.

Different compressibilities of the octahedral and tetrahedral
sites are related to the pressure dependence of theu parameter
in the lattice. It has been reported15 that a negative slope of the
pressure–u curve corresponds to the case where (B0)oct is
greater than (B0)tet. This has been confirmed by our calcula-
tions for both spinels (see Fig. 2 and Table IV). The variation
of cation–oxygen bond lengths (i.e., Zn2+–O2−, Al3+–O2−, and
Ga3+–O2−) with pressure is shown in Fig. 3. As expected, the
cation oxidation state groups these bond lengths in two sets,
namely divalent cation–oxygen and trivalent cation–oxygen. In
each case, the bond lengths associated with ZnAl2O4 show a
smaller variation with pressure than those associated with
ZnGa2O4. These results are consistent with the various com-
pressibilities predicted for the associated tetrahedral and octa-
hedral interstices.

IV. Native Defects

To evaluate native defect energies, calculations have been
performed using the Mott–Littleton method.21 Here, the region

Table III. Reaction Energy of ZnAl 2O4, ZnGa2O4, and
Their Component Oxides

Reaction Reaction energy (eV)

ZnAl2O4

Zn`
2+ + O`

2− → ZnO −39.70
2Al`

3+ + 3Ò2− → Al2O3 −158.38
Zn`

2+ + 2Al`
3+ + 4Ò2− → ZnAl2O4 −199.96

Enthalpy of the reaction
ZnO + Al2O3 → ZnAl2O4 −1.88

ZnGa2O4

Zn`
2+ + O`

2− → ZnO −39.70
2Gà3+ + 3Ò2− → Ga2O3 −153.12
Zn`

2+ + 2Gà3+ + 4Ò2− → ZnGa2O4 −194.44

Enthalpy of the reaction
ZnO + Ga2O3 → ZnGa2O4 −1.62

Table II. Calculated Bulk Properties of ZnAl 2O4

and ZnGa2O4

Property

ZnAl2O4 ZnGa2O4

Calculated Experimental† Calculated Experimental†

Structural parameters
a (Å) 8.21 8.09 8.38 8.33
u 0.261 0.264 0.260 0.262

Elastic constants (×1011 dyne?cm−2 (1010 Pa))
C11 34.18 28.77
C12 24.68 21.83
C44 15.04 12.49

Dielectric constants
«0 11.16 13.72
«` 5.11 5.10

†Experimental values are taken from Hillet al.4

Fig. 1. Energy versus volume of (j) ZnAl2O4 and (d) ZnGa2O4
according to our calculations and (—) the integrated Vinet equation of
state.

Table IV. Bulk Moduli and Volumes
Related to Crystal Compressibility of

ZnAl 2O4 and ZnGa2O4

Property ZnAl2O4 ZnGa2O4

B0 (GPa) 273 237
B80 3.4 3.5
(V0)oct (Å3) 8.995 9.750
(V0)tet (Å3) 4.478 4.654
(B0)oct (GPa) 362 305
(B0)tet (GPa) 207 180
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of the crystal surrounding the defect is divided in three spheri-
cal regions referred to as 1, 2a, and 2b. In region 1, all inter-
actions are treated directly at an atomistic level, and the ions
are explicitly allowed to relax in response to the defect. Except
in the case of very short-ranged defects, it is not generally
possible to achieve the desired degree of convergence by in-
creasing region 1 before running out of computer resources.
Consequently, in region 2a, some allowance is made for the
relaxation of ions but in a way that is more approximate. In
region 2a, the ions are assumed to be situated in a harmonic
well, and they subsequently respond to the electrostatic force of
the defect species accordingly. This approximation is valid for
small perturbations and, therefore, can be used when region 1
is sufficiently large. Beyond region 2a, in region 2b, the effect
of the net charge of the defect polarizing the remainder of the
crystal is evaluated out to convergence, using a partial trans-
formation to reciprocal space, analogous to the Ewald method
for the electrostatic energy. In the present work, a region 1
containing∼300 atoms is sufficient to converge the absolute
defect energy to∼0.01 eV, although relative energies are far
more converged than this.

The Schottky defects in the lattice are formed by moving the
constituent ions to the surface from their bulk sites. On the
other hand, the Frenkel defects are pairs of vacancies and in-

terstitials of the same type of ion. Octahedral or tetrahedral
interstitial sites are considered in the normal spinel lattice.
However, as is the case with MgAl2O4,22 the most stable po-
sitions of the interstitials are intermediate between conven-
tional interstitial sites in these oxides.

The Schottky, Frenkel, and antisite formation energies given
in Table V have been obtained from defect energy calculations
of vacancies, interstitials, and antisites in the lattice.¶

In ZnAl2O4, the Schottky defect is (VZn + 2VAl + 4VO); the
Frenkel defect pairs are (VZn + Zni), (VAl + Al i), and (VO + Oi);
and the antisite pairs are (ZnAl + AlZn), (ZnO + OZn), and
(AlO + OAl). In the defect configurations for ZnGa2O4, the
aluminum atom is replaced by the gallium atom. As shown in
Table V, the lowest formation energy per defect is for the
antisite pair in the cation sublattice, which is followed by the
Schottky and Frenkel pairs. The large formation energies for
the antisite pairs involving cation and anion sublattices seems
to preclude their occurrence as intrinsic point defects in these
materials.

This ordering of formation energies follows the expected
trend, because the magnitude of formation energy depends
mainly on the extent of distortion introduced by individual
defects in the lattice. In the present case, antisite disorder in the
cation sublattice introduces the least distortion in the lattice
compared with that introduced by either vacancies, interstitials,
or antisites involving cation and anion sublattices. The oc-
curence of disorder via the formation of zinc vacancies is pre-
dicted to be exothermic, in contrast to what has been reported
for ZnCr2O4.17 For example, this reaction in ZnAl2O4 with the
reaction enthalpy of −2.12 eV is

ZnZn
× + V-Al → Zn8Al + V9Zn (4)

In ZnGa2O4, the reaction enthalpy is −1.94 eV, whereas it is
reported to be +1.40 eV in ZnCr2O4.17 Therefore, it appears
that the exchange disorder in the cation sublattice affects the
vacancy populations in ZnAl2O4 and ZnGa2O4, although its
extent is expected to be small, except at higher temperatures.

Likewise, the exchange disorder occurring via the formation
of aluminum vacancies is

AlAl
× + V9Zn → Al ?

Zn + V-Al (5)

However, this reaction is endothermic, with a large reaction
enthalpy of 4.5 eV. The respective values in ZnGa2O4 and
ZnCr2O4

17 are 3.7 and 0.2 eV.
Finally, we consider the solution of ZnO in these spinel

¶Individual defect energies can be obtained from author Pandey.

Table V. Formation Energies (per
defect) in ZnAl2O4 and ZnGa2O4

Defect
Formation

energy (eV)

ZnAl2O4

Antisite
ZnAl + AlZn 1.7
ZnO + OZn 12.0
AlO + OAl 19.3

Frenkel
Zinc 3.9
Aluminum 6.0
Oxygen 5.9

Schottky 2.8

ZnGa2O4

Antisite
ZnGa + GaZn 0.9
ZnO + OZn 11.2
GaO + OGa 20.9

Frenkel
Zinc 3.4
Gallium 5.3
Oxygen 5.2

Schottky 2.4

Fig. 2. Calculated pressure dependence of the internal lattice param-
eteru in ZnAl2O4 and ZnGa2O4.

Fig. 3. Calculated pressure dependence of (normalized) cation–
oxygen bond lengths in ZnAl2O4 and ZnGa2O4. Here,d0 refers to the
corresponding zero pressure value.
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oxides, involving the formation of either oxygen vacancies or
zinc interstitials as follows:

ZnO+1
3
OO

×+2
3
AlAl

× → 2
3
Zn8Al+

1
3
VO

z z + 1
3
ZnAl2O4 E=1.6eV (6)

ZnO+1
2
AlAl

× → 1
2
Zn8Al+

1
4
Zn i

z z+1
4
ZnAl2O4 E=2.2eV (7)

ZnO+1
3
OO

×+2
3
GaGa

× → 2
3
Zn8Ga+

1
3
VO

z z+1
3
ZnGa2O4 E=1.4eV (8)

ZnO+1
2
GaGa

× → 1
2
Zn8Ga+

1
4
Zn i

z z+1
4
ZnGa2O4 E=1.9eV (9)

Similarly Al2O3/Ga2O3 can be dissolved in ZnAl2O4/
ZnGa2O4 via the formation of either zinc vacancies or oxygen
interstitials.

Al 2O3+
3
4
ZnZn

× → 1
2
AlZn

z +1
4
V9Zn+

3
4
ZnAl2O4 E=−0.9eV (10)

Al2O3 → 2
3
AlZn

z + 1
3
O9i + 2

3
ZnAl2O4 E=1.5eV (11)

Ga2O3+
3
4
ZnZn

× → 1
2
GaZn

z +1
4
V9Zn+

3
4
ZnGa2O4 E=0.9eV (12)

Ga2O3 → 2
3
GaZn

z + 1
3
O9i + 2

3
ZnGa2O4 E=1.1eV (13)

Based on the magnitude of the reaction enthalpy (E), calcu-
lations predict that the dissolution of trivalent cation oxides
(Al2O3/Ga2O3) via the formation of zinc vacancies (Eqs. (9)
and (11)) is much easier in the lattice as compared with that of
the divalent cation oxide (ZnO). Furthermore, only a small
amount of ZnO can be dissolved in the spinel oxides consid-
ered here, and the dissolution is expected to be accommodated
by the formation of oxygen vacancies in the lattice. Therefore,
the calculated results corroborate the known facts about the
higher solubility of B2O3 relative to AO in the spinel AB2O4
crystals.

V. Summary

We have developed a set of interatomic potentials for
ZnAl2O4 and ZnGa2O4. In the absence of relevant data for both
spinel oxides, the potential parameters have been fitted con-
currently to the structural parameters, elastic and dielectric
constants, of ZnO, Al2O3, Ga2O3, ZnAl2O4, and ZnGa2O4. The
predicted values of the elastic and dielectric constants for both
spinel oxides compare well with those of analogous spinel
oxides. Both oxides are stable with respect to their component
oxides. Their response to hydrostatic pressure also follows the
general trend of other similar spinels. The bulk modulus for
ZnAl2O4 is higher than that of ZnGa2O4, whereas the octahe-
dral and tetrahedral volumes of ZnGa2O4 are greater than those
of ZnAl2O4. These differences can be attributed to the size
difference of Al3+ and Ga3+.

Defect energy calculations based on the Mott–Littleton
methodology predict the dominance of disorder in the cation

sublattice relative to the Schottky and Frenkel defects in both
spinels. In nonstoichiometric ZnAl2O4, the dissolution of
Al2O3 is favorable as compared with that of ZnO. Similar
results have been found for ZnGa2O4. The calculated reaction
enthalpies suggest that the formation of vacancies is preferable
over the formation of interstitials to accomodate deviations
from stoichiometry in the spinel lattice.
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