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Density functional theory (DFT) calculations have been performed on A?TB3T02~ (where
A**=Fe, Ni or Zn, B*"=Fe or Cr and O?~=0) spinel oxides in order to determine some of their
thermodynamic properties. Mixing energies were calculated for FezO4-NiFe2Oy4, FesO4-ZnFez Oy,
1:‘6304—1:‘601'2047 N1F6204—ZHF6204, NiFGQO4—NiCI‘QO4, NiCI‘zO4—FeCr204, ZHCI‘QO4—FGCI'QO4 and
ZnCr204-ZnFe2 04 pseudo-binaries based on special quasi random (SQS) structures to account for
the cationic disorder. The results generally agree with experimental data and the rule that two
normal or two inverse spinel compounds easily form solid solutions, while inverse-normal spinel
mixtures exhibit positive deviation from solid solution behavior (i.e. immiscibility). Even though
systems such as NiFe204-NiCr2O4 and FezO4-FeCraO4 obey this rule, they exhibit additional fea-
tures with implications for the corresponding phase diagrams. In addition to mixing enthalpies,
non-stoichoiemtry was also considered by calculating the energies of the corresponding defect reac-
tions leading to A, B and O excess or deficiency. The most favorable non-stoichiometry reaction
involves B3T ions replacing A?" ions and charge compensated by B3" vacancies. This reaction is
exothermic for most of the spinel compounds and leads to B and O excess. The spinels that contain
both Fe?t and Fe®t ions (FesO4 and C]rFeg(f)A;)7 readily reacts to form O excess compounds via B

vacancies charge compensated by holes or Fe*" ions.

I. INTRODUCTION

Transition metal spinel oxides exhibit many interest-
ing physical properties that are related to the versatility
of the unfilled d electron orbitals and their bonding char-
acteristics. This has inspired numerous studies of the
fundamental spinel properties, including classical works
on the Verwey transition controlling the carrier mobility
in magnetite (Fe304)% and more recent studies on the
effect of nano- and microstructure on the electronic and
magnetic properties of NiFe;O4% 7. The continued inter-
est in these materials is driven by their complex chemical,
structural, magnetic and charge ordering characteristics,
which lead to multiple degrees of freedom and the com-
petition between these gives rise to a rich set of interest-
ing properties that make these materials attractive for a

range of technological applications®.

In addition to being considered as functional materi-
als, transition metal spinel oxides are formed as corrosion
products on stainless steels and during internal oxidation,
especially in high temperature applications. One exam-
ple of the importance of spinel corrosion products is the
formation of so-called CRUD on the cladding surface of
nuclear fuels, which is also the application that motivated
the present study. CRUD is an acronym for Chalk River
Unidentified Deposit and refers to corrosion products
that deposit on internal light water reactor (LWR) com-
ponents, specifically on the upper parts of fuel rods where
sub-cooled nucleate boiling occurs® ''. The major pres-
surized light water reactor (PWR) CRUD components
are Ni and Fe oxides, which originate from corrosion of,
e.g., steam generators. The structural materials used in
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steam generators are alloyed stainless steels with high
concentration of Ni and Cr. Cr has an important role in
corrosion of the steam generators, but it is usually not
found in the CRUD deposits in any significant concen-
trations due to the very low Cr solubility in the coolant.
In order to decrease the amount of Ni and Fe corrosion
products, the coolant chemistry is modified by adding
Zn, which is incorporated into the corrosive surfaces im-
proving the properties of the protective oxide layer. This
constrains the composition of interest to Fe, Ni, Cr and
Zn spinels. The porous CRUD further attracts B con-
taining precipitates, which, due to its neutron absorbing
properties, shift the power distribution along the rod axis
and leads to the CRUD Induced Power Shift (CIPS). This
phenomenon is of increasing importance as nuclear plant
operators are targeting higher power uprates and longer
operating cycles. CRUD may also induce corrosion fail-
ure of the fuel pin via its interaction with the cladding.
This is referred to as CRUD Induced Localized Corrosion
(CILC) and is a consequence of increased temperatures
at the cladding surface due to the low thermal conductiv-
ity of the CRUD layer. In boiling water reactors (BWR)
the coolant chemistry, temperatures and materials selec-
tion is sufficiently different from PWRs that instead of
NiFe;O4 the CRUD contains large quantities of ZnFeoOy4
as well as other iron oxides, primarily Fe;Os.

In order to improve models of CRUD formation and
growth, we have performed density functional theory
(DFT) calculations on a number of Fe, Ni, Cr and Zn ox-
ides relevant for either CRUD formation or corrosion pro-
cesses. Specifically, the Fe3O4-NiFe;Oy4, Fe304-ZnFes Oy,
Fego4—FeCrgO4, NiF6204—ZIlFGQO4, NiF6204—NiCI‘QO4,
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NiCryO4-FeCraOy4, ZnCry04-FeCro04 and ZnCrpOy-
ZnFe;O,4 pseudo-binary mixing energies were calculated.
Intrinsic and extrinsic defect reactions and the forma-
tion of non-stoichiometric Fe, Ni, Cr and Zn spinel com-
pounds were also investigated, which included excess or
deficiency of A%, B3t and O?~ ions. The calculated
thermodynamic properties are compared to available ex-
perimental data. The results enable us to better under-
stand both the formation of protective films on corrosion
sources and the chemistry of the CRUD that is deposited
on the fuel pins. Development of thermodynamic models
of the Fe-Ni-Cr-Zn-O system also benefit from the DFT
data presented in this work.

Many of the compounds that we have studied from
thermodynamic and nuclear engineering perspectives
have also received attention in spintronics and other
emerging technologies®1272! due to the electronic and
magnetic properties of the transition metal spinel phases.
Even though these topics are not specifically addressed in
this study, some of our results are also relevant for these
applications.

II. METHODOLOGY

The DFT calculations were performed with the Vi-
enna Ab Initio Simulation Package (VASP)?2 24 using
the projector augmented wave (PAW) method?>26. The
Perdew-Burke-Ernzerhof (PBE) parameterization of the
generalized gradient approximation (GGA) was used for
the exchange-correlation potential?’. Since standard
GGA fails to capture the strongly-correlated nature of
the 3d electrons in Fe, Ni, Cr and Zn oxides of present
interest?® 4%, an intra-band Hubbard U correction term
was added to the standard DFT calculations according
to the Dudarev implementation in VASP#744. The Hub-
bard U method requires determination of the U (Hub-
bard U) and J (exchange) parameters. Since only the
U — J term enters the Dudarev Hubbard U model, a sin-
gle value will be reported for U — J, which is henceforth
referred to as U only. Literature U values were applied
for all compounds. However, the U parameter has not
been reported for all phases or compositions relevant to
this study and, consequently, some simplifying assump-
tions have been made. The Ni U value (U = 5.0 eV for
NiO) was taken from Ref. 45, Fe (U = 4.3 eV for tetrahe-
dral and U = 4.0 eV for octahedral sites in Fe3O,4 as well
as U = 3.7 eV for FeO) from Ref. 28, Zn (U = 7.1 eV
for ZnO) from Ref. 46 and 47 and Cr (U = 3.2 €V from
Cry03) from Ref. 48. For some elements it is possible to
find more than one U value in the literature, for exam-
ple Janotti et al. used U = 4.7 eV for ZnO rather than
U = 7.1 eV reported by Zhuo et al.*®47. It is expected
that our qualitative conclusions will not be significantly
impacted by use of slightly different U parameters. Even
though some calculated numbers will change, such varia-
tion should not modify any of our qualitative conclusions.
The exact U value may depend on, for example, the ox-
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ide stoichiometry and crystal structure?®, however these
details have only been investigated for Fe oxides?®. Con-
sequently, the U values that have been determined for
the dominant Ni and Zn oxide phases (monoxides) were
applied to the spinel phases of present interest. Similarly,
for Cr we used the U value for the CroO3 sesquioxide.

The DFT+4U method provides increased accuracy for
transition metal oxides, but for the corresponding metal
phases it often performs worse than standard GGA
calculations36. This is related to the d electrons changing
from delocalized character in metals to more localized in
the oxides. Consequently, we use the DFT+U method
for the oxide and regular DF'T for the metal phases. In
order to be able to compare energies calculated within
the two methods, as required to estimate many thermo-
dynamic quantities, a common reference point must be
established. This is achieved by applying the methodol-
ogy recently developed by Jain et al.?6, which relies on
experimental data for a few binary compounds to esti-
mate the relation between regular DFT and DFT+U for
each element.

EGGA+U — EGGAJrU _ Z n]\/[AEM (1)
M

Here E is the renormalized GGA+U energy, EGGA+TU
is the original GGA+U energy, M represents the metal
atoms that apply the GGA+U methodology, nys is the
number of such metal atoms in the compound and AFE),
is the error in the binary oxide formation energy when
GGA and GGA+U energies are used for the metal and
oxides phases, respectively. In this study the FeO (Fe?*),
Fep03 (Fe3t), ZnO, NiO and CryO3 formation energies
were used for estimating AFE),; of each atom and re-
normalizing the compound DFT+U values. By definition
this approach will force the binary formation energies to
agree perfectly with experiments, but Jain et al. showed
that the methodology also significantly improves predic-
tions for ternary and higher transition metal oxides®®.
The renormalization is only active when both oxide and
metal phases are involved in reaction energies at the same
time, such as for the calculation of standard oxide forma-
tion energies. If the energies of different oxide phases are
compared this renormalization cancels out, which, for ex-
ample, applies to mixing energies between two different
spinel compounds.

The binding energy of Oy molecules is significantly
overestimated by DFT leading to errors in the compound
formation energies. In order to minimize this problem
we have applied the correction derived by Wang et al.*?.
The present thermodynamic analysis is only based on
energy contributions to the free energy and thus best
represents the materials behavior at low temperature.
The formation energies were either calculated with re-
spect to the most stable form of the pure elements un-
der standard reference conditions (bce Fe, feec Ni, hep
Zn, bee Cr and molecular Os gas) or the most stable bi-
nary oxide phases (FeO and Fe,O3 for Fe3Oy4, NiO and
Fe; O3 for NiFe;Oy4, ZnO and Fe; O3 for ZnFes,Oy4, FeO
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and Cry0O3 for FeCryOy4, ZnO and CryO3 for ZnCraOy
and Cr03, FeO and Fe;Os3 for CrFe;O4). The mag-
netic ground-states were used for Fe (ferromagnetic) and
Cr (anti-ferromagnetic). Similarly, magnetism was ac-
counted for in FeO, Fe;O3, Cr203 and ZnO (all anti-
ferromagnetic). The mixing energies were calculated
with the end-member spinel phases as reference. The
same methodology was applied for estimating the ener-
gies of the intrinsic and extrinsic defect reactions.

All DFT calculations applied a plane-wave cut-off en-
ergy of 500 eV. For the spinel phases either 4 x 4 x 4
or 6 x 6 x 6 Monkhorst-Pack k-point meshes®® with a
Gaussian smearing of 0.05 eV were used. The band gaps
and electronic density of states were calculated using the
modified tetrahedral method of Bléchl®!. Calculations
of all unary and binary phases applied k-point meshes
that were converged to at least the same accuracy as
the spinel compounds. The structure models were min-
imized with respect to cell volume and shape as well as
atomic positions in order to yield zero external pressure
and vanishing forces for every atom (< 0.02 eV/A). Spin-
polarized calculations were applied for all compounds and
the equilibrium (lowest energy) spin arrangement was
determined by calculating total energies for a number
of different ferromagnetic and anti-ferromagnetic initial
structures. Intrinsic defects were modeled with both reg-
ular and charged supercell calculations. The latter ap-
proach enables us to capture the relevant charge states
of Frenkel and Schottky defects as well as for the extrin-
sic defect reactions. The charged supercell calculations
applied the standard DFT methodology of compensat-
ing the electron excess/defiencancy with a homogeneous
background charge®®3. The defect energies were cor-
rected for the leading errors arising due to interaction
between image charges in the supercells.

The  generic  spinel compound is  written
AZFB3TO37545% and its conventional unit cell con-
tains 56 atoms, as illustrated in Fig. 1. In normal
spinels the divalent A2T ions occupy tetrahedral sites
and the trivalent B3+ ions octahedral sites, while in
inverse spinels the A%* ions mix with B3t ions on
octahedral sites and conversely B3t ions occupy the
tetrahedral sites.  Various degrees of inversion are
possible and full inversion corresponds to only B3t
ions in tetrahedral positions. The A?* and B3* ions
on octahedral sites are randomly distributed at high
temperature, but they form ordered compounds at low
temperature. This is usually associated with a trans-
formation from cubic to lower symmetry structures®®.
The disordered inverse spinel structures as well as solid
solutions such as Nij_,7Zn,Fe;O,; were modeled using
special quasi random (SQS) structures®”%%. We used
the SQS structures derived by Jiang et al. to capture
inversion in MgX,04 (X = Al, Ga, In) spinels®®. The 56
atom cell used for the SQS structures is not large enough
to reach very high accuracy for the atomic correlation
functions®. However, the sensitivity of the mixing
energies with respect to the detailed atomic distribution

CASL-U-2013-0145-000

was tested for a number of cases and any variation
was too small to impact the present conclusions. At
very high temperatures the A and B ions would fully
disorder between the tetrahedral and octahedral sites.
We did not attempt to model this state, since we are not
concerned with properties in that temperature range.
The calculation of defect properties involve interstitial
species that may occupy either the empty tetrahedral or
octahedral sites of the spinel structure.

FIG. 1. The primitive tetragonal and cubic unit cells of spinel
(reproduced from®!, where red atoms are oxygen, green are
A and blue are B cations. The atomic structure repeats ac-
cording to the shading of the 1/8 cubes shown.

III. RESULTS AND DISCUSSION

A. Electronic and magnetic properties of Fe, Ni,
Cr and Zn spinels

In order to reliably calculate thermodynamic proper-
ties of Fe, Ni Cr and Zn spinels, it is necessary to first
establish that the DFT methodology captures the ba-
sic electronic structure of these compounds. All of the
Fe, Ni, Cr and Zn spinel compounds considered exhibit
rather complex magnetic structures due to the local-
ized spins on the transition metal ions®®. In most of
these spinels the spins localized on the metal ions are or-
dered in an anti-ferromagnetic pattern®-67. Depending
on the constituent metal ions, this gives rise to either
anti-ferromagnetism with zero net magnetic moment or
ferrimagnetism with a finite total magnetic moment that
arises from unbalanced spin up and down contributions.
For each compound all major spin ordering possibilities
were investigated, but the formation energy is only re-
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ported for the most stable magnetic structure. In the in-
verse Fe304 and NiFeyOy4 spinels the Fe3t ions on tetra-
hedral sites are anti-ferromagnetically arranged with re-
spect to the both the Ni?t and Fe3t ions on the oc-
tahedral sites, which agrees with experiments®%7 and
existing DFT studies3:3%:%%, Among the normal spinels
NiCrs04 and CrFe;O4 exhibit anti-ferromagnetic align-
ment between the tetrahedral and octahedral sites, sim-
ilar to the inverse spinels®®. The remaining ZnFe,Oy,
CrFe;O4, FeCrpOy4, ZnCroO4 compounds instead fa-
vor anti-ferromagnetic arrangement between the triva-
lent ions on the octahedral sites. Accounting for the
correct magnetic ordering has significant impact on the
calculated formation energies for, in particular, the in-
verse spinel compounds. This is evidenced by the fact
that the Néel temperatures for Fe3O4 and NiFe;O,4 are
high (848 K%' and 858 K52, respectively), thus indicat-
ing strong magnetic interactions and ordering energies.
On the other hand the Néel temperatures for the normal
ZnFe; 04 and ZnCry04, FeCroO4 and NiCryOy4 spinels
are as low as 10.5 K%, 13 K%, 80 K% and 74 K55, re-
spectively. The ground-state magnetic configuration is
listed in Table I and the DFT classification is in good
agreement with the experimental findings. All point de-
fects were modeled assuming that the magnetic config-
uration does not change from the defect-free compound,
i.e. the the magnetic configuration of the defect-free com-
pound was used to initialize the DFT calculations for the
defect-containing systems. The magnetic properties of
the mixed spinel oxides were assumed to follow similar
rules. For the compounds with low Néel temperatures,
some scatter is obtained due to the low energy scale of
magnetic interactions and the corresponding coupling be-
tween the distribution of cations and magnetic moments.

The electronic structure of the spinel compounds was
also investigated. The calculated band gaps are reported
in Table I. For Fe3O4 a gap of 0.75 eV is predicted in
the minority spin band between occupied and unoccupied
Fe d states, which agrees fairly well with other theoreti-
cal studies®. The reader is directed to other studies for
a detailed analysis of the FesO4 bonding characteristics
and electronic structure®?. The NiFe,O4 gap is 1.63 eV
and it divides the O 2p dominated valence band from the
Fe d dominated lower part of the conduction band. The
CrFe;O4 band structure is rather similar to Fe3Qy4, but
it exhibits a slightly higher band gap of 1.23 eV. The
largest band gap is obtained for ZnCry04 (2.82 V). For
this compound both the top of the valence band and the
bottom of the conduction band are dominated by Cr d
states. The corresponding states for ZnFesO4 involve Fe
d states and larger contributions from O 2p orbitals in
the valence band, and the band gap is somewhat smaller
(1.68 €V). For NiCry04 the top of the valence band is
dominated by Cr d states and the bottom of the con-
duction band by Ni d states. The band gap is 1.86 eV.
FeCry04 has a gap of 2.09 eV in the minority spin band,
which primarily involves Fe d states in the valence band
and Cr d states in the lower part of the conduction band.
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Further analysis of the spinel bonding characteristics is
beyond the scope of the present study.

B. Thermodynamic properties of Fe, Ni, Cr and
Zn spinels

Table I summarizes the calculated formation energies
(Ef) and volumes (V) of Fe3O4, NiFesOy4, ZnFe;Oy,
NiCry0y4, FeCry0Oy4, ZnCry0O4 and CrFeyO4 spinels as
well as the corresponding reference values (where avail-
able) from Refs. 70-75. For each compound the proper-
ties were calculated for normal, inverse ordered and in-
verse disordered spinels. Even though calculations were
performed for all possible spinels in the Fe-Ni-Cr-Zn sys-
tem, data is only reported for compounds that satisfy the
formal spinel valence rules since they are the only ones
that may occur as stable compounds. In these spinel
compounds Ni and Zn always act as divalent ions, while
Fe and Cr exhibit mixed valence properties and exist in
both divalent and trivalent forms. However, even though
Cr ions may act as Cr?t, they rather strongly prefer the
Cr37* state. For each spinel compound there are two cal-
culated formation energies. The first one applies the most
stable unary phases and the second one the most stable
oxide phases as reference states, respectively. Negative
formation energies imply that the spinel phase is stable
with respect to the reference phases.

In agreement with experiments and existing theoret-
ical investigations Fe3O4 and NiFe;O4 are predicted to
be inverse spinels??:6%71:72 Both compounds have an or-
dered arrangement of cations as the most stable state.
For Fe304, we were not able to investigate the normal
spinel or the inverse disordered state, since the distribu-
tion of Fe?T and Fe3™ ions is determined self-consistently
in the DFT calculations, which implies that they will
(typically) reach the lowest energy ordered inverse con-
figuration. ZnFe;O4, NiCroOy4, FeCroO4 and ZnCrsOy
are all predicted to be normal spinels, which is consistent
with experiments for the first three compounds™ 7>, Of
these ZnFesO4 has the lowest disordering energy equal to
0.15 eV per formula unit. However, even for this case the
temperature must be high in order to reach any signifi-
cant degree of inversion and the other compounds can be
considered as almost perfect normal spinels. CrFeoO4 ex-
hibits the most complex properties of all the compounds
that we investigated. The reason is that it contains two
transition metal ions that both have mixed valence char-
acter. We predict the lowest energy state to be a normal
spinel with Fe?* ions on the tetrahedral sites and a mix-
ture of Cr3* and Fe?t ions on the octahedral sites. The
formation energy of the compound with the Cr ions on
the tetrahedral sites (ordered) is 1.24 eV higher. This
compound is an inverse spinel with the Cr ions acting as
Cr3t ions. The disordered inverse spinel is even higher
in energy and for this case the solution is only partially
inverse, i.e. some of the Cr ions on tetrahedral sites
have Cr?t character. All spinels have negative forma-
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tion energies with respect to the pure elements as well as
with respect to the oxide reference states. This suggests
that they are thermodynamically stable, however as ex-
plained in Sec. III C many of the spinel compounds react
exothermically to form non-stoichiometric compounds.
The DFT calculations slightly overestimate the volume
of the spinel compounds.

Next, the F€304-N1F6204, F6304—ZDF6204, F6304—
FeCrgO4, NiFGQO4—ZHFGQO4, NiFQQO4—NiCI‘QO4,
NiCI‘QO4—F€CI‘204, ZHCI’QO4—F€CI‘204 and ZHCI'204—
ZnFe;04 mixing energies were calculated for both
normal and inverse spinel compounds. The distribution
of, e.g., Ni ions in NiyFe;_, 04 was modeled using SQS
structures. For some cases SQS structures were not
available and simplified models were used, however the
results were not very sensitive to this simplification. The
results are summarized in Figs. 2, 3 and 4.

Rules derived from experimental experience state that
two normal or two inverse spinel compounds easily
form solid solutions, while normal and inverse spinels
exhibit limited solubility or are simply immiscible”®.
This is generally confirmed by our calculations. The
FeCry04-NiCryOy4, FeCro04-ZnCro0O4 and ZnCrpOy-
ZnFesO,4 pseudo-binary systems all exhibit mixing en-
ergies that are near zero. Nevertheless, there are some
features that may effect the solution properties. For ex-
ample, ZnCry04-ZnFe;O4 has almost parabolic shape
with a minimum at yz,./(yre + yor) = 0.5, except
for low Cr content where the mixing energy is posi-
tive. Both FeCry04-NiCry04 and FeCryO4-NiCryO4 ex-
hibit slightly positive mixing energies near to the Fe
poor region and slightly negative values near to the Fe
rich region. There is some irregularity in the mixing
energy curves for many of these compounds, which is
likely caused by small differences in structure or mag-
netic correlation functions. Recall that the magnetic or-
dering temperatures are fairly low in the end-member
compounds.

NiFe;Qy4 is an inverse spinel and ZnFe;Oy4 is a normal
spinel and, as expected, mixing energies are positive with
the maximum shifted towards the NiFe,O4 region. At
the maximum there is a transition between inverse and
normal spinel ordering. The calculated positive mixing
energies are in good agreement with the measured mis-
cibility gap2. The experimental data also indicate that
the maximum of the miscibility gap is shifted towards the
NiFeyOy4 rich region. In the neighborhood of the transi-
tion point between normal and inverse spinels one could
expect a partially inverse spinel to be preferred, but the
DFT calculations show that it is not the case. Either the
normal or the inverse spinel is the most stable compound.
However, the exact transition point, for which one would
expect close to equal distribution between normal and in-
verse sites, could not be tested within the present spinel
supercell.

NiFe;04-NiCryO4 exhibits a more interesting and to
some extent unexpected behavior. Even though NiCryOy4
is a normal and NiFe; Q4 is an inverse spinel, NiCroO4 has
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negative solution energy in NiFesO4 up to NiFe;CriQOy,
i.e. when the Cr ions have filled all available octahe-
dral sites and starts filling tetrahedral sites. Since the
Cr®t ions in NiCroOy prefer octahedral sites it is not
surprising that they easily dissolve into the same sites in
NiFe;Oy4. Similarly, since the tetrahedral sites are unfa-
vorable for Cr3* ions the mixing energy is expected to
increase at that point. The measured NiFe;O4-NiCroOy4
phase diagram”” indicates an almost symmetric misci-
bility gap, which is at least in partial disagreement with
the calculated mixing energies. However, the calculations
agree very well with the phase diagram obtained by Park
et al.”8.

Fe304 and NiFe;O4 are both inverse spinels and
have negative mixing energies with a minimum at
Nig.75Fes 250,4. Existing phase diagrams show that at in-
termediate and high temperature NiFeoO4 may dissolve
excess Fe with respect to FeoO3. At low temperature the
ordered inverse spinel compound appears as a line com-
pound in both experimental phase diagrams™ and ac-
cording to the present DFT calculations. Corrosion stud-
ies have reported preferred Nij_,Fes;,O4 compositions
near z =~ 0.389°82_ which is consistent with the minimum
of the mixing energy obtained from the DFT calculations.
Fe304-ZnFes 04 and Fes04-FeCraOy4 are both mixtures
between inverse and normal spinels. FezO4-ZnFe; Oy ex-
hibits positive mixing energies throughout the full com-
position range, while Fe3Oy4-FeCr,O4 has positive mix-
ing energies between yc,/(yor + yre) = 0.0625 and
0.5 (yx is the atomic fraction of the respective atoms).
The negative mixing energies in the FeCroOy4 rich re-
gion can be explained in a similar way to the NiFesOy-
NiCry04 system. Recall that CrFe;Oy4, which represents
the yor/(Yor + yre) = 0.5 midpoint, is a normal spinel
and the CrFe;O4-FeCryO4 part of the mixing energy
curve is thus expected to be close to an idea solution,
while the Fe3O4-CrFe;O4 part is not, since it represents
a mixture between an inverse and normal spinel. These
observations agree with the results in Fig. 4 and they also
agree with the Cr rich compounds observed in corrosion
studies®0 82,

C. Thermodynamic properties of
non-stoichiometric Fe, Ni, Cr and Zn spinels

The possibility of forming non-stoichiometric com-
pounds was investigated by calculating the formation en-
ergy of metal and oxygen vacancies and interstitials that
comprise the possible defect reactions. First we consider
the individual defects, then intrinsic processes and finally
non-stoichoiemtry reactions. The results presented here
only include the most favorable vacancy and interstitial
reactions. For example, in Fe3Qy, it is much easier to cre-
ate Fe vacancies on octahedral than on tetrahedral sites
(0.46 €V vs. 1.48 €V). The same relation holds for Fe va-
cancy formation in other inverse spinels (NiFe;Oy4). The
spinel crystal structure has two different interstitial sites,
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E; Normal (eV/fu.) Ef Inv. Ord. (eV/fu.) Ey Inv. Dis. (eV/fu.) Ey Exp., 298 K (eV/f.u.) Magn.
Fe30.4 N/A -11.59 -11.59 -11.59° (inv.) ferrimagnetic
NiFe;04 -10.48/0.57 -11.24/-0.19 -11.18/-0.13 -11.247 (inv.) ferrimagnetic
ZnFe;Oy4 -12.07/-2.83 -11.98/-2.73 -11.92/-2.68 -12.227 (norm.) anti-ferromagnetic
NiCr204 -14.21/-2.79 -13.28/-1.86 -13.23/-1.81 -14.24 (norm.) ferrimagnetic
FeCr204 -15.11/-3.36 -13.64/1.89 -13.60/-1.85 -14.58™ (norm.) ferrimagnetic
ZnCr204 -15.79/-3.25 -13.98/-1.45 -13.94/-1.41 N/A anti-ferromagnetic
CrFe20y4 -13.37/-1.81 -10.99/0.57 -11.87/-0.31 N/A anti-ferromagnetic

V Normal (A®/fu.) V Inv. Ord. (A®/fu.) V Inv. Dis. (A%/fu.) V Exp. (A%/fu.) Band gap (eV)
Fe3Oy4 N/A 76.7 76.7 73.627 0.75
NiFe;04 91.0 74.0 74.3 72.437 1.63
ZnFe;04 75.5 74.6 74.8 75.077 1.68
NiCrz04 75.2 74.1 74.1 71577 1.86
FeCrz04 7.3 76.8 7.4 73.827° 2.09
ZnCre0y4 74.2 74.6 74.9 N/A 2.82
CrFe204 76.2 85.7 77.8 N/A 1.23

TABLE I. The formation energy (Fy) and volume (V') per formula unit (f.u.) of normal, inverse ordered and inverse disordered
spinel compounds with respect to the most stable unary phases (first entry) or the most stable binary oxide phases (second
entry). Where available the experimental volume and formation energy is also listed together with the preferred spinel ordering
(normal or inverse). The ground-state magnetic structure (Magn.) and band gap for the most stable compounds are also listed.
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FIG. 2. FeCry04-NiCr204 (red), FeCra04-ZnCra04 (blue)
and ZnCry04-ZnFe;O4 (green) mixing energies for normal
spinels. The first compound (e.g. FeCraO4 in FeCrzOy4-
NiCr204) is on the left hand side of the plot and the second
one (e.g. NiCr20y) is on the right hand side. yrpe, yor, yni
and yz, denote the atomic fraction of the respective atoms.

one octahedral and one tetrahedral site. Results of DFT
calculations predict the octahedral site to be the most
stable one for Fe and oxygen interstitials. The metal
ions are slightly displaced from the centre of the octahe-
dral hole. The site preference is not as strong for Ni, Zn
or Cr ions.

The thermodynamic properties of the spinel phases are
defined by the intrinsic and extrinsic defect reactions
listed below. The intrinsic defects for the A?B3T03~

CASL-U-2013-0145-000

FIG. 3. NiFe204-ZnFe204 (green=normal and black=inverse
squares) and  NiFe;04-NiCryOy4 (red=inverse  and
blue=normal circles) mixing energies. The first com-
pound (e.g. NiFe;O4 in NiFesO4-ZnFe;O4) is on the left
hand side of the plot and the second one (e.g. ZnFe;O4) is
on the right hand side. yre, yor, yni and yz, denote the
atomic fraction of the respective atoms.

spinel include the cation anti-sites (reaction 2), Schottky
(reaction 3) and Frenkel reactions (reactions 4, 5 and 6).
The first reaction is related to the degree of inversion. For
this reason the anti-site defect energy is not reported for
the inverse spinel compounds, since they are fully inverse
in their most stable state.

4+ By =By + Ay (2)
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FIG. 4. Fe304-NiFe;O4 (red), Fe3O4-ZnFesO4 (blue) and
Fe3Q4-FeCra04 (green)mixing energies. The first compound
(e.g. FezOy4 in Fe304-NiFe20y4) is on the left hand side of the
plot and the second one (e.g. NiFezO4) is on the right hand
side. Yre, Yor, yni and yz, denote the atomic fraction of the
respective atoms.

Aas+2Bp +400 = VX + QVé// +4VS5* + AB,O4 (3)

ATV =Vi+ AP (4)
B + Vi = Vg + B}* (5)
OhH+VFE=VSs+0/ (6)

The intrinsic defect reaction energies were estimated from
charged supercell calculations of the individual vacancy
and interstitial defects. This is necessary in order to
avoid, for example, oxygen interstitials (O7) to be associ-
ated with two holes (2h®) or Fe?T ions in the supercells,
which are not components of the intrinsic defect reac-
tions. The latter charge compensation and equivalent
mechanisms for other defects are, in principle possible,
but are always higher in energy than the reactions in Egs.
3,4, 5 and 6. Energies for anti-site, Frenkel and Schot-
tky defects are collected in Table II. Anti-site defects
have the lowest reaction energies for all compounds and
the minimum of all compounds considered is obtained
for ZnFey0O4, which is consistent with the energy differ-
ence between normal and inverse spinels (see Table I).
With respect to the anti-site defects all other defect en-
ergies are relatively high, except for Fe?+ Frenkel pairs
in FesOy4 (1.87 €V). Not including anti-sites, Fe Frenkel
pairs are the most favorable intrinsic defects for FesOy,
ZnFe;O4 and FeCryO4. Out of these, only ZnFesO4 in-
volves Fe3T ions. Similarly, Ni Frenkel pairs are preferred
for NiCrgO4 and for NiF6204.

The same approach was used to calculate the energies
of extrinsic defect reactions leading to excess or deficiency

CASL-U-2013-0145-000

of A, B or O ions (non-stoichiometry). Holes (h*®) and
electrons (¢’) were either modeled in separate supercells
(as defined in the reactions below) or contained in the
same supercell as the corresponding atomic defects. The
latter case corresponds to clustering and it is separated
from the first case by the label '¢’ in Table III. In order
to qualitatively analyze the mechanisms by which these
compounds deviate from stoichiometry, we here list the
plausible reactions. The implications of these reactions
on A, B and O excess or deficiency are discussed below
and illustrated in Fig. 5.

2A0 + 2B% + Of = 2A% + VS®* + B2Os3 (7)
3A0 + 3V +2BE = 3A7° + 2V} + B,O3  (8)
AO +2VF = A + O/ (9)

AO +2ABs04 + Vi = A +2¢' + %OQ (10)
L+ 05 =V + VS + AO (11)

3AY + 2V} + B03 = 3V +2B7** + 340  (12)
2AB04 + A% + %02 = V4 +2h* + AO (13)
4B503 + 3A% = 2B + V) + 3AB,04  (14)
8B203 + 6A% + 2BE = 6BY + 2V}’ + 6AB20,  (15)
3B203 + 2A% + B, = 2B% + Of + 2AB,0,  (16)
BO + A% = B% + AO (17)

B>0s3 + 5V = 2B3** + 307 (18)

6AB204 + B203 + 2V = 2B3*® + 6¢’ + 202 (19)
2B% + 308 = 2V + 3VS® + ByOs (20)

9B + 3VF + 340 = 2V +3A3° + B,O5  (21)

3
6AB50O, + 23% + 502 = 2V]/3N + 6h® + B3O5 (22)

1
502+ Vi’ = OF +20° (23)
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1
0§ = 502 + VS® + 2¢ (24)

The above equations were written using Kroger-Vink
notation®?. The relevant NiO, Fe, FeO, Fe;03, Cry0s3,
CrO and ZnO total energies were calculated using the
same DFT methodology as for the spinel phases. The
results are summarized in Table IIT as well as in Fig. 5.
The oxygen partial pressure was set to unity. In order
to directly compare the reactions and determine prefer-
ential type the data in Fig. 5 was scaled to represent
the same A, B and O non-stoichiometry, respectively.
For the metal ions the non-stoichiometry was measured
with respect to —*X— where X is either A or B and
ya+yst+yo

yx is the mole or atomic fraction of each species. The
corresponding measure for the oxygen content is yAyfyB .
The deviation from stoichiometry was arbitrarily set to
0.0001. Note that Table IIT contains the actual reac-
tion energies. In order to predict the composition and
defect structure as function of the thermodynamic con-
ditions a thermodynamic model should be constructed
from the defect chemistry reactions above, which may ei-
ther be based on mass action laws or on more general
free energy models such as employed in the CALPHAD
methodology®4:8°.

Nevertheless, it is possible to draw several qualitative
conclusions pertaining to the defect types likely respon-
sible for non-stoichiometry. First, Fig. 5 shows that Re-
action 22 is exothermic for both Fe3O4 and CrFesQOy,
which leads to B deficiency or equivalently A and O ex-
cess. These two systems are the only that contain both
Fe?t and Fe3t ions. For the spinel compounds with
only either Fe?* or Fe3T ions, the corresponding reac-
tion energies are positive. This observation is consistent
with the Fe-O phase diagram?, which exhibits oxygen
excess at high temperature. The calculations seem to
suggest a higher degree of non-stoichimetry than present
CALPHAD models™, but it is important to remember
that under the thermodynamic conditions used in the
present analysis (Pp, = 1), FeaO3 would be the equi-
librium phase rather than FezO,4 and, consequently, the
calculated large negative reaction energy is not surpris-
ing. Also, the h*® formed in reaction 22 are equivalent to
Fe3* ions, implying that formation of Fe3* vacancies via
Reaction 22 in fact increases the number of Fe3* ions,
which should be the case since it leads to oxidation.

Another observation is that Reactions 14 and 15 lead
to B excess (or equivalently A deficiency) and they have
negative energies for all compounds except for CrFesQy.
Since B excess involves metal vacancies for charge com-
pensation, these reactions are also equivalent to oxy-
gen excess. The most negative energies are obtained
for FeCry04, NiCry0O4 and ZnCry0y4. Interestingly, for
FeCry04 and CrFe;O4 there is also the possibility of Re-
actions 14 and 15 involving Fe;Og since Fe ions are mixed
valent and appear as both Fe?T and Fe3T. The Fe;03
based reactions have lower energies than the CroO3 based
reactions, which implies that the oxidized spinel phases
are more likely to be Fe rich than Cr rich. These re-
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sults are at least partially consistent with phase diagram
data. For example, the NiFe;0,47° phase field extends all
the way to Fe3O3 at high temperature and the NiCroOy4
phase field is Cr rich at high temperature®®. We were un-
able to find any conclusive data for the other Cr spinel
compounds. Since the calculations predict rather low
reaction energies for many of the spinel compounds it
would be interesting to explore this part of the phase di-
agram in more detail using either more advanced model-
ing of the finite temperature properties or by performing
experiments. Note that the present simulations assume
low defect concentrations and, even though the negative
reaction energies suggest large non-stoichiometry, inter-
action among defects at higher concentrations may influ-
ence these properties.

From an oxygen non-stoichoiemtry perspective Reac-
tions 14 and 15 have the lowest energies in the hypersto-
ichiometric regime, which implies that metal vacancies
and in particular B vacancies are the preferred defect
type. For FeCry0O4 and CrFe;O4 the Fe based version
of these reactions are even lower in energy, as mentioned
above. In the hypostoichimetric regime metal intersti-
tials (Reaction 10) are the most favorable defect type,
but in many cases oxygen vacancies formed via Reaction
24 are rather close in energy. This is in particular true
for Fe3O,4, which exhibits almost equal concentrations of
Fe?* and oxygen vacancies. Diffusion experiments have
shown that metal vacancies and interstitials are respon-
sible for the non-stoichiometry reactions in the hypersto-
ichiometric and hypostoichiometric regimes, respectively,
for Fe30487% and (Cr,Fe;_,)3_504°'. These observa-
tions are consistent with our DFT calculations.

IV. CONCLUSIONS

Density functional theory (DFT) calculations were
used to investigate the electronic, magnetic and ther-
modynamic properties of Fe-Ni-Cr-Zn spinel oxides, in
particular all the pseudo-binary mixing energies and the
formation energies of non-stoichiometric compounds were
calculated. NiFey04-ZnFe;04 exhibits a miscibility gap
across the full composition range. NiFe;O,4 dissolves
NiCry04 up until Cr ions have filled all tetrahedral sites
(NiCrFeQ,), after which the spinels exhibit a miscibility
gap. Fe304-FeCryO4 behaves in a similar way with Fe3*
ions easily replacing half of the Cr ions in FeCroO4 thus
forming CrFe;O4. The remaining Fe3O4-CrFe,O4 part
of the phase diagram exhibits a miscibility gap. The pre-
dicted solution properties of Fe3O4-NiFesO4 and FezOy4-
FeCry04 are consistent with the phases observed in cor-
rosion of stainless steels.

There are a few exothermic (spontaneous) non-
stoichimetry reactions in Fe-Ni-Cr-Zn spinel oxides.
Among these, the reaction involving excess of trivalent
B ions via B ions on A sites that are charge compensated
by B vacancies has the most negative reaction energy ac-
cording to the DFT calculations. This implies that oxy-
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Anti-site Frenkel (A*") Frenkel (B*") Frenkel (O?~) Schottky

Fe3 04

NiFez04
ZnFes04
NiCry0y4
FeCra04
chrz 04
CrFesO4

N/A
N/A
0.14
1.12
3.31
2.88
2.19

1.87
4.09
4.00
3.20
3.39
3.96
3.59

3.97 4.49 6.20
6.79 6.14 10.15
3.00 6.35 11.13
4.53 7.57 19.42
4.81 7.03 16.58
4.97 8.67 18.20
3.18 6.64 8.81

TABLE II. The intrinsic Frenkel and Schottky defect formation energies ( Egs. 3, 4, 5 and 6).

Reaction Fes04 NiFesO4 ZnFes Oy

FeCr2 04 NiCI"Q 04 chrg 04 CI”FQQ 04

7

8

9
10
10c
11
12
13
13c
14
15
16
17
18
19
19c¢
20
21
22
22¢
23
23c
24
24c

1.04
4.14
4.39
3.56
3.56
1.98
9.43
-2.42
-2.42
-0.10
-1.13
2.35
N/A
8.49
7.68
7.68
2.22
2.07
-4.29
-4.29
0.15
0.15
3.95
4.10

2.20
9.03
6.39
5.09
5.32
3.85
9.72
1.11
1.68
0.59
-2.26
3.02
-0.0032

8.31
6.36
5.78
4.27
4.51
0.03
0.99
3.40
1.35
4.85
4.31

2.52
10.01
6.79
5.36
8.20
3.32
8.86
1.17
1.55
-2.01
-7.10
4.24
-1.33
8.62
6.90
6.07
3.98
5.01
0.76
1.43
3.96
2.14
4.97
5.46

6.51 9.42 14.06 5.70
12.97 12.80 14.73 7.51
6.45 5.98 8.27 6.43
7.97 8.51 8.84 5.24
6.65 5.65 7.30 5.33
4.48 4.58 5.14 7.53
8.05 5.80 7.47 1.33
-0.37 0.28 0.25 3.79
0.24 0.68 0.86 -0.24

-7.70/-15.96  -7.98 -6.51  5.15/-6.57
-10.92/-24.55 -12.37 -8.08 1.29/-14.40

-1.51 -2.41 0.67 4.36
-1.05 -1.64 0.51 -1.14
8.23 7.08 10.35 9.21
10.51 10.87 11.20 8.14
9.51 6.34 8.41 8.17
7.74 8.47 8.66 3.59
6.49 6.40 7.36 3.75
0.47 2.02 0.64 -2.58
0.34 1.89 2.02 -3.41
2.44 3.06 4.18 2.59
1.27 1.14 2.63 1.24
8.80 9.89 9.62 5.13
5.51 5.54 4.87 3.95

TABLE III. Non-stoichiometry reactions in Fe3O4, NiFe3O4, ZnFe2O4, NiCraO4 and FeCrzO4 spinel phases. For FeCroO4 and
CrFe2O4 the second value for Reactions 14 and 15 correspond to BoOs = FezOs.

gen hyperstoichiometry primarily occurs via metal va-
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