PHYSICAL REVIEW B 84, 064109 (2011)

Asymmetric cation nonstoichiometry in spinels: Site occupancy in Co,Zn0Q,4 and Rh,Zn0,

Tula R. Paudel,' Stephan Lany,' Mayeul d’Avezac,' Alex Zunger,' Nicola H. Perry,> Arpun R. Nagaraja,> Thomas O. Mason,’

Joanna S. Bettinger,®> Yezhou Shi,>* and Michael F. Toney?
' National Renewable Energy Laboratory, Golden, Colorado 80401, USA
2Northwestern University, Evanston, Illinois 60208, USA
3SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
4Stanford University, Stanford, California 94305, USA
(Received 13 April 2011; published 22 August 2011)

Two cations A and B in A, BO, spinels appear in precise 2:1 Daltonian ratio (“line compounds”) only at very
low temperature. More typically, at finite temperature, they tend to become either A rich or B rich. Here we
survey the experimentally observed stoichiometry asymmetries and describe the first-principles framework for
calculating these. Defect calculations based on first principles are used to calculate the enthalpies of substitution
of A atom A H(Ar,) and B atom A H(Bo,) and determine their site occupancies leading to (non)-stoichiometry. In
C0,Zn0y, the result of the calculation for site occupancy compares well with that measured via anomalous x-ray
diffraction. Further, the calculated phase boundary also compares well with that measured via Rietveld refinement
of x-ray diffraction data on bulk ceramic sintered samples of C0,ZnO4 and Rh,Zn0O,. These results show that
C0,Zn0y is heavily Co nonstoichiometric above 500 °C, whereas Rh,ZnOy is slightly Zn nonstoichiometric.
We found that, in general, the calculated AH(Ar,) is smaller than AH(Bo,), if the A-rich competing phase is
isostructural with the A, BO, host, for example, A, AO,, whereas B-rich competing phase is not, for example,
BO. This observation is used to qualitatively explain nonstoichiometry and solid solutions observed in other

spinels.
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I. INTRODUCTION

Nonstoichiometry as a theme in inorganic compounds. Bi-
nary or ternary inorganic compounds are stoichiometric at low
temperature but can become nonstoichiometric upon raising
the temperature, thereby changing their electrical, optical, and
mechanical properties. Nonstoichiometry often tends to favor a
particular atom in a compound. Such preferences are a theme
of this paper in the context of spinels. Binary compounds
such as Cu,O (Ref. 1) and NiO (Ref. 2), tend to become
cation-deficient and p-type, whereas ZnO is anion deficient,?>
as are the transition-metal carbides [TiC, ZrC, NbC, WC
(Ref. 4)] and nitrides [TiN (Ref. 5)]. Vacancies in such carbides
often cause lattice distortion, thereby changing their mechan-
ical, magnetic, superconducting, and catalytic properties.°

Ternary two-cation compounds such as spinels [A, BOy
(Ref. 7)] offer the possibility of cation-A vs cation- B nonstoi-
chiometry as opposed to only cation vs anion nonstoichiometry
in binary compounds. As seen schematically in Fig. 1 cation
A vs B nonstoichiometry in a spinel x-7 phase diagram
appears as the phase boundary (a) leaning toward A, leaning
toward B, leaning toward both A and B often at different
temperatures and pressures, and remaining completely sto-
ichiometric. Examination of the measured phase-diagrams
of such spinels'® demonstrates specific asymmetry in cation
nonstoichiometry as shown in Fig. 2. For example, some
spinels such as Cr,MgQOy, CrFeOy, Cro,MnOy, and Al,FeOy
permit an excess of low-valent cation B, while other spinels
such as C0,Zn0y4, Ga,CdOy4, Fe,CuOy, and Co,NiO4, become
deficient in low-valent cation B; still other spinels such as
AlbMgO, and Mn,CuQy allow an excess in both cations A
and B at different temperatures and pressures.

Nonstoichiometry reflecting preference for the site oc-
cupancies. Microscopically, (non)-stoichiometry, in general,
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reflects preference of site occupancy, which is controlled by the
enthalpy of formation of A and B cations on available lattice
sites. Spinel is a cubic crystal, in which Wyckoff positions
8a [tetrahedral (Ty) site] and 16d [octahedral (Oy) site] are
occupied by cations A or B and 32e is occupied by oxygen.
Depending upon the site occupancies of the A and B atoms
at low temperatures, spinel is called either (ordered)-normal
(Fd3m) or (ordered)-inverse (P4;22).!' In (ordered)-normal
spinel, at low temperatures, A atoms occupy Oy sites and
B atoms occupy Ty sites, while in (ordered)-inverse spinels
A atoms occupy all Ty sites and 50% of Oy sites, whereas
B atoms occupies the rest of the Oy sites. Both of these
cases represent a single configuration: “Each atom occupies
only one possible site (hence no configurational entropy).”
As the temperature rises, there are two different channels
of disorder. First is the configurational disorder with perfect
stoichiometry. In this case, the A:B:O ratio is still 2:1:4
but cation site occupancies are swapped between Oy, and Ty
as described by the general formula [A_;)B,]1(Ay B(1-1))O4
with an inversion parameter (0 < A < 1). The value of A
defines the degree of inversion and [square] (round) brackets
denote [octahedral] (tetrahedral) sites. This configurational
entropy effect causes one of following two order-disorder
phase transitions depending on the starting configuration'?: (a)
continuous transition between ordered-normal to disordered-
dual [both Fd3m but A increases from zero toward 2/3 creating
Bo, and Ar,)], or first order transition from ordered-inverse
(P4,22)to disordered-inverse [ Fd3m (A stays 1 but occupancy
of Oy, sites get randomized)], followed by continuous phase
transition form the disordered-inverse to disordered-dual (both
Fd3m but A decreases from 1 toward 2/3). Second is the
change of stoichiometry where the A:B:O ratio is altered
from 2:1:4. Electrostatically, when the A:O charge balance
in binary oxides such as ZrO, (Ref. 4) is changed by
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FIG. 1. (Color online) Schematic representation of cation non-
stoichiometry in typical phase diagrams of a two-cation (A, B) plus
anion compound. The shaded areas represent the stability range of
the compound under consideration.

nonstoichiometry, then the system maintains charge neutrality
by spontaneously creating oxygen vacancies. However, in
spinels such as Fe;O4 (Refs. 13 and 14) and others'>'8
both cation and anion vacancies and cation interstitials
formation energies are much larger than for antisites defects
formation; that is, these are minority defects vis-a-vis antisite
defects insofar as cation nonstoichiometry and charge balance
is concerned (although they remain important for cation
diffusion). This paper focuses on the difference in antisite
occupancies being the primary cause of nonstoichiometry in
spinels.

Observed non-stoichiometry

<t
o) S 8
S B S
Nd il E (=}
g 0.4 % = < <t 2(\] 2 ©
= ©
L 22 g 155
202 O = =R O =)
S L N = = 12«
3 | O _© < <
k7 O < NI ~ o @ =
s Q9 2 2 o |z
2020, A N, 124
& & Z 2=
04 o o o =
(] = o
=, UN =
S (] [
O &3 =

FIG. 2. (Color online) Maximum A vs B cation non-
stoichiometry observed in various compounds found in the NIST
phase diagram collection (Ref. 10). The compounds with only a
red bar are non-stoichiometric toward A, whereas those with only
yellowish green bars are non-stoichiometric toward B, and those
with both red and yellowish green bars are non-stoichiometric
toward both A and B, often under different conditions, and the
compound with a dark green bar is stoichiometric. Note that A
and B non-stoichiometry are defined as {[A/(A + B)] —2/3} and
{[B/(A + B)] — 1/3}, respectively.
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Antisites occupancies depend on the antisites heats of
formation (see Fig. 3). Large heat of formation means a
small number of defects and vice versa. Thus, for the
pronounced nonstoichiometry toward A, for example for a
normal spinel, one requires a small H(At,) and relatively
larger Bo,, and for pronounced nonstoichiometry toward B,
one requires a small Bo, and relatively larger At,. On the
other hand, if Ar, and Bo, are similar and small one expects
negligible nonstoichiometry, and most of the disorder will
be accommodated by stoichiometric configurational changes
(channel first above).

The antisites heats of formation in a compound depend on
equilibrium phases that are in equilibrium with it (competing
phases). In terms of supercell defect-methods terminology,
the compound and competing phases form the system and
reservoirs, and creation of antisites defects in thermodynamic
equilibrium, involve interchanging cations between them. For
example, creation of At, (Ap) involves taking out original
occupants of a Ty site, that is, B atom and putting it to the
reservoir and taking A atoms from the reservoir and putting
back in Ty sites. Thus, when system and reservoir are similar,
then energy required in this process is small; that is, the heat of
formation is small. Thus, if the system A, BO4 has competing
phases such as AAO4 and BO, AH(Ar,) would be smaller
than AH(Bg,).

Occupancy of antisites, whether the end result is nonstoi-
chiometry or inversion, plays an important role in determining
the electrical nature of a compound. For example, in case of
a III-II spinel, where the oxidation state of A is 3+ and B is
24, A7, (can) lead to an excess of electrons where as a low
valent cation Bo, (can) lead to an excess of holes, a process
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FIG. 3. (Color online) Enthalpy of substitution of energetically
dominant charge states of A, site and Boh site at the A-rich limit
in positive axis and the B-rich limit in negative axis. (Information
about dominant charge defects is given in the text.) Compounds, with
bars, in the positive axis are non-stoichiometric toward A; those in the
negative axis are non-stoichiometric toward B, and those in both axes
are stoichiometric. Co,NiOy is tagged with the star, as data presented
here is of zero charge state at the top of the valance band (VBM),
because of difficulty in calculating §H of a charged state due to its
metallic band structure.
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known as self doping. In fact, in the majority of the spinels,
this process is the main source of charge carriers.'®

Experimentally, site occupancy can be measured by several
techniques, such as anomalous x-ray diffraction (AXRD),
extended x-ray absorption fine structure (EXAFS), neutron
diffraction, Mdssbauer spectroscopy, and, less frequently,
x-ray emission spectroscopy (XES). For example, EXAFS
and Mossbauer spectroscopy have been used to confirm that
Co,NiO; is an inverse spinel.'® Similarly, Eba and Sakurai*
used XES to show that Mn;LiO4, Mn,ZnO4, Mn,CrOy,,
CrMnOy, and Ga,MnOQOy are normal, and Mn,CoQy is an in-
verse spinel, whereas neutron diffraction was used to establish
that In,CdO,4 (Ref. 21) and Mn,CuOy, (Ref. 22) are disordered
inverse spinels with different degrees of inversion. Here we
used AXRD? to measure the site occupancy in Co,ZnOy.
In this technique, the scattering strength of one element
is changed by varying the x-ray energy near the element
absorption edge, and several diffraction peaks are measured at
the various energies. This yields site-specific occupancies.?*
Note that conventional XRD is unable to determine the site
occupancy when atoms involved have similar atomic number
(e.g., Zn and Co).

Nonstoichiometry and phase-boundaries in the x-T phase
diagram. A ternary two-cation oxide (A, BOy4) appears in an
x-T phase diagram in equilibrium with binary A;O,, and B,,0,,
competing phases with stoichiometry (/,n) and (m,n). The
site occupancy in a compound (A;BQO,4) under A-rich and
B-rich conditions determines its phase boundary. The phase
boundary combined with the identity of competing phases can
be used to construct the x-7 phase diagram. This diagram
differs from conventional phase diagrams found in textbooks
and compilations'® in that it lacks information about melting
and eutectic points.

In this paper, we present the calculated (a) nonstoichiom-
etry, (b) site occupancies, and (c) phase boundaries of two
prototypical normal spinels, Co,ZnO4 and Rh;ZnQy, along
with the experimental phase boundaries determined via XRD
and Rietveld refinement and site occupancies determined via
AXRD in the case of Co,ZnO4. With this we show that
C0Zn0y is naturally Co rich, whereas Rh,ZnOy4 is only
slightly Zn rich at higher temperatures. The phase stability
region in these spinels is dictated by their heats of substitution
of antisite defects. Calculated heats of substitution for a
number of spinels reveal that AH(Ar,) is generally smaller
than A H(Bo,) if the A-rich competing phase is isostructural
with the A, BO, host, while the B-rich competing phase
is not. We then use this argument to explain the nonstoi-
chiometry and wide solid solutions existing in other spinel
oxides.

II. THEORY OF CATION NONSTOICHIOMETRY
IN SPINELS

Nonstoichiometry in a normal spinel, A>;BQy, is the
difference in the number of antisite A and B species:

AB = N(Bo,) — N(Ar,),

ey
AA = N(Ar,) — N(Bo,).
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with the number of A atoms substituting on Ty sites, and the
number of B atoms substituting on Oy, sites being

—AH(A
N(Ar,) = Ny,exp <—k; Td)) :

@

—AH(B
)= o (2102))
where Nt,, No,, ¢, k, and T represent the number of
tetrahedral sites, number of octahedral sites, charge state,
Boltzmann constant, and temperature, respectively, and AH
are corresponding enthalpies of substitution. These expres-
sions are derived from the minimization of the Gibbs free
energy of a defective cell with respect to the concentration of
defects assuming A H is independent of defect concentration
and only the configurational entropy resulting from different
ways of arranging defects among the available numbers of
sites is taken into account.

Each enthalpy of substitution (AH @Y of At . and Bg,, a
function of charge (q), chemical potential of A (14) and B
(np) and Fermi energy (EF), is calculated by considering a
system to be in thermodynamic equilibrium with a reservoir,
with which one exchanges the atoms and charges in the case
of charged defects:

AH(Q)(BOh) = [ED (BTd) - EH] + (s —mp)+q(E,+ EF),
AHY(Ar,) =[Ep(Ar,) — En)+ (s — tta) +q(E, + Er),
(3)

where Ey and Ep are the energy of the defect-free host (H)
and defect (D)-containing host. The chemical potentials s =
/Lil 4+ Aua and pug = u%‘ + App are defined with respect to
elemental phases. The chemical potentials (Au) are fixed
by the thermodynamic conditions such that A, BO, exists
without decomposing into competing elemental A, B, and O,
binaries A;O,, and B,,0,, and other ternaries A;B,,O, phases,
thatis,2Aus + Aug +4Auo = AHf(A2B04), where AHy
is the formation (f) enthalpy of the compound. These
conditions limit the range of accessible chemical potentials for
a compound, which is further reduced by growth conditions.
For example, a particular choice of a temperature and pressure
(converted to an oxygen chemical potential using the ideal gas
law) results in a reduction of the accessible chemical potential
range (shaded in yellow) to a portion of dotted line in the
shaded area as shown in Figs. 4 and 5.

The remaining parameters needed to determine antisite oc-
cupancy N(Ar,) and N(Bo,) are Er and T. E itself depends
upon number of charge carriers, which, in turn, depends upon
the ionized N(Art,) and N(Bo,). We then self-consistently
determine N (Ar,), N(Bo,), the number of carriers, and Ef by
requiring overall charge neutrality of a system.?

Nonstoichiometry results from excess of one of two antisite
occupancies. The excess of A is when the enthalpies of
substitution show

AH(Ar,) < AH(Bo,). “

However, AH(At,) depends on the energy difference
between the defect and host cell, as well as the chemical energy
Auas and Appg of the involved elements A and B, which
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FIG. 4. (Color online) Chemical potential stability plot of
C0,Zn0O,. The area shaded in yellow represents the range of
accessible chemical potentials under thermodynamical equilibrium,
and the line in shaded area represents the specific growth conditions.
The Zn- and Co-rich conditions are defined by C0,Zn04/ZnO and
C0,Zn04/Co30, equilibrium lines. The maximum of Zn-rich and
Co-rich chemical potentials coincides with point C. Other possible
competing phases, such as CoO and CoO, require Co-rich/Zn-poor
conditions and Zn,CoQy, requires Zn-rich/Co-poor conditions that are
far away from accessible chemical potentials of C0,ZnOj.

depends upon the competing phases, as they are bounded by
their heats of formation. Competing phases can be thought
of as the reservoir, with which one exchanges atoms during
antisite creation. So if the reservoir and system are structurally
and chemically similar, then the enthalpy of formation would
be naturally low, leading to higher antisite occupancies and
nonstoichiometry.

III. COMPUTATIONAL DETAILS

We used projector augmented-wave (PAW)?® Perdew-
Burke-Ernzerhof (PBE)?’ pseudopotential within the den-
sity functional theory (DFT) band structure approach as
implemented in VASP code.’®* A soft pseudopotential for
oxygen with the kinetic energy cutoff of 300 eV is chosen
for ionic relaxation, whereas an energy cutoff up to 450 is
used for the volume relaxation. Exchange and correlation
effects beyond Generalized gradient approximation (GGA)
are treated in rotationally invariant GGA + U formalism,*
with U determined in such a way that it correctly reproduces
relative stability of competing binaries such as Co304 and CoO
and Rh;03 and RhO; as described by Lany et al.? The values
of U determined in such a way for Co and Rh were 3.0 and
3.3 eV, respectively.

Defect calculation was performed in a 56-atom cubic
cell with 2 x 2 x 2 Monkhorst-Pack®' k points. Energy of
formation was corrected for the image charges, potential
alignment and band filling effect as described in detail
by Lany and Zunger.’> The band gap was corrected using
a posteriori shift of the conduction band minimum.?? The
dielectric constants necessary in the image charge correc-
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FIG. 5. (Color online) Chemical potential stability plot of
Rh,Zn0Oy,. The area shaded in yellow represents the range of accessi-
ble chemical potentials under thermodynamical equilibrium, and the
line in the shaded area represents the specific growth conditions. The
Rh-rich and Zn-rich conditions are defined by Rh,Zn0O,/Rh,03 and
Rh,Zn04/Zn0O equilibrium lines. The maximum Zn- and Rh-rich con-
ditions are indicated by point D and point E, respectively. Other pos-
sible competing phases, such as Rh; Oy, require Rh-rich/Zn-poor con-
ditions, and Zn,RhO, requires Zn-rich/Rh-poor conditions that are
far away from accessible chemical potentials of the Rh,ZnQO,. Points
D and E define maximally accessible Zn-rich conditions, and one of
the maximally accessible Rh-rich chemical potential conditions.

tion were calculated using density functional perturbation
approach®? as implemented in VASP.

IV. EXPERIMENT

A. Sample preparation

Bulk polycrystalline equilibrium samples were synthesized
via an aqueous synthesis route (decomposition of nitrates)
to prepare samples in the low-temperature ZnO-Co3QO4
system, since, unlike conventional solid-state processing, this
approach enables cation mixing at the atomic level at low
temperatures in a reasonable time frame. Weight-loss analysis
of cobalt nitrate hexahydrate, 99.999%, and zinc nitrate
hexahydrate, 99.998% (both Alfa Aesar, Ward Hill, MA),
upon heating to remove water and nitrogen was performed
in pre-dried crucibles to determine the exact water content
in the starting nitrates. Stoichiometric amounts of the Co and
Zn nitrate hydrates were then added to deionized water to
give cation ratios, Co/(Zn + Co), of 0.08, 0.12, 0.16, 0.633,
0.667, 0.70, 0.73, 0.767, 0.80, 0.833, 0.85, 0.90, 0.95, and 1.
The nitrate solutions were stirred continuously at 40 °C—50 °C
to mix the cations and evaporate most of the water. Then
the concentrated solutions/gels were heated to 390°C in a
box furnace in a fume hood to burn out residual water and
nitrogen oxides, resulting in the formation of cobalt zinc oxide
powders. Powders were then ground in a mortar and pestle and
pressed uniaxially at 125 MPa into pellets and sintered in air
for 60 h at various temperatures (650 °C and 800 °C). [Powders
were also prepared at 500 °C, and those with a composition
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of Co/(Zn + Co) = 0.633 were additionally prepared at
390°C, 450 °C, and 575 °C.] During sintering the pellets were
surrounded by sacrificial powder of the same composition and
nested inside three concentric crucibles, in order to minimize
both contamination and cation volatilization. The extended
sintering time, followed by quenching in air, was chosen
to promote equilibration of the samples at the temperatures
of interest. (For the lowest-temperature samples, XRD was
performed after different sintering times to ensure that the
phase composition of the sample did not evolve with further
sintering.) Cation ratios were confirmed for selected samples
using wavelength-dispersive x-ray fluorescence with a Bruker
S4 Pioneer spectrometer (Bruker AXS Inc., Madison, WI).
For the ZnO-Rh,03 system, three bulk polycrystalline
biphasic samples of Zn-rich compositions relative to RhyZnO4
were fabricated via conventional solid-state synthesis. Starting
powders of ZnO (Alfa Aesar) of purity >99.99% and Rh,03
(Strem Chemicals Inc., Newburyport, MA, USA, and
Sigma-Aldrich, St. Louis, MO, USA) of purity >99.8% were
dried overnight and ground together with mortar and pestle.
The target compositions, in terms of fractional rhodium
content [Rh/(Zn 4+ Rh)] were 0.62, 0.60, and 0.57. Pellets of
0.5-inch diameter were pressed at approximately 130 MPa.
As with the Zn-Co-O system, the pellets were surrounded
with sacrificial powder and placed in three nested aluminum
oxide crucibles. The samples were sintered in air at 975 °C for
20 h and slow cooled to room temperature at 5 °C/min. They
were then ground and pressed once more and given the same
heat treatment. For both systems, the sample surfaces were
lightly ground prior to characterization by XRD and AXRD in
order to mitigate any surface effects. The achieved pellet den-
sities were consistently approximately 50% of the theoretical
density, based on mass and dimensional measurements.

B. Site occupancy measurements

Site-specific cation occupancies are obtained from K -edge
AXRD obtained on the powder diffraction beam line 2-1 at the
Stanford Synchrotron Radiation Light source (SSRL). AXRD
selectively probes the cations populating the crystallographi-
cally inequivalent octahedral and tetrahedral sites of the spinel
crystal structure. The (222) reflection of the spinel structure
is sensitive to only the octahedral sites, while the (422) peak
depends solely on the tetrahedral site occupancy.?* This allows
relatively straightforward separation of the octahedral and
tetrahedral site occupancies. Data were obtained for both (422)
and (222) peaks at the Co and Zn K edges. Modeling of the
AXRD spectra provided the cation inversion.**

C. Phase boundary determination by Rietveld refinement
(lever rule, intercept method/disappearing phase method)

Phase identification and composition were determined by
room-temperature XRD. For the ZnO-Co3O4 system, a Scintag
XDS2000 diffractometer (Scintag Inc., Cupertino, CA), with
Cu Ko radiation, a step size of 0.02°, and a dwell time of
1 s, was used to collect scans in the 26 range of 25°-80°. For
the ZnO-Rh,03 system, XRD was carried out on a Rigaku
diffractometer (Rigaku, The Woodlands, TX, USA) with a Cu
Ko source and a Ni filter; these data were collected from
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260 = 10°-80°, with a step size of 0.05° and a dwell time
of 1 s. The relevant powder diffraction files used for pattern
matching were PDF No. 00-041-0134 for Rh,ZnO,4 and PDF
No. 01-070-8072 for ZnO. For both systems, structureless
Rietveld refinement was conducted on the resulting intensity
vs 26 scans using JADE 8 and JADE 9 software packages, in order
to determine the weight percent of each phase present. Two
complementary methods were then applied to determine phase
boundaries at the quench temperatures. (a) Using the Lever
rule, spinel phase boundary compositions were determined
from the phase content of each individual sample. In the case of
the ZnO-Co304 system, the phase boundary for Co solubility
in ZnO at different temperatures was determined first (using
the “intercept method”®®) in order to enable the calculation
of the spinel phase boundary from the remaining data. The
“intercept/disappearing phase method” was applied when data
for a number of compositions at a given temperature were
available. The weight percent of the nonspinel phase (wurtzite)
was plotted as a function of nominal wurtzite weight fraction
(based on overall sample composition) for that temperature,
and the composition at which the second-phase content became
zero (the composition-axis intercept) was assigned as the
phase boundary composition. Applying both of these methods
provides more reliability in phase boundary determination than
using Rietveld refinement of a single sample alone.

V. RESULTS

A. Site occupancy: Experiment and theory

C0,Zn04 and Rh,Zn0Oy are predicted to be normal spinels
at T =0 based on comparison of DFT total energy of a
normal and various inverse configurations®® as well as various
empirical models.®” This means that, at the zero temperature,
there are no antisite defects. However, at finite temperature
antisite defects start to appear. The number of antisite defects
depends on the enthalpy of substitution and temperature. The
calculated enthalpy of substitution of a dominant defect is
presented in Fig. 3 for a number of spinels at self-consistently
determined Er and maximum A-rich chemical potential to
correlate with the maximum (possible) A nonstoichiometry
and B-rich chemical potential to correlate with (possible)
B nonstoichiometry. Dominant charge states for Ga;CdOy,
AlLMgO4, GayZn0y, and Ga;MnO, are 1— for Bo, and 1+
for At,, whereas those for Co,Zn0Oy4, Co,;NiOy, and RhyZnOy4
are zero for Ar, and 1— for Bo,, and those of Cr,MnO, are
neutral for both At, and Bo,.

Now, focusing on the case C0,Zn0Oy4, we found that the
calculated AH (Zng,) in Co,Zn04 is much higher than AH
(Cor,) so that N(Zno, ) is much smaller than N(Cor,) in both
Zn-rich and Co-rich conditions, as shown in Fig. 6 for all
temperatures at which the compound is stable. N(Zng,) in
Co0,Zn0y is negligible, so we predict the compound to remain
normal even at higher temperatures. Furthermore, A H (Cor,)
at the Co-rich limit is practically zero leading N(Cor,) to be
more than 50% of T sites.

We have performed AXRD measurements on samples of
C02.3Znp 704 and Co,7Znp304 powders prepared as previ-
ously mentioned at 800 °C. Within the detection limit of these
experiments (approximately 1%), we find that all of the Oy, sites
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FIG. 6. (Color online) Calculated fraction of antisite defects
in Co,Zn0O4 under Zn-rich (left) and Co-rich (right) conditions
compared with those (solid circle) measured using AXRD in bulk
ceramic sintered samples.

are occupied by Co. The Ty sites are comprised of all of the Zn
and the excess Co (0.3 for the Co, 3Zny 704 sample and 0.7 for
the Co,7Zny 304 sample), thus making these samples normal
spinels. Figure 6 shows a comparison of the experimentally
determined site occupancy to the defect calculations for 800 °C
in air. There is excellent quantitative agreement for the Co
occupancy on Ty sites between the measurement and the
calculation. A stoichiometry of Co,37Zng70y is calculated at
the C0,Zn04/Zn0O boundary at 800 °C, similar to that of the
Co,.3Zny 704 sample, while a stoichiometry of Co, 5Zng 504
is calculated at the Co0,Zn04/Co304 boundary at 800 °C,
similar to the Co,7Zng304 sample. Thus, slight deviations
between the experimental and the calculated site occupancies
in Fig. 6 result because the stoichiometries are not exactly
the same. Finally, we are unable to experimentally produce a
single-phase spinel sample with a Zn:Co ratio greater than 1:2.
This is consistent with the calculations that show N(Cor,) is
much higher than N(Zno, ), even at the Zn-rich limit.

We next compare our site occupancy results with the
existing literature results. Site occupancy measurements in
the existing literature are reported for samples grown via
thermodynamic equilibrium methods and nonequilibrium
methods. The EXAFS measurements by Porta et al.’® on
samples prepared via coprecipitation found Zn exclusively
in the T4 site. However, neutron diffraction measurements
by Krezhov et al.*® on a sample prepared via a thermal
decomposition show an inversion of 0.2, possibly due to the
precursor yielding a higher degree of inversion indicating a
nonequilibrium distribution of cations. Indeed, samples grown
from nonequilibrium methods tend to show a certain degree
of inversion. For example, samples prepared by CVD*’ and
sputtering*' show some Zn in Oy, sites, whereas Dekkers et al.*?
have inferred the presence of Co in Ty sites in a polycrystalline
C0,Zn0y thin film, to explain their optical data. Similarly,
Perkins et al.*' found a higher degree of inversion in sputtered
thin film samples compared to samples prepared via thermal
equilibrium synthesis.

In the case of Rh,ZnQ0y, the calculated heat of substitution
plotted in Fig. 3 and site occupancy plotted in Fig. 7 show
the following: (a) Both AH (Zno,) and AH (Rhr,) are high,
so that N(Zno,) and N(Rhr,) are small, and thus Zn and
Rh are effectively confined to T4 and Oy, sites, respectively,
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FIG. 7. (Color online) Calculated fraction of antisite defects in
Rh,Zn0O, under Zn-rich (left) and Rh-rich (right) conditions.

indicating that the compound is also a normal spinel even
at higher temperature; and (b) the enthalpy of substitution
and hence antisite occupancy is dictated by chemical potential
conditions, that is, at the Zn-rich limit AH (Rhr,) is higher
than AH (Zno,); hence, N(Zno,) exceeds N(Rhr,), while at
the Rh-rich limit AH (Zno,) is higher than AH (Rhr,) and
hence N(Rhr,) exceeds N(Zno,).

C0,Zn04 and RhyZn0Oy4, both normal spinels, differ from
each other in terms of the possible number of antisite defects. In
Co0,Zn0y, even under the Zn-rich conditions N(Cor,) exceeds
N(Zno,), whereas in RhyZnO4, N(Zno,) exceeds N(Rhr,).
However, for the A-rich limit, N(Ar,) are higher than N(Bo,)
for both compounds. This different behavior affects the phase
boundary and nonstoichiometry in these two compounds.

B. Nonstoichiometry: Experiment and theory

The site occupancy measurements and calculations shown
in Figs. 6 and 7 under A- and B-rich conditions can be
rearranged to calculate the phase boundary as a function of the
temperature. In what follows, we present the phase boundary
of Co304 vs Co,Zn0y4 and address the issue of a solid solution
between them.

1. Co3Zn0y: Case of a solid solution with Co304 (C0o,C00,)

In Fig. 8 we plot the stability region of Co,ZnO4 (Copyy
Zn;_,04) and Zn-substituted Co304 (Cos_,Zn,04) as func-
tion of the temperature. In case of C0,Zn0Oy4, not only the
Co-rich phase boundary, as in case (a) of Fig. 1, but also the
Zn-rich phase boundary deviate toward the high valent cation
Co. As can be seen in Fig. 4, the immediate Co-rich competing
phase of C0,Zn0Oy4 is Co304. Since both of these systems
are spinels, it is interesting to investigate how the Zn-rich
phase boundary, that is, Co304/C0,Zn0O4 of Zn-substituted
Co30y4, evolves with temperature. We found that this boundary
deviates toward the lower valent cation Zn and overlaps with
the Co-rich/Zn-poor boundary of Co0,ZnO, even at room
temperature, forming a solid solution, as suggested by Petrov
et al.*® The stability region of this solid solution is bounded
on the Zn-rich side by the Zn-rich boundary of Co,ZnO,4 and
pure Co304 on the Co-rich side.

As was mentioned in Sec. IVC, a number of samples
of different compositions and synthesis temperatures were
measured by XRD and analyzed by Rietveld refinement in

064109-6



ASYMMETRIC CATION NONSTOICHIOMETRY IN . ..

p0,=0.2 atm (air)

< Lever rlle (E)Lp) [ ‘ ‘ I I I
900 = Intercept methmli (Exp) 4 ]
— Theory |
~ I 1
@) I
°— 600 — ' —
o)
—
E F i
=
& 300 I C02+xzn1—x04 C03—yZHyO4 ]
5 I ]
q) .
= ol Wlﬁrﬂllte Spinel solid solution |
Spinel /\
L . | | | h | . 1
0.5 0.6 0.7 0.8 0.9 1
Co/(Co+Zn)
FIG. 8. (Color online) Calculated stability region of

Co4+Zn;_, 04 within blue boundary and Co3_,Zn,O; in the black
boundary. Two stability regions overlaps one another, indicating that
no miscibility gap between the two spinels even at room temperature
and that they form a solid solution. Green diamonds and brown
squares indicate the experimental phase boundary obtained by level
rule and the intercept method, respectively. (At 650 °C the Lever rule
and intercept method points overlap.)

order to determine the phase boundaries of the spinel regions
in Zn-Co-O and Zn-Rh-O. From the weight percent of the
second phase in each case, determined by Rietveld refinement,
two approaches (Lever rule and intercept method/disappearing
phase method) were then used to determine the phase boundary
composition for a given temperature. Table III (see the
Appendix) summarizes these resulting phase boundary com-
positions from each method. For Zn-Co-O it can be seen that,
for the higher temperatures, the spinel phase boundary lies on
the Zn-poor/Co-rich side of the nominal Co,ZnO4 composition
of Co/(Zn + Co) = 0.667. This means that samples prepared
with an overall Zn-rich composition contain two phases:
a cobalt-rich spinel and wurtzite (cobalt-substituted ZnO).
Excellent agreement was found between the average Lever
rule and intercept method phase boundaries.

The experimental results strongly support the calculated
phase boundary of the spinel phase, as can be seen in Fig. 8.
Both theory and experiment show that the spinel phase exists
only for Zn-poor compositions above 2500 °C, consistent with
the Co304-Zn0 phase diagram of Robin et al.** We calculated
the C0,ZnQO4 spinel phase to be unstable above 900 °C in
agreement with the diagram by Robin et al. We calculated
the Co30O4 spinel phase decomposes to CoO at 1200°C
in agreement with the measured enthalpy of formation.*’
Decomposition temperature in the literature, however, is
suggested to be 900 °C.*+49-52 Both of these values lie with in
error bar of our calculations.

2. RhyZn0y: Case of a line compound

Figure 9 shows the calculated Rh,ZnO, phase boundaries.
Notice that the Zn-rich and Rh-rich boundaries lie virtually on
top of each other, indicating that Rh,ZnQy is, to a large extent,
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FIG. 9. (Color online) Theoretically calculated phase diagram for
Rh,;Zn0O,. The experimental phase boundary determined by Rietveld
refinement for the bulk ceramic sample is shown as a black solid
circle.

a line compound. It is only at high temperature that the Zn-rich
boundary starts separating from the Rh-rich boundary making
the compound able to incorporate Zn excess.

The results of the Rietveld refinement for phase boundary
determination are also listed at the bottom of Table III (see
the Appendix). As shown in the table, the phase boundaries
calculated by the lever rule are in excellent agreement with
each other. Using these data points in a disappearing phase
analysis (intercept method), the phase boundary is calculated
to occur at a composition of Rh/(Zn 4 Rh) = 0.65, which
is consistent with the lever rule method. These experimental
values are also in excellent agreement with the theoretically
predicted phase boundary of the Zn-rich compound under the
same synthesis conditions: Rh/(Zn 4 Rh) = 0.658.

Only two earlier measurements on Rh,ZnO, are available.
The EDX and XPS measurement by Mizoguchi et al.’?
shows the Zn/Rh ratio to be 0.5 for both polycrystalline thin
films and pressed pellet samples prepared by conventional
solid-state reaction. Further, Banerjee ef al. 54 also concluded
that Rh,ZnOy4 is a stoichiometric compound based on the
phase diagram constructed from an emf measurement in an
oxide solid-state electrochemical cell. Our results are in good
agreement with these prior studies, that is, that Rh,ZnOy, to a
large extent, is a stoichiometric compound.

VI. A AND B NONSTOICHIOMETRY CORRELATED
WITH EXISTENCE OR ABSENCE OF COMPETING
ISOSTRUCTURAL PHASES

The significant deviation of Co,Zn0O, toward Co can be
correlated with the existence of the isostructural competing
phase Co304. AH(AT,) is smaller than AH(Bo,), if the
A-rich competing phase is isostructural with the A;BOy4
host, whereas the B-rich competing phase is not. Thus, from
knowledge of the competing phases of a compound, one
can guess which of two antisite substitutions is favored.
Figure 3 gives the calculated enthalpies of substitution and
Table I gives known competing phases. For example, we see
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TABLE 1. Table shows different A, BO, spinels, corresponding A-rich and B-rich phases, and predicted nonstoichiometry deviation.
Structure of competing phases that are similar to the host spinel are given in the parentheses. Hausmannite (H) has a distorted spinel structure.
Thus, in the table, if structure of only one competing phase is given, such spinel would deviate toward that cation, whereas if both competing
phases have spinel-like structure, the spinel phase would be nonstoichiometric toward the competing phase that is more similar to spinel than

the other. In the final column, — means not known.

Compound(S) A-rich phase B-rich phase Predicted nonstoichiometry Observed nonstoichiometry
Al,MgO, AlL,O; MgO Neither Both
Ga,CdO, Ga,03 CdoO Neither Ga

Mg, TiO, MgO TiO, Neither Neither
CrzMnO4 MII304 (H) Cr203 Mn Mn
C0,Zn0y4 Co304 (S) ZnO Co Co
Rh,Zn0Oy, Rh,O3 ZnO Neither Slightly Zn-rich
Co,NiOy Co304 (S) NiO Co Co
Cr,MgO,4 Cr,03 MgO Neither Mg
Cr2F604 CI'203 Fe; O4(S) Fe Fe
Fe,CrO,4 Fe;04 (S) Cr,FeOy4 (S) Fe Fe

Al FeOy Al O3 Fe;04(S) Fe MOStly Fe
Mn;Co0Qy, Mn;0,4 (H) Co,MnOy (S) Both Both
Mn,FeO, Mn;04 (H) Fe,MnOy, (S) Both Both
MH2CUO4 MH304 (H) CuO Mn Both
Ga,ZnOy Ga,05 ZnO Ga -
GazMHO4 G3203 Ml’l3 04 (H) Mn -
anGeO4 MH304 (H) GCOZ Mn -
Mn,Si0, Mn;0,4 (H) SiO, Mn -
Ml’lel’lO4 MH304 (H) Sl’l02 Mn -
anNiO4 Ml’l304 (H) NiO Mn -
F62CUO4 Fe304 (H) Cllzo Fe -
F62A104 FE304 (S) A1203 Both -
A12F604 F62A104 (S) A1203 Both -
MI]2CI'O4 MI’l304 (H) CI'2MI’104 (S) Both -
COzMHO4 MH2COO4 (S) CO304 (S) Both -
FezMIlO4 FC304 (S) anFeO4 (S) Both -
anAlO4 MI’l304 (H) A1203 Mn -
Alel’lO4 MH304 (H) Mn2A104(S) Mn -
F62C004 FC304 (S) C02F604(S) Both

that AH (Cor,) is smaller than AH (Zng,) in C0,ZnOy,
consistent with CozO4 (C0,C004) being isostructural but
not ZnO. The same is true for the other materials such
as CrnMnOy4, GapMnOy4, CrFeO4, and Fe,CuOy4, where
isostructural competing phases are Mn,MnO, (hausmannite)
and Fe,FeO, (spinel), indicating that the phase stability
regions of these materials will deviate toward the respective

isostructural competing phases. However, the degree of devi-
ation depends not only on AH(Ar,), but also on AH(Bo,).
For the pronounced nonstoichiometry toward A, one requires
a small AH(At,) and relatively larger AH(Bo,) and for
pronounced nonstoichiometry toward B, one requires a small
AH(Bo,) and relatively larger AH(Ar,) at equilibrium Ef.
These conditions are satisfied by compounds such as Co,ZnQy,

TABLE II. Inter-transition-metal oxide compounds with spinel or similar structure between elements with multiple oxidation state. The
compounds bounded by vertical lines shows a tendency to form a solid solution.

System <«A/B rich—

Cr-Mn-O CI'203 CrzMHO4 an Cl‘O4 Mn3 04 Mn203
Cr-Fe-O Cr,0; Cr,FeOy Fe,CrO4 Fe; 04

Cr-Co-O Cr,04 Cr,Co0y Co0,CrOy4 Co304 CoO
Fe-Al-O FezO3 Fe3 04 F62A104 A12F604 )/-A1203 ﬁ-Aleg,
Fe-Cr-O Fe, 03 Fe;0y4 Fe,CrO, Cr,FeOy Cr,03
Fe-Mn-O FCQO3 Fe3 04 FezMHO4 anFeO4 Mn304 M203
Fe-Co-O F€203 Feg 04 F62COO4 C02F604 C03 04 CoO
Mn-Cr-O Ml’l203 MI]3 04 Ml’lzCI’O4 MHCI204 CI‘203
Mn-Co-O Mn203 Mn304 Mn2C004 MHC0204 C0304 CoO
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where AH(At,) ~ 0.0 eV and AH(Bp,) = 0.86 eV so
the system is B deficient, by Cr,MnQOy4, where AH(Art,) =
1.98 eV and AH(Bg,) =0.73 eV so the system is A deficient.
However, in compounds such as AlLMgO4 [AH(ArT,) =
0.40 eV; AH(Bo,) = 0.55 eV] and Ga,CdO4 [AH(AT,) =
0.28 eV; AH(Bo,) = 0.44 eV], both AH(Ar,) and AH(Bo,)
are small and comparable; hence, they form nearly equal but
large numbers of antisites defects At, and B, . This means that
these compounds would prefer inversion (A > 0) with nearly
perfect stoichiometry (A:B = 2:1) at higher temperatures.
Experimentally, however, it is known that Al MgQOy is either Al
or Mg rich,> and Ga,CdQy is Cd rich®® at higher temperature.
Defective spinels (spinels with the two cation vacancies),
y-Al,03,773 appear as a penultimate Al-rich competing phase
of A,MgOy. Similarly, y-Ga,03°*%° appears as a penultimate
Ga-rich competing phase of Ga,CdO4. The energy dif-
ference between the defective spinel phase and the ground-
state phase is ~40 meV/atom in both Al,O3; and Ga,0s.
Theoretically, even if when such phases are considered as
hypothetical competing phases of the spinel, we still find these
compounds to prefer inversion over nonstoichiometry. The
reason for this disagreement between theory and experimental
fact in these compounds is unclear at the present.

In Table II, we have tabulated a number of spinels along
with the expected nonstoichiometry direction based on the
presence or absence of isostructural competing phases along
with the observed nonstoichiometry. From this table, one can
see that the presence or absence of a isostructural competing
phase is often (but not always) sufficient to indicate the
direction of nonstoichiometry. Furthermore, the existence
of solid solutions®! between mixed transition-metal oxides
(involving both transition-metal elements and transition-metal
and main-group elements) can also be inferred from this
argument alone. For example, possible A, BO, stoichiometries
between Fe and Mn oxides are Fe;0,4, Fe;MnOy4, Mn,FeOy,
and Mn3;Qy, in which Fe;MnQO,4 and Mn,FeO, deviate toward
either direction and possibly form a solid solution between
each other and with end members Fe;O; and Mn3O, at

PHYSICAL REVIEW B 84, 064109 (2011)

higher temperatures. Such possibilities exist for a number of
other combinations of mixed transition-metal compounds, as
tabulated in Table II.

VII. CONCLUSION

We investigated the nonstoichiometry and phase boundaries
in typical spinels Co,Zn0O,4 and Rh,ZnOy4 both experimentally
and theoretically using variety of techniques and found
that Co,ZnQy is nonstoichiometric toward Co(A), whereas
Rh;Zn0; is only slightly nonstoichiometric toward Zn (B)
and both of these compounds remain normal even at high
temperatures. In C0,ZnOy, small AH (Cor,) compared to
AH (Zno,) is the main cause of nonstoichiometry toward Co,
whereas in Rh,ZnO, both antisite defects have relatively high
formation energies and nonstoichiometry is very small toward
Zn. A simple correlation that can be drawn from these opposite
trends of nonstoichiometry, that is, if a competing phase A;0O,
or B, 0, is isostructural having similar bond length with a
compound A, BOy, the compound will be nonstoichiometric
in that direction. This observation is sufficient to qualitatively
predict the nonstoichiometry in many other spinel systems
involving both main-group and transition-metal compounds.
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APPENDIX: EXPERIMENTAL PHASE BOUNDARY DATA

TABLEIII. Experimental phase boundaries determined using lever rule and intercept/disappearing phase methods for different compositions
in the Co-Zn-O system prepared at various temperatures. Experimental phase boundaries determined for samples of various compositions in

the Rh-Zn-O system, prepared at 975 °C, are also included.

Overall specimen®

Temperature® (°C) composition A/(A + B)

Wt % wurtzite by
Rietveld refinement

Lever rule®
boundary, A/(A + B)

Intercept method
boundary, A/(A + B)

390 (Co-Zn-0) 0.633 3.8+£0.7 0.66 +0.01 -
450 (Co-Zn-0) 0.633 4.1+0.7 0.66 = 0.01 -
500 (Co-Zn-0) 0.08 85.8+£1.0 0.57+0.2 0.68

0.12 81.3+£13 0.65+0.1

0.16 782+ 1.5 0.73 £ 0.1

0.633 38£0.6 0.66 = 0.01

0.667 2.6+0.7 0.68 = 0.01

0.767

0.80

Ave.d 0.66 £ 0.06
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TABLE III. (Continued.)

Overall specimen® Wt % wurtzite by
Rietveld refinement

Temperature® (°C) composition A/(A + B)

Lever rule®
boundary, A/(A + B)

Intercept method
boundary, A/(A + B)

575 (Co-Zn-0) 0.633 57£0.6 0.67 +0.01 —
650 (Co-Zn-0) 0.08 88.4+£0.8 0.69 £0.2 0.73
0.12 838 £ 1.1 0.74 £ 0.1
0.16 79.1+ 1.4 0.76 £ 0.1
0.633 7.0£1.0 0.68 = 0.01
0.70 1.8+0.2 0.71 £0.01
0.733 12+02 0.74 £ 0.01
0.767 02£0.1 0.77 £ 0.01
0.80 -
Ave. 0.73 £ 0.03
800 (Co-Zn-0O) 0.08 914 +0.6 0.65+0.3 0.76
0.12 88.1£0.8 0.81 £0.3
0.16 82.1+£12 0.77 £0.2
0.633 150+1.2 0.74 £ 0.01
0.667 16.1 £0.8 0.79 £ 0.01
0.70 43+0.6 0.73 £ 0.01
0.733 24+£05 0.75 £ 0.01
0.767 0.8 £0.1 0.77 £0.01
0.80 -
Ave. 0.75 £ 0.05
975 (Rh-Zn-0) 0.57 53+£04 0.66 = 0.02 0.65
0.59 39+£03 0.66 = 0.01
0.62 1.9+02 0.65 +0.01

Ave. 0.66 £ 0.006

#For Zn-Co-O the temperature indicates the sintering and quench temperature. For Zn-Rh-O the temperature indicates the sintering temperature

(samples were slow cooled).
YA is Co or Rh, and B is Zn, as in A, BO,.

“For the low Co/(Zn + Co) compositions, error is larger in Lever rule determination of the spinel phase boundary owing to its sensitivity to the
exact location of the boundary between the wurtzite and two-phase regions.

dUncertainties on the average values reflect standard deviations.
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