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Thermodynamic Properties of Co3O4 and Sr6Co5O15 from First-Principles
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The Gibbs energy function of Sr6Co5O15 is calculated by first-principles for use in CALPHAD thermodynamic modeling.
An efficient method is employed, using the Debye-Gr€uneisen model to predict the temperature dependence of the
heat capacity and entropy. The equation of state from first-principles and the Debye temperature from harmonic
phonon calculations by the supercell approach are taken as input. The effect of using the GGAþU approach on the
results is also reported. The properties of Co3O4 are predicted with this method to compare to experiments and quasi-
harmonic phonon calculations and are shown to achieve the accuracy necessary for CALPHAD modeling.

Introduction

The LaxSr1-xCoO3-δ perovskite has unique mixed-con-
ducting properties that are appealing in a wide range of
applications, such as solid oxide fuel cells, oxygen separation
membranes, hydrocarbon oxidation, and gas sensors.1,2

Tailoring of the perovskite’s properties by altering chemistry
and processing is necessary for implementation in practical
applications. This can most efficiently be done with CALcu-
lation of PHAse Diagram (CALPHAD) modeling.3,4 How-
ever, a common issue during the CALPHAD modeling of
such complex, multicomponent systems is that thermody-
namic properties of certain, perhaps obscure, phases have not
been investigated or are not available in the literature.
One such compound is Sr6Co5O15, which has complex phase

relations with LaxSr1-xCoO3-δ between 1100 and 1200 K.5,6

Sr6Co5O15 was first identified in 1995, when the low-tempera-
ture hexagonal formof SrCoO3wasdetermined tobe amixture
of Sr6Co5O15 and Co3O4.

7 It is also a member of a series of

complex oxides that are being investigated for thermoelectric
applications8-11 and belongs to a family of strontium cobalt
oxides with interesting physical properties.12 A CALPHAD
modeling of the perovskite and the La-Sr-Co-O system
requires theGibbs energy function for Sr6Co5O15.However, no
experimental thermodynamic data is known, but previous
studies have resolved its crystallographic, magnetic, and elec-
tronic properties.7,11

First-principles calculations based on density functional
theory have enabled the CALPHAD modeling of oxide
systems where little experimental data are available13 by
predicting 0 K thermodynamic properties, such as the en-
thalpy of formation.4However, such data alone is insufficient
to accurately determine the complete, temperature-depen-
dent Gibbs energy function of a phase. Other experimental
data, such as the melting point, must be used to evaluate the
remaining model parameters. An ideal approach is to deter-
mine finite-temperature thermochemical properties from
first-principles. Quasi-harmonic phonon calculations by the
supercell method are often employed to do so,14-16 but such
calculations can be computationally expensive for the com-
plex structures that are often found inmulticomponent oxide
systems, such as Sr6Co5O15. Simpler models can be used to
approximate these properties, such as the Debye-Gr€uneisen
model,17,18 but estimates for the errors in employing such
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models are necessary to determine if the resulting predictions
are suitably accurate for CALPHAD modeling.
In the current paper, the thermochemical properties of

Sr6Co5O15 from first-principle calculations will be discussed,
employing theDebye-Gr€uneisenmodelwhere an input param-
eter is derived from harmonic phonon calculations at the
equilibrium volume. This approach is first used to predict the
properties of Co3O4, where experimental data is available.19-22

Quasi-harmonic phonon calculations are also performed on
Co3O4 to test the accuracy of the phonon supercell approach
withCo3O4.Co3O4 is anappropriatebenchmark forSr6Co5O15

as both have antiferromagnetic ordering with similar N�eel
transformation temperatures, and both contain Co ions with
two unique charge valences.11,19 It is shown that this approach
for predicting the thermodynamics of transition metal, multi-
component oxides is sufficiently accurate for determining their
CALPHAD Gibbs energy functions. The thermochemical
properties of Sr6Co5O15 are then predicted and used in a
CALPHAD modeling of its Gibbs energy function.

Methodology

The temperature- and volume-dependent free energy of a
solid system, F(V,T), can be defined by

FðV ,TÞ ¼ E0ðVÞþFvibðV ,TÞþFelðV ,TÞ
þFdef ðV ,TÞ ð1Þ

WhereE0(V) is the static 0K energy,Fvib(V,T) the vibrational
free energy, Fel(V,T) the thermal electronic free energy, and
Fdef(V,T) the contribution frompoint defects in the structure.
In the current work, E0(V) is determined by first-principles
calculations. Fel(V,T) is assumed to be negligible since Co3O4

and Sr6Co5O15 are semiconductors with large resistivity
at low temperatures.10,23 Fdef(V,T) is ignored in the case of
Co3O4 as no significant quantity of point defects has been
reported. Oxygen vacancies have been observed for Sr6Co5-
O15, on the order of 2%,9 which are expected to have a small
effect on the free energy.
Fvib(V,T) is determined by the Debye-Gr€uneisenmodel.17

Within this model, the vibrational contribution to the free
energy is defined as

FvibðV ,TÞ ¼ 9

8
kBθDðVÞ- kBT D

θDðVÞ
T

� ��

þ 3 ln 1- e- θDðVÞ=T
� ��

ð2Þ

where kB is Boltzmann’s constant and θD the volume-
dependent Debye temperature. D(x) is the Debye function,
defined as

DðxÞ ¼ 3

x3

Z x

0

z3dz

ez - 1
ð3Þ

The volume-dependent Debye temperature can be approxi-
mated by

θDðVÞ ¼ sAV
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0

B0

M
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V0
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whereV0 is the ground state volume,M themolecularweight,
γ the Gr€uneisen parameter, B0 the bulk modulus, A a con-
stant (6π2)1/3p/kB, and s a scaling parameter that relates the
average sound velocity to the bulk modulus and effectively
scales the Debye temperature. The Gr€uneisen parameter can
be defined by

γ ¼ 1

2
ð1þB0

0Þ- x ð5Þ

where B0
0 is the derivative of the bulk modulus with pres-

sure and x a parameter taken to be either 1 or 2/3 if below or
above the Debye temperature, respectively. The high tem-
perature value is used in this work since high temperature
data have the largest effect on the Gibbs energy function in
theCALPHADmodeling.V0,B0, andB0

0 are predicted in the
current work by calculating the equation of state (EOS) from
first-principles.
As the goal of this work is to determine the thermochemi-

cal properties from first-principles, free parameters such as s
must also be determined from first-principles. Previous work
has found that a value of 0.617 for this parameter worked
best to reproduce the experimental bulkmodulus for 4d cubic
nonmagnetic transition metal elements.17 However, this
value has not been proven to be universal andmay be greatly
different for other classes of materials, such as transition
metal oxides.24 A solution we propose is to predict theDebye
temperature of the material from harmonic phonon calcula-
tions at the ground state volume by

θDðnÞ ¼ p

kB

1

3
ðnþ 3Þ

X
j

ωn
j

3pN

2
4

3
5
1=n

ð6Þ

where n is the Debye temperature moment, 3pN the number
of vibrational degrees of freedom, and ωj the vibrational
frequency of mode j.24 The Debye temperature of n = 2
(discussed inmore detail in the next Section) is thenused to fit
the scaling parameter. Phonon calculations at only the
ground state volume are much less computationally expen-
sive than quasi-harmonic phonon calculations, which are
carried out at multiple volumes, and can be readily applied to
complex systems, such as Sr6Co5O15. The effect of s on the
thermochemical properties will be examined.
The spinel Co3O4 is used to test this method for predicting

the thermochemical properties of a transition metal oxide
since experimental data is available for comparison. Several
cases are tested using this approach to estimate potential
sources of error. The influence of the magnetic state on the
thermochemical properties are investigated by calculating the
properties of both the antiferromagnetic (AFM) 0 K ground
state25 and the metastable nonmagnetic (NM) state of
Co3O4. The effect of charge localization is often cited as an
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important consideration when investigating the properties of
transitionmetal oxideswith density functional theory.26 Such
effects are typically taken into consideration by incorporat-
ing the so-calledGGAþUapproach,27where an intra-atomic
interaction energy, U, is added on site of the given ion.
However, this approach adds the free parameter U to the
calculation. The GGAþU approach was shown to be neces-
sary in reproducing the experimental oxidation energies of
transitionmetal unary oxides, such asCo3O4.

26 In that study,
the values of the parameter U were determined by fitting to
the experimental oxidation energies. These values were later
applied to several transition metal lanthanide perovskites,
where the use of the GGAþU approach brought the calcu-
lated enthalpies of formation of the perovskites, including
LaCoO3, closer to experiments.28 The effect of using the
GGAþU approach on predicting the finite-temperature
thermochemical properties with theDebye-Gr€uneisenmod-
el is determined in this work by comparing results with and
without GGAþU, using the fitted U value for Co.26 Lastly,
the importance of using harmonic phonon calculations to
determine the scaling parameter in the Debye-Gr€uneisen
model is examined by comparing the results from the para-
meter 0.617with those from the phonon-predicted parameter
and from scaling parameters fitted to the experimentalDebye
temperature of Co3O4.
Spin-polarized density functional theory calculations are

performed with the Vienna Ab Initio Simulation Package
(VASP).29 The pseudopotentials supplied with VASP are
used with the projected augmented wave method30 and the
generalized gradient approximation31 of Perdew, Burke, and
Ernzerhof.32 GGAþU calculations employ Dudarev’s
approach,27 which requires as input the difference of the on
site Coulomb interaction energy,U, and a separate exchange
interaction energy, J. The previously determined U-J value
of 3.326 is used for Co. Calculations for the 0K ground states
of Co3O4 and Sr6Co5O15 are carried out by relaxing all
degrees of freedom, with the total energies and volumes
converged to within less than 1 meV and 0.1 Å3 per atom,
respectively. An 8 � 8 � 8 k-point matrix with a Mon-
khorst-Pack scheme is used for calculations of the ground
state and EOS for the 14 atom primitive cell of Co3O4, and a
6� 6� 6Monkhorst-Pack scheme for the 26 atomprimitive
cell of Sr6Co5O15. The energy versus volume curve is deter-
mined by fixed volume calculations, upon which the four
parameter Birch-Murganaugh EOS33 in its linear form18

was fit, given below:

EðVÞ ¼ aþ bV-2=3 þ cV-4=3 þ dV-2 ð7Þ
For cases where the magnetic moments of the system go to
zero with decreasing volume, only those volumes that retain

the magnetic moment are included in the EOS fit.34 The
ranges of volumes used in the fittings are shown in Table 1
and Table 2.
Phonon calculations by the supercell approach are per-

formed with VASP and ATAT code35,36 on the ground state
volumes of Co3O4 and Sr6Co5O15. A supercell of 56 atoms is
used for the phonon calculations of Co3O4 with a 4 � 4 � 4
Monkhorst-Pack k-point matrix. Similarly, the 26 atom
primitive cell is used for phonon calculations of Sr6Co5O15

with a 6 � 6 � 6 Monkhorst-Pack k-point matrix. The
phonon-derived Debye temperature is then used to fit the
scaling parameter s of the Debye-Gr€uneisen model, from
which the heat capacity and the entropy as functions of
temperature are predicted. To further probe the accuracy of
the harmonic phonon calculation, a quasi-harmonic phonon
calculation of Co3O4 is performed with three additional
volumes, one below and two above the ground state volume.
The AFM state without GGAþU is used to ensure the
mechanical stability of the structure, an issue discussed in
detail in a later section.
The enthalpy of formation of Sr6Co5O15 is calculated to

provide the proper reference states for the Gibbs energy
function and make it consistent with established databases.
The reference states are taken to be the component oxides
SrO, SrO2, and Co3O4 by the following reaction:

Sr6Co5O15 ¼ 11

3
SrOþ 7

3
SrO2 þ 5

3
Co3O4 ð8Þ

The enthalpy of formation of Sr6Co5O15 is given by:

Δf HSr6Co5O15
¼ ESr6Co5O15

-
11

3
ESrO -

7

3
ESrO2

-
5

3
ECo3O4

ð9Þ
where the E terms are the total energies of the structures,
determined from first-principles, per mole of formula unit.
The energy of the AFM state of Co3O4 is used.
For use in CALPHAD thermodynamic modeling, the

following function is used to describe the Gibbs energy of
Sr6Co5O15, in per mole of formula unit:4

GSr6Co5O15
¼ AþBT þCT ln T þDT2 þET - 1 ð10Þ

where A, B, C, D, and E are fitting parameters. The thermo-
chemical properties derived from the Debye-Gr€uneisen
model are used to determine these parameters for Sr6Co5O15.
The heat capacity derived from theDebye-Gr€uneisenmodel
is used to fitC,D, andE, and the entropy is used to fitB. Lastly,
the enthalpy of formation is used to fit A. The Gibbs energy
functions for the reference states are taken from the
CALPHAD modeling of the Sr-O37 and Co-O38 systems.
The parameter fitting is performedwith the Parrot module of
ThermoCalc.39
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Results and Discussion - Co3O4

Co3O4 has the spinel structure (Fd3m) in which Co resides
on two distinct Wyckoff sites: diamagnetic Co3þ ions on octa-
hedral 16d sites and Co2þ ions on tetrahedral 8a sites with
AFMordering of the spinmoments.19,25 TheCo2þ ions exhibit
a N�eel transformation from AFM ordering to paramagnetic
disorder at 30 K. The Co3þ ions exhibit a broad low-spin to
high-spin transition beginning at around 1000Kwhich is attri-
buted to a spinel-type disordering of the Co ions.22

Zero-Kelvin Properties. Four cases of Co3O4 are exam-
ined with first-principles: AFM and NM with and without
the use of the GGAþU correction. Results of the calcula-
tions are summarized in Table 1. The AFM 0 K magnetic
ground state for Co3O4 is correctly predicted by the first-
principles calculations after relaxing the structure with and
without GGAþU, where the 16d sites contain no magnetic
moment and the 8a sites are AFM ordered. The stability of
AFM over the NM state increases by nearly a factor of 4
with the use of GGAþU, consistent with previous work
where the oxidation energy of CoO to Co3O4 was found to
be stronglydependent on the value ofU.26Themagnitude of
the AFMmoments on the 8a sites are underestimated with
respect to experiment25 but made only slightly closer with
GGAþU. Table 1 also summarizes the predicted lattice
parameters, where both AFM calculations overestimate the
300 K experimental lattice parameter19 and both NM cases
underestimate it.
Energy versus volume curves were calculated for all four

Co3O4 test cases, shown in Figure 1. The Co3O4 AFM

magnetic moments disappeared with decreasing volume.
The use of GGAþU stabilized the magnetic moment to
lower volumes, 4.59 Å3/atom compared to 6.03 Å3/atom
without GGAþU. The parameters of the fitted equations
of state are summarized in Table 1. The use of GGAþU
results in predictions of a lower bulkmodulus, and theNM
state is predicted to have higher values than theAFMstate.

Finite-Temperature Properties. Harmonic phonon cal-
culations were performed on supercells of Co3O4 to predict
the Debye temperature, shown in Table 1. Differences in the

Table 1. Predicted Properties of AFM and NM Co3O4 with and without the GGAþU Correctiona

AFM AFMþU NM NMþU Exp.

E - EAFM(þU) [meV/atom] 0 0 96 380
8a magnetic moment 2.31 2.66 0 0 3.2625

a [Å] (% error) 8.106 (0.27) 8.152 (0.84) 8.048 (-0.45) 8.041 (-0.53) 8.08419

EOS V range [fraction of V0] 0.68-1.72 0.51-1.33 0.34-1.33 0.51-1.33
B0 [GPa] 204.5 198.5 241.0 213.2
B0

0 4.692 4.196 4.242 4.358
θD [K] 784 759 719 unstable 52525

scaling parameter s 0.956 0.936 0.811 unstable 0.640

aThe 8a Comagnetic moment corresponds to the magnitude of the moment found on the AFMordered sites at the ground state volume. The 16a Co
sites have no magnetic moment. The listed energy differences are between AFM and NM with the same U value.

Table 2. Predicted Properties by First-Principles Calculations for the Four Converged States of Sr6Co5O15: FMwith and without GGAþU, TwoAFMStates, andNMwith
and without GGAþUa

FM FMþU NM NMþU AFM1þU AFM2þU Exp.

3b 0.835 1.531 0 0 0.002 1.588
6c1 1 0.451 0.528 0 0 0.876 -0.526
6c1 2 0.451 0.528 0 0 -0.876 -0.526
6c2 1 0.417 0.032 0 0 0.197 -0.014
6c2 2 0.417 0.032 0 0 -0.196 -0.014

net moment 3 3 0 0 0 1
a [Å] (% error) 9.6096 (1.12) 9.5956 (0.96) 9.5938 (0.95) 9.5782 (0.79) 9.6265 (1.29) 9.5982 (1.00) 9.50357

c [Å] (% error) 12.4579 (0.49) 12.4164 (0.16) 12.5270 (1.05) 12.5382 (1.14) 12.3850 (-0.09) 12.4189 (0.18) 12.39667

E - EFM(þU) [meV/atom] 0 0 13 24 19 0.05

EOS V range [fraction of V0] 0.84-1.34 0.78-1.26 0.73-1.33 0.73-1.26
B0 [GPa] 112.7 103.0 98.9 102.8
B0

0 5.050 4.901 4.701 4.231
θD [K] 669 unstable 672 662
scaling parameter s 1.142 1.191 1.219 1.178
ΔHf (oxides) [meV/atom] -194.09 -79.257 -181.58 -55.487
([kJ/mol-form]) (-486.88) (-198.82) (-455.50) (-139.193)

aThe scaling parameter for FM with the GGAþU correction was fitted to the Debye temperature of the FM calculation.

Figure 1. Energy versus volume for AFM and NM Co3O4 with and
without U, where points are first-principles calculations and lines are the
fitted equations of state.
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Debye temperature between the four test cases range across
60K,with theNMcasewithoutUbeing the lowest at 719K.
The NM case with the GGAþU correction resulted in
imaginary phonon modes, so no prediction of the Debye
temperature is possible. TheDebye temperature from quasi-
harmonic phonon calculation varies with temperature, be-
tween 725 and 750 K above room temperature. The tem-
perature dependence of the Debye temperature has been
predicted to be strong for other spinels.40 Indeed, from the
current quasi-harmonic phonon calculation, theDebye tem-
perature reaches as low as 575 K at 40 K. All the predicted
values are larger than the experimentalDebye temperatureof
525 K,25 derived from neutron scattering measurements of
the temperature factor at room temperature.
The above results suggest that the difference between

the calculated and measured Debye temperature is that
Co3O4 does not behave as an ideal Debye solid. The
experimental value is derived from the temperature fac-
tor, whereas a Debye temperature from fitting the Debye
function to calorimetric data will be different if the
material is not a proper Debye solid. A test for whether
this is the case is to compare the Debye temperatures
derived with the -2 andþ2 moments from the harmonic
phonon calculation in eq 6. A moment of-2 is related to
measurement of the low frequency acoustic vibrational
modes whereas þ2 is related to the Debye temperature
derived from the heat capacity and the high temperature
limit from the high frequency modes.24 For an ideal
Debye solid, these two temperatures would be the same.
From the harmonic phonon calculation of Co3O4 AFM
without GGAþU, the -2 and þ2 moments result in
Debye temperatures of 540 K and 784 K, respectively.
Therefore, the difference between the experiment and
calculation is most probably due to Co3O4 not behaving
as an idealDebye solid. Since the thermochemical proper-
ties of Co3O4 are the focus of the current work, the Debye
temperature from the þ2 moment, 784 K, is preferred
and, when employed in the Debye-Gr€uneisen model,
produces the best agreement with experimental heat
capacity data, as shown later.
TheDebye temperatures fromphonon calculations and

the EOS parameters from the energy versus volume
curves are used in the Debye-Gr€uneisen model. The
scaling parameters are fitted to the Debye temperatures,
given in Table 1. The scaling parameters for the AFM
cases with and without GGAþU are similar to one
another, differing by only 0.02 (2%). The calculation of
NM without GGAþU resulted in a scaling parameter
of 0.811, showing that the magnetic state of the system
can have a large effect on the prediction of the Debye-
Gr€uneisen scaling parameter. These parameters are used
to predict the heat capacity for Co3O4, shown in Figure 2.
The low-temperature N�eel transition and the high-tem-
perature spin transition cannot be predicted by theDebye-
Gr€uneisen model. However, the error in ignoring such
transitions can be estimated from the excess entropy
of the transition and has been found to be about 1 J/K/
mol-atom for the N�eel transformation at 30 K.20 The
peak in the heat capacity due to the high-temperature spin
transition is broader and higher, so the associated excess

entropy is larger, about 6 J/K/mol-atom.22 However, the
error in ignoring this transition would only impact the
thermodynamic modeling above the transition tempera-
ture, at 1000 K for Co3O4.

22

Another commonly used approximation for the heat
capacity of compounds, the Neumann-Kopp rule, as-
sumes that the heat capacity of a compound is the
weighted sum of the heat capacity of the constituent
elements. The heat capacity for this approximation is
calculated using heat capacity functions from the SGTE
PUREdatabase41 and is shown inFigure 2. TheNeumann-
Kopp rule underestimates the experimental data since the
heat capacity of oxygen, a gas, is much lower than that
for cobalt, a solid. Another approximation would be
to use the 0.617 scaling parameter,17 also shown in
Figure 2. This value of the scaling parameter is similar to
the value obtained from the experimental Debye tem-
perature at 525 K,25 which results in 0.640. At low
temperatures, the use of a scaling parameter of 0.617
greatly overestimates the heat capacity. The predictions

Figure 2. (a) Heat capacity for Co3O4 as predicted by the Debye-
Gr€uneisen model and quasi-harmonic (QH) phonon calculations with
available experimental data19-22 and (b) closeup at low temperatures,
plotted with the heat capacity of the AFM state predicted with the
Debye-Gr€uneisen model using the Debye temperature from harmonic
phonon calculations taken as the reference.Numbers in the legend refer to
the employed scaling parameter. The scaling parameter for AFM 0.617 is
fitted for pure transition metals17 and is similar to that fitted to the
experimental Debye temperature.25 The heat capacity predicted by the
Neumann-Kopp rule is shown for comparison.

(40) Fang, C. M.; Loong, C. K.; de Wijs, G. A.; de With, G. Phys. Rev. B
2002, 66, 144301.

(41) Dinsdale, A. T. CALPHAD: Comput. Coupling Phase Diagrams
Thermochem. 1991, 15, 317.
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using the scaling parameters from first-principles vary
slightly whether or not GGAþU is used and themagnetic
state considered, as all show reasonable agreement with
experiments. Closest agreement is found for the calcula-
tions from the AFM state with and without GGAþU. At
high temperatures, all the Debye-Gr€uneisen predictions
converge to similar values regardless of magnetic state,
GGAþU, and scaling parameter. The quasi-harmonic
phonon calculation also shows good agreement to the
prediction from the Debye-Gr€uneisen model for AFM
with and without GGAþU, suggesting that the Debye-
Gr€uneisen model, coupled with the calculated Debye
temperature, is capturing the necessary information of
the oxide’s phonon spectrum to reproduce the phase’s
thermochemical behavior.
Figure 3 shows the predicted entropy for Co3O4 with the

CALPHAD data,38 which is derived from experimental
measurements of the heat capacity. Good agreement is
observed with the quasi-harmonic phonon calculation and
all of the Debye-Gr€uneisen predictions except with the
scaling parameter of 0.617 and the NM data without
GGAþU. The change in the CALPHAD data at 1000 K is
due to the spin transition, which, again, cannot be repro-
duced by the Debye-Gr€uneisen model. The errors for the
rest of the data in the entropy appear to be on the order of
1-2 J for the predictions from the first-principles derived
scaling parameters.
The use of harmonic phonon calculations to predict the

Debye temperature is a necessary step for predicting the heat
capacity in the Debye-Gr€uneisen model. Using 0.617 for
the scalingparameter corresponds toaDebye temperatureof
512K, close to the experimental value of 525K, but results in
a heat capacity with large disagreement with experiment.
Although the harmonic phonon predicted Debye tempera-
turewith theþ2moment does not agree with experiment, its
use in the Debye-Gr€uneisen model gives the best agree-
ment with experimental heat capacity measurements. In

comparison to the experimental heat capacity and entropy,
the AFM case (the 0 K ground state of the compound)
appears to show the best overall agreement.The influence on
the predicted temperature-dependent thermochemical prop-
erties withGGAþUappears to be small, suggesting that the
use ofGGAþU is not necessarywith theDebye-Gr€uneisen
model and the optimummagnetic structure to employ is the
0 K magnetic ground state.
From the entropy predictions in Figure 3, the error in

the entropy associated with using the Debye-Gr€uneisen
model and the Debye temperature from harmonic phonon
calculations is estimated to be on the order of 1 J/mol-
atom/K,which translates to 1kJ/mol-atom in the vibrational
contribution to the Gibbs energy at 1000 K, primarily be-
cause of neglecting the N�eel transformation. Such errors are
the same order of magnitude typical for uncertainty in
experimental thermochemical data, demonstrating that this
approach is capable of predicting the properties of transition
metal oxides with accuracy sufficient for CALPHAD ther-
modynamic modeling. The error in the entropy for Co3O4

becomes higher at higher temperatures, on the order of 10 J/
mol-atom/K, because of the spinel disordering spin transi-
tion, which is not typically found in transition metal oxides.
Typically, the largest source of error in the calculation of a
phase’sGibbs energy function is fromerror in the enthalpyof
formation.However, this error is assumed tobenegligible for
Co3O4 since theU-Jvalue employed in thecurrentworkwas
fitted to the experimental oxidation energy of CoO toCo3O4

and was shown to provide an accurate prediction of the
enthalpy of formation of Co3O4.

26 Another consideration is
the use of eq 5 to approximate γ. For theAFMstate without
GGAþU, B0

0 in Table 1 is 4.692, which results in γ = 2.2
from eq 5 for x=2/3. The quasi-harmonic calculation
employs the thermodynamic γ, defined by

γðV,TÞ ¼ VðTÞ BðV ,TÞ βðV,TÞ
CVðV,TÞ ð11Þ

where β is the thermal expansion coefficient and CV the
constant volume heat capacity.42 With this formulation, γ is
about 1.3.When these two values ofγ are used as input in the
Debye-Gr€uneisenmodel, the quasi-harmonic phononvalue
results in a room temperature entropy about 0.5 J/mol-atom/
K lower than the approximation from eq 5.

Results and Discussion - Sr6Co5O15

Sr6Co5O15 has a trigonal structure (R32) with three distinct
Wyckoff sites for Co: 3b, 6c, and 6c.7 Experimental obser-
vations of the magnetization suggest AFM ordering of the Co
ions, with a N�eel transformation of 25 K.11 There has been no
report of a high temperature spin transition such as that found
in Co3O4.

Zero-Kelvin Properties. Similar to the calculations for
Co3O4, the GGAþU correction is employed in the calcula-
tions for Sr6Co5O15 to ensure that the enthalpy of formation
is accurately predicted. Calculations without the GGAþU
correction are performed as well to avoid issues with me-
chanical instability as found in theNM case of Co3O4, to be
discussed in more detail in the next section.
The specific local ordering of themoments for Sr6Co5O15

has not been measured experimentally. Therefore, several

Figure 3. Entropies of Co3O4 predicted using the Debye-Gr€uneisen
model and quasi-harmonic (QH) phonon calculations with the CAL-
PHAD modeled entropy38 included for comparison, plotted with the
entropy of the AFM state predicted with the Debye-Gr€uneisen model
using the Debye temperature from harmonic phonon calculations taken
as the reference. Numbers in the legend refer to the employed scaling
parameter. The scaling parameter for AFM 0.617 is fitted for pure
transition metals17 and is similar to that fitted to the experimental Debye
temperature.25.

(42) Wang, Y.; Li, L. Phys. Rev. B 2000, 62, 196.
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initial spin configurations were tested to determine the
possible 0 K magnetic ground state. A ferromagnetic
(FM) state, two AFM states, and the NM state converged
successfully. Their magnetic configurations and energy
differences with respect to FM are shown in Table 2. The
predicted lattice parameters are also given in Table 2, with
all four converged states overestimating the room tempera-
ture experimental parameters7 by about 1%. The predicted
ground state is the FM state in which the 3b site has a
moment that is approximately twice that on the 6c sites,
growing to a 3:1 ratio with GGAþU. Although an FM
ground state is predicted, an AFM state is observed experi-
mentally at low temperatures, based on magnetic suscepti-
bility measurements.11 This discrepancy may be attributed
to an AFM state that is more energetically stable but was
not found in the current work, potentially exhibiting order-
ing on a scale larger than the primitive cell. Furthermore,
when GGAþU is employed, the AFM2 state (identical to
the FM state except that 6c and 3b spin moments are in
opposite directions) becomes indistinguishable in energy
with FM, suggesting that the spin orientation between the
two Wyckoff sites can readily change. This may be respon-
sible for the observed 25 KN�eel transformation.11 Another
possible contribution to the differences in the crystallo-
graphic andmagnetic properties between the first-principles
and experimental results is potential oxygen nonstoichio-
metry in the experimental studies.9 The FM state is used in
the next steps as it is the most stable magnetic structure. To
investigate the largest possible error in using an incorrect
magnetic ground state, the finite-temperature properties of
NM Sr6Co5O15 are also calculated.
EOSs were fit to the calculated energy versus volume

for FM andNMSr6Co5O15, shown in Figure 4. The EOS
parameters are given in Table 2. The bulkmodulus and its
first derivative with respect to pressure are similar among
the four calculations. The enthalpies of formation of
Sr6Co5O15 from the oxides, defined by eq 9, for both
the FM and NM states are also given in Table 2, with
differences of 1.2 and 2.3 kJ/mol-atom with and without
GGAþU, respectively. Since the values are negative,
Sr6Co5O15 is a stable compound relative to these oxides
at 0 K. Although there is no experimental data to
compare, the result is consistent with the observation that
Sr6Co5O15 is stable at low temperatures in equilibrium

with Co3O4.
7 When GGAþU is used, the enthalpy of

formation for Sr6Co5O15 becomes less negative by more
than half. Similar behavior was observed when using
GGAþU for the oxidation energy of Co3O4

26 and the
enthalpy of formation of LaCoO3.

28 In these cases, the less
stable values were closer to experiment than the predicted
value without GGAþU. Indeed, the U-J value employed
in this work had been determined by fitting to the Co3O4

oxidation energy.26

Finite-Temperature Properties. Harmonic phonon cal-
culations were performed on Sr6Co5O15, and the predicted
Debye temperatures are shown in Table 2, where the differ-
ence betweenFMandNMis 3K,without theGGAþUcor-
rection. This difference is smaller than that found in Co3O4,
possibly sinceCo3O4 ismore stronglymagnetic than Sr6Co5-
O15, as evidenced in the predicted magnetic moments of the
Co ions.Likewise, thedifference in the scalingparameters for
FM and NM Sr6Co5O15, also given in Table 2, are smaller
than that in Co3O4.
Phonon calculations employing GGAþU for FM Sr6-

Co5O15 resulted in imaginary phonon modes. As a result,
no Debye temperature predictions were possible for the
FMþU case. However, the results of using GGAþU for
AFMCo3O4 suggest that the effect of U on the predicted
Debye temperature is minimal. This is the case for NM
Sr6Co5O15, where the difference in the Debye tempera-
ture with and without GGAþU is only 10 K. Therefore,
the FM Debye temperature with GGAþU will be as-
sumed to be the same as that for FM without GGAþU.
This Debye temperature with the EOS parameters from
the FMGGAþU calculation will be used to evaluate the
scaling parameter in the Debye-Gr€uneisen model. The
predicted entropies and heat capacities for FM and NM
withGGAþUare tabulated inTable 3 up to 1300K, since
Sr6Co5O15 decomposes by around 1200 K.5,6 The para-
meters of the Gibbs energy function for Sr6Co5O15 from
eq 10 were fitted to these results and the 0 K enthalpy of
formation. They are given in Table 4.
The error in the Gibbs energy function of Sr6Co5O15

can be estimated by examining the assumptions made in
the first-principles calculations. The first is that the
magnetic ground state is FM instead of AFM. The energy
difference between an AFM ground state and the FM
state is not expected to be much larger than the difference

Figure 4. Energy versus volume for the FMþU and NMþU states of
Sr6Co5O15withpoints fromfirst-principles calculations and lines fromthe
fitted equations of state.

Table 3. Heat Capacity and Entropy of FM and NM Sr6Co5O15 with the
GGAþU Correction As Predicted by the Debye-Gr€uneisen Model, Per Mole of
Atoms

FMþU NMþU

T Cp S Cp S

[K] [J/mol/K] [J/mol/K] [J/mol/K] [J/mol/K]

100 5.920 2.221 5.856 2.215
200 16.032 9.757 15.918 9.699
300 21.053 17.348 20.754 17.206
400 23.591 23.791 23.112 23.536
500 25.153 29.238 24.493 28.856
600 26.286 33.932 25.439 33.411
700 27.216 38.059 26.168 37.391
800 28.047 41.752 26.783 40.929
900 28.833 45.105 27.335 44.118
1000 29.605 48.188 27.852 47.027
1100 30.383 51.050 28.351 49.708
1200 31.180 53.733 28.842 52.198
1300 32.007 56.266 29.332 54.529
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between FM and NM. By comparing the Gibbs energy
functions of the FM and NM states, an estimate for the
size of the error can bemade. This comparison is shown in
Figure 5 and the difference is around 2-3 kJ/mol-atom,
approximately constant with respect to temperature. This
difference is mostly due to the difference in the enthalpies
of formation for FMandNMSr6Co5O15. However, since
the use ofGGAþUstabilizes AFM states to very near the
ground state, the contribution to this error because of an
incorrect magnetic ground state is expected to be much
less than the energy difference between the FM and NM
states. The mechanical instability of FM with GGAþU,
and the subsequent use of the NM with GGAþU Debye
temperature, may also contribute error. Error in the
thermodynamic stability of a structure with mechanical
instability has been reported for pure metals.43,44 In pure
Ti, this error in the 0 K stability was estimated to be 8 kJ/
mol-atom.43 Since NM Sr6Co5O15 with GGAþU is pre-
dicted to be mechanically stable, the Gibbs energy differ-
ence between NM and FM states with GGAþU, 2-3 kJ/
mol-atom, discussed earlier as an estimate of the error in
predicting the incorrectmagnetic structure, also includes an
estimate of the error due to the mechanical stability.
Another source of error is the magnetic N�eel transforma-
tion at 25K. The entropic contribution from this transition
is not known experimentally, but can be estimated from the

similar transition in Co3O4 at 30 K, which contributes 1 J/
mol-atom/K to the entropy.

Summary

A method for determining the Gibbs energy functions
for transition metal oxides entirely from first-principles cal-
culations is proposed. The method employs the Debye-
Gr€uneisen model to predict the finite-temperature thermo-
chemical properties, based on the EOS from the energy
versus volume curve and the Debye temperature predicted
by harmonic phonon calculations. Using Co3O4 as a test case
it is determined that disagreement with experimental data for
the heat capacity and entropy is on the order of 1-2 J/K/mol-
atom, partly because of ignoring the low-temperature N�eel
transformation. It is also found that the magnetic state of
Co3O4 and whether the GGAþU approach is used have
small effect on the predicted thermochemical properties. The
property with the largest effect on the predicted finite-
temperature thermochemical properties is the scaling para-
meter of the Debye-Gr€uneisen model, which is predicted by
harmonic phonon calculations in the current approach. The
Gibbs energy function for Sr6Co5O15 is then determined. An
FM magnetic structure is predicted to be the 0 K ground
state, although an AFM state is nearly more stable when
GGAþU is employed.
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Table 4. Parameters of the Gibbs Energy Function for Sr6Co5O15 (eq 10), Fitted
to the Thermochemical Properties Predicted by the Debye-Gr€uneisen Model in
Tables 2 and 3,a

parameter FMþU NMþU

A -5599628 -5546006
B 3693.645 3823.055
C -602.231 -623.244
D -0.08953 -0.05591
E 4863524 5287058

aUnit for the Gibbs energy function is J/mol-form.

Figure 5. Gibbs energy of formation of Sr6Co5O15 for the FMþU and
NMþU states with respect to Co3O4, SrO, and SrO2 from CALPHAD
modeling.
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