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The heat capacity of SrFeO;_g; 0 = 0.50, 0.25 and 0.15 has been determined for 10 < T/K < =~ 800 K by adiabatic
calorimetry. The total heat capacity has been analysed and the entropy of the magnetic and structural order—disorder
transitions derived. The excess heat capacity of SrFeO, s, relative to the mixture of the binary constituent oxides is
large even far below T = 685 K due both to vibrational and magnetic effects. Lattice energy simulations show that
the maximum in the excess heat capacity observed at around 60 K is due to a change in the vibrational density of
state with origin in changes in the shortest Sr—O bond length on formation of the ternary oxide from the binary ones.
While the entropy of the magnetic order—disorder transitions appear to be close to the ideal spin-only values, the
entropy of the structural order—disorder transitions are much smaller than expected assuming random distribution
of the relevant species on the different sub-lattices. A statistical analysis of the effect of enthalpically preferred
structural entities (square pyramids or tetrahedra) on the configurational entropy is presented. A significantly
reduced configurational entropy in qualitative agreement with the experiments is obtained.

Introduction

The energetics of grossly disordered phases is not easily
mapped and in particular are energetic contributions of con-
figurational origin difficult to assess. While random distri-
bution-type approximations seem to be appropriate in systems
with weakly interacting defects, defects that interact strongly
with normal lattice sites and with other defects give a significant
degree of short-range order that is often difficult to treat mathe-
matically. When for example a perovskite-type oxide, ABO;_,
is reduced some of the oxygen atoms are left vacant. A com-
pletely random distribution of these vacancies at the oxygen
sub-lattice would imply that there is some probability that a
B-atom is surrounded by six vacancies. This is extremely
unlikely and also energetically unfavorable. This argument is
substantiated by the fact that reduced perovskite-type oxides
often form ordered structures at low temperatures. In these, the
transition metal is coordinated to 6 (octahedral coordination),
5 (square pyramidal coordination) or 4 (tetrahedrally or square
planar coordination) oxygen atoms. These structural entities
are distributed in a regular way at low temperatures. Fig. 1
shows the ordered arrangement of 50% octahedra and 50%
square planar structural entities in La,Ni,Os,'? of 50% octa-
hedra and 50% tetrahedra in Ca,Fe,O5** and of 100% square
pyramids in Sr,Mn,0s.° Often only one type of structural entity
with coordination number < 6 is observed in a reduced perov-
skite at low temperatures. Hence, there must be an energetic
preference for the observed polyhedrons for a given transition
metal in a particular compound. The size of this enthalpic term
is not known. In some oxides a mixture of polyhedrons is
observed, hence, indicating that the enthalpy difference is not
too large. In Lag_ Sr,Cug0,, CuO4 octahedra, CuOs square
pyramids and CuO, square planar entities are observed.® On
heating changes in the structures must be expected and phase
transitions to disordered modifications are often observed.

T Electronic supplementary information (ESI) available: the experi-
mental molar heat capacities of SrFeO, 54, SrFeO, 5,5 and SrFeO, g4;; at
sub-ambient temperatures and the corresponding data for SrFeO, s,
SrFeO, 44, StFe0,4,, SrFe0, 43, and SrFeO, 45 at super-ambient temper-
atures. See http://www.rsc.org/suppdata/dt/b2/b209236k/

This journal is © The Royal Society of Chemistry 2003

The effect of structural entities on the energetics of grossly
non-stoichiometric oxides is approached through a study of
SrFeO,_; (0 <6 < 0.5). SrFeO,_; is grossly non-stoichiometric
at high temperatures. Three reduced, vacancy-ordered low-
symmetry phases are formed on cooling.” These phases will
here be represented by the ideal stoichiometric ratios SrFeO, g;5
(or SrgFeg0,;), SrFeO,,s (or Sr,Fe,O;;), and SrFeO,s, (or
Sr,Fe,Os). Experimental heat capacities for samples with com-
positions close to the ideal stoichiometries are reported and the
energetics of magnetic and structural order—disorder transi-
tions analysed. Special attention is given to the less than ideal
configurational entropy of the structural transitions. This
excess entropy has origin in enthalpically favoured structural
entities present also in the disordered materials at high temper-
atures. The thermodynamic properties of SrFeO;_; and an
analysis of the entropic contribution to the redox energetics
have been published earlier.®

The phase relations in the SrFeO,_; system at low temper-
atures are complex and not well established. SrFeO, s,
SrFeO, 4,5 and SrFeO; all appear to have homogeneity ranges
but the compositional limits can only be vaguely indicated
based on literature. Oxygen-rich cubic SrFeO,_; seems at
room temperature to be stable for 2.92 < (3—9) < 3.0.° For
the phase with ideal composition SrFeO,g4,s, single-phase
materials with a similar structure are reported between
SrFe0,4,;'® and SrFe0,45.!! A single phase with an ortho-
rhombic superstructure of the basic cubic unit cell has been
reported for the composition range from SrFeQ,¢’ to
SrFe0, ;5."* However, in the course of the present study, small
amounts of SrFeQ, s, are observed in a sample with the nom-
inal composition SrFeO,,,s. Hence, the compositional range
of the orthorhombic phase seems to be much narrower than
earlier proposed. As discussed by Haavik.”> The ordered
low-temperature modification of SrFeQ, s,, Sr,Fe,Os, is close to
stoichiometric.”"

SrFeO; crystallizes in the cubic perovskite structure with all
Fe(1v) octahedrally coordinated by oxygen atoms.!" The stoi-
chiometric compound is antiferromagnetically ordered below
Ty = 130 K. SrFe0, 5, is structurally ordered below 1120 K
and takes the brownmillerite structure with half of the Fe(tm)
at octahedrally coordinated sites and half at tetrahedrally
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Fig. 1 Ordered arrangements of the transition metal polyhedra in (a) La,Ni,Os (50% octahedral and 50% square planer entities),"* (b) Ca,Fe,Os
(50% octahedral and 50% tetrahedra)** and (c) Sr,Mn,Os (square pyramids only).’

coordinated sites.”'"!* SrFeO, s, is an antiferromagnet with
Néel temperature reported as 673 * or 715 K.

The phase given by the ideal composition SrFeO,,s is
reported to be structurally ordered below 670 and 598 K for
SrFe0, ;5" and SrFeO,,;,” respectively. The low-temperature
crystal structure contains two crystallographically distinct
Fe-sites: one square-pyramidal, the other octahedral.'! The dis-
tribution of iron-species at the two crystallographic sites is not
fully understood. Antiferromagnetic order is observed below
230 K for SrFeO,..'"* However, only the Fe(i) ions are
reported to be magnetically ordered. The Fe(1v) magnetic spins
are either in a paramagnetic or in a spin-glass state.!!

Three distinct Fe-sites in a 1 : 2 : 1 abundance are suggested
for the phase with ideal composition SrFeO,g,s.!' One site is
square-pyramidal (abundance 1) the others are octahedral.
SrFeO, 4 and SrFeO,g; transform to the disordered high-
temperature perovskite-structure at 523 7 and 570 K.' Various
Neéel temperatures are observed; 80 K has been reported for
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SrFe0,4,,"* 50 K for SrFeO,4."7 Additionally, MacChesney
et al. report several anomalous features in the magnetic proper-
ties of SrFeO,g,.'* First of all, the magnetic susceptibility does
not obey the Curie—Weiss law at 7' < T < 200 K. Second,
abrupt changes in the magnetization curve were observed both
at 50 and at 63 K. Finally, when SrFeO,,, was cooled in a
magnetic field, a remnant magnetization was observed. These
features were ascribed to short-range ordering of vacancies on
the oxygen sub-lattice.'*

Methodology

Experiments

Sample preparation and characterisation has been reported in
detail earlier.® Detailed descriptions of the stepwise heated low
and high-temperature calorimeters have also been reported. For
the low-temperature calorimeter,'® temperatures were measured



Table 1 Interatomic potentials parameters for StFeO, 5. The cut-off
distance used for the Buckingham potentials is 14 A

Short-range potential

representation
Interaction AleV pIA
Fe(m) -+ O*~ 3358.400 0.2650
Se?t ... O 3219.9547 0.3067
o* --- O 249.3764 0.3621
Shell model parameters
Species Yle klev A?
Fe(t) 1 200
St 1 30
o* =25 27

with a platinum resistance thermometer calibrated at the
National Physical Laboratory, Teddington, UK, on the basis of
ITS-90. The reproducibility of the heat capacity determinations
is approximately £0.05% for 100 < (7'/K) < 300 and decreases
with decreasing temperature to = £0.20% at 13 K. Sample
masses of about 20 g were used in the experiments.

For the high-temperature calorimeter '?° samples of masses
of 36-59 g were contained in evacuated and sealed vitreous
silica containers during measurement. The temperature was
measured with an ASL F-18 resistance bridge using locally con-
structed 25 Q platinum resistance thermometers. Temperature
calibration is performed according to the recommendation of
ITS-90 to 933.473 K. The accuracy in temperature determin-
ation is considered to be within £ 0.02 K to 903 K, and within
+ 0.10 K above 903 K.** The accuracy and precision of
the heat capacity determinations are approximately * 0.2%.%
In the present case relatively low sample masses were used
in the calorimetric experiments and the accuracy is probably
somewhat lower and estimated to 0.4%.

The enthalpy of the order—disorder transition in SrFeO, g,
was determined by differential thermal analysis (Perkin-Elmer
DTA 7). The sample, typically around 40 mg, was enclosed in
an evacuated and sealed silica tube. An empty evacuated and
sealed silica tube was used as a reference. The sample was
heated at 10 K min~' and the enthalpy of fusion of Zn, Al, Ag
and Au were used for calibration.?!

Simulations

Simulations of the heat capacity difference between SrFeO,,
and the binary constituent oxides, SrO and Y2 Fe,0;, are based
on an ionic model using two-body potentials to represent short-
range forces whereas the Ewald summation is used for the long-
range Coloumbic interactions.”> A conventional Born-model
was used, assigning integral ionic charges, based on accepted
chemical valence rules, to all species (i.e. 2+ to Sr, 3+ to Fe and
2— to O). Cation—oxygen interactions were described by a set
of 2-body inter-ionic Buckingham potentials, of the form:

(p(r)erxp(—Lj

P

where the constants 4 and p are listed in Table 1 and r is the
inter-ionic distance. Account of the oxide ion polarisability was
taken using the shell model of Dick and Overhauser.”® The
shell charge and spring constants used are also given in Table 1.
This set of potentials was developed to reproduce closely the
lattice parameters and average Fe-O bond lengths of the
ordered low-temperature orthorhombic form of SrFeO, s as
shown in Table 2 where we compare experimental and
simulated structural data.

Results and discussion
Heat capacity and transition temperatures

The experimental molar heat capacities of SrFeO, 54, StFeO, ;,5
and SrFeO,4,;; at sub-ambient temperatures and the corre-
sponding data for SrFeO, s, SrFeO,.,, SrFeO,g,, SrFeO, g,
and SrFeQ, 4 at super-ambient temperatures are given as ESI.

SrFeO, 5 is magnetically ordered below T ~ 700 K'*!* and
the broad heat capacity shoulder with maximum at around
685 K reflects the order—disorder transition. SrFeO,,s is
reported to disorder magnetically at T =~ 220 K'¢ and a heat
capacity bump is observed in the same temperature region
for the SrFeO,,,s sample. At 660 K (extrapolated onset) the
high-temperature perovskite-phase is formed in agreement
with earlier reports; 670 K for SrFeO,,s'* and 660 K for
SrFe0, ;,.* The transition temperature reported by Takeda
et al.’ 598 K for SrFeO,;, is significantly lower. Two quite
different Néel temperatures are reported for SrFeO,q,s: 80 K
for SrFe0,4,'* and 50 K for SrFeQ, 4."” MacChesney et al.'*
report additional anomalous features in the magnetic proper-
ties of SrFeO, 4, for 7' < 200 K. The broad heat capacity effect
presently observed from 50 to 120 K for SrFeO,g;; is thus
consistent with MacChesney et al'* The formation of the
high-temperature perovskite phase at around 560 K (extrapo-
lated onset) for samples in the compositional range SrFeO,,
to SrFeO, s is also in agreement with previous reports, 523 7
and 570 K.1°

Energetics of the magnetic order—disorder transitions

The magnetic order—disorder transition in SrFeO, s, takes place
over an extended temperature range, see Fig. 2 and an evalu-
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Binary oxides 1
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Fig. 2 The magnetic order—disorder transition in SrFeQ, s,. The solid

line is the presently determined heat capacity. The dashed and dotted

lines represent the non-magnetic heat capacity of SrFeO, s, represented

by the Debye model and as the sum of heat capacities of the two binary

oxides, respectively.

ation of the excess magnetic heat capacity is difficult. The heat
capacity at constant pressure can be deconvoluted into contri-
butions of vibrational and magnetic origin (the electronic heat
capacity coeflicient y is zero for this semi-conductor). The
vibrational heat capacity is estimated as the sum of a constant
volume heat capacity, Cy and a dilatational contribution, Cy =
a® VTlk, that takes anharmonicity into account. Here ¥ and a
are the molar volume and the isobaric (thermal) expansivity,
respectively,”*?” while x is the isothermal compressibility.?
The heat capacity at constant volume, C,, is in the absence of
more detailed information on the lattice dynamics of the com-
pound expressed by a single Debye function with a constant
Op-value (i.e. fixed volume Cy). @ = 562 K is estimated from
the observed C, in the region 20-200 K after subtraction of the
dilatational contribution. The dashed line in Fig. 2 gives the
estimated non-magnetic heat capacity of SrFeO, s, The mag-
netic entropy above 200 K thus obtained, 4.5 J K™' mol™', is
much lower than the magnetic entropy increment expected for
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Table 2 Calculated and experimental ! unit-cell dimensions and average Fe-O bond lengths for SrFeQ, s, (space group Ibm?2)

SrFeO, 5, Observed Calculated Deviation (%)
alA 5.661 5.740 1.4
bIA 15.598 15.232 -24
A 5.531 5.590 1.1
VIA3 488.39 488.69 0.1
Fe(1) site (octahedral)
Average Fe-O bond length/A 2.041 2.049 0.4
Fe(2) site (tetrahedral)
Average Fe-O bond length/A 1.909 1.874 -1.8

the randomization of the unpaired spins of Fe(1) in the spin-
only approximation R In(2S + 1) = 14.9 J K™! mol™". Since
the entropy of the spin transitions in iron oxides generally
is in good agreement with ideal spin-only values,? the non-
transitional heat capacity used in the approximation above may
be questioned. Generally the heat capacity of a ternary oxide is
well represented by the sum of the heat capacities of the binary
constituent oxides. The heat capacity of SrFeO, 5, may thus be
estimated by using the heat capacities of SrO*® and " a-Fe,0,
(non-magnetic),* see the dotted line in Fig. 2. With this non-
transitional heat capacity the magnetic entropy is 8.2 J K™!
mol ™! for T > 200 K. The excess heat capacity of SrFeO, s,
relative to the mixture of the binary oxides is plotted together
with the analogue excess heat capacities of a-Fe,O; ¥ and
LaFeO, *in Fig. 3.

28 T T T T

24t \;j’ 1

- - N
N (o] o
T
1

A,.C, 1 K" (mole Fe(lll) )
(o]

exc

N

200 400 600 800 1000
T/K

Fig. 3 The excess heat capacity of SrFeO, s, relative to the mixture of
the binary oxides (solid line) compared to the analogue excess heat
capacity of LaFeO;% (dashed line). The dotted line represents the

excess heat capacity of a-Fe,0,.*!

The magnetic entropies of SrFeO, s, obtained using the two
different estimation schemes are quite different and both are
low compared to the theoretical spin-only value. This suggests
significant short-range order above the Néel temperature or
spin disordering below 200 K. The Debye background is,
hence, questionable. Disordering of the spin orientation below
200 K was initially assumed to be negligible. The entropy of
SrFe0, 5, at 200 K is however 6.7 J K~! mol ™' larger than that
of a mixture of SrO and (V%) a-Fe,0;. The excess heat capacity
of SrFeO, s, relative to the mixture of the binary oxides at 7' <
200 K is shown in Fig. 4. Two features are obvious: the excess
heat capacity is large at 200 K and a heat capacity maximum is
observed at around 60 K. The maximum is due to crystal
structure effects. Strontium is six-coordinated in SrO and
eight-coordinated in SrFeO,s, The increase in coordination
number on compound formation leads to longer Sr—O bond
lengths and a shift in the vibrational density of state to lower
frequencies. Lattice energy simulations qualitatively reproduce
this effect. A peak at 100 K corresponds to a difference in the
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ACp (experimental)
[ -®--AC,, (simulations)

w

AC I K mol”
N

1FAC= C(SrFe0, ) - g 3 1
[C(STO}+1/2C(c+Fe,0)] ~“~g.
L ! ! ! ! ! C TN -@
50 100 150 200 250 300 350 400

TIK

Fig. 4 The excess heat capacity of SrFeO, s, relative to SrO + (%) -
Fe,0;, as observed experimentally (---) and as obtained in the
simulations (--@--). The dashed line serves as a guide to the eye.
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DOS

0 100 200 300 400 500 600

freq/cm’

Fig. 5 Calculated phonon density of states (DOS) for SrFeO, s,
SrO and a-Fe,0;. Note the high DOS of SrFeO, s, at frequencies below
100 cm™.

phonon density of state at low frequencies. The calculated
density of states for the three oxides, Fig. 5, shows that the
DOS in this region indeed is high in SrFeO, 5, compared to a
mixture of SrO + (2) a-Fe,O;. A rough deconvolution of the
excess heat capacity of SrFeO,s, at T < 200 K, results in a
magnetic contribution of approximately 2.5 J K™' mol™' that
combined with the contribution at 77 > 200 K gives A
S~11JK "mol™.

The disordering of the antiferromagnetically ordered
compounds SrFeO, ,,s and SrFeO,g;; is also reflected in the
heat capacity, but the transitions are not well defined and
take place over large temperature ranges. The effect is easily
seen when C,/T is plotted versus T. SrFeO,s, serves as a

‘magn”~
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Fig. 6 Molar heat capacities of SrFeO, ;,5 (dashed line) and SrFeO, g,
(dotted line) plotted as C,/T versus T in the temperature range of the
magnetic disordering transitions. The curve for SrFeO, s, (solid line)
may serve as background.

120

background in Fig. 6. A first estimate of the magnetic entropy
of SrFeO, 5,5 and SrFeO, 4;; obtained as

A S = A°S (STFeO, ;) —

magn
(54—55) |:A?,OOS(SI‘O) + %Aioos(a_FezOB ):|

is 16.0 and 18.3 J K™ ! mol™!. A vibrational entropy contribu-
tion due to changes in the local structural environment of Sr
when going from the binary to the ternary oxides should be
subtracted and the derived magnetic entropies are thus in
reasonable agreement with the spin only entropies (Agyin-oniy

S=142 1K ' mol ' for SrFeO, s and Ay onyS = 139 T K !
mol ™" for SrFeO, 4;;).
Neutron-diffraction® and Mdossbauer!®*® studies of

SrFeO, 5 indicate that Fe(1v) is magnetically disordered at low
temperatures (4 K). If so the spin-only magnetic disordering
entropy (Fe(tir) only) is 8.2 J K™' mol™" for SrFeO,,,s. The
presently observed magnetic entropy is larger and suggests that
although long-range magnetic order of Fe(1v) is not observed,
considerable magnetic short/medium range order is present.
The proposed spin-glass structure of the Fe(1v) at low temper-
ature'! supports this view. The total entropy of SrFeOQ,_; varies,
when the structural configurational contribution is subtracted,
linearly with composition at high temperatures e.g 1000 K.?
Adding a theoretical spin-only entropy for Fe(tv) (6.0 J K™!
mol~") would lead to an unexpected maximum in entropy versus
composition.

Energetics of the structural order—disorder transitions

Only one determination of the enthalpy of the structural
order—disorder transition was made for SrFeO,,, and
SrFe0, 433, giving Ay = 5328 and 2071 J mol ™' and, hence,
AyrueeSm = 7.76 and 3.67 J K™' mol™'. For SrFeO,s,, the
enthalpy and entropy of transition was determined by differen-
tial thermal analysis, DTA. The result of four determinations
are Typee = 1120 = 5 K, Ayue = 8.5 = 1.2 kJ mol ™', and
AgrueeSm = 7.6 £ 1.2 J K™ mol™". The estimated uncertainty is
twice the standard deviation. The transition temperature and
enthalpy of transition compare well with earlier determined
values; 1103 7 and 1123 K ? for the transition temperature and
7.5 kJ mol ! for enthalpy of transition."

The entropies of transition have three main contributions.
The first is the difference in vibrational entropy between the
ordered low-temperature phase and the disordered high-
temperature phase. The second is the difference in electronic
entropy, while the last is the configurational entropy. As a first
approximation we will assume that the changes in vibrational
and electronic entropy on disordering is negligible. We will also
assume that the low temperature structures are completely

ordered. Still, the homogeneity regions of SrFeO,,s and
SrFeO, 4,5 show that this is a first approximation only (at least
for these compositions).

The experimental configurational entropies may be com-
pared with simple estimates assuming random distribution of
the different species at the different sub-lattices i.e. random
distribution of Fe(m) and Fe(1v) on the iron sub-lattice plus
random distribution of oxygen ions and oxygen vacancies on
the oxygen sub-lattice, see Fig. 7. The experimental configur-

-1 -1
Amgs / JK 'mol

(3-0)inSrFeQ, ;

Fig. 7 Comparison of the ideal configurational entropy, obtained
assuming random distribution of the relevant species on the different
sublattices, with the experimental configurational entropies for
SrFeO, 599, SrFeO,4 and SrFeO,g;;. The solid line gives the
configurational entropy corresponding to a random distribution of
oxygen atoms and oxygen vacancies on the oxygen sub-lattice. The
dashed line results from a random distribution of Fe(1r) and Fe(1v) on
the iron sub-lattice. The dotted line is the sum of the two contributions.

ational entropies are much lower. For SrFeO, s, the difference
between the theoretical and experimental configurational
entropy certainly is due to short-range order on the oxygen sub-
lattice of the disorder phase. The present finding concurs with
earlier Mossbauer studies that indicated that the local environ-
ment is conserved for many of the iron atoms in the disordered
phase.? Grenier and co-workers report a gradual change in the
oxygen-ion conductivity at T, and similarly uses this as an
argument for the presence of considerable short-range order in
the disordered phase.?

Also for SrFeQO,,,s and SrFeO,g;; the low configurational
entropies may be due to short-range order on the oxygen sub-
lattice. In the Mossbauer spectra of the two compositions, a
single peak characteristic of a time averaged cubic symmetry
was observed at temperatures well above the transition temper-
ature. The transformation to a singlet spectrum however
occured gradually with increasing temperature, not suddenly at
the transition temperature.**

The assumption of random distributions on the different
sub-lattices overestimate the configurational entropy and better
models are needed. Defect clustering is one, often proposed,
solution to the problem. By using the Krdger—Vink approach ¥
for ABO,_; and by assuming that two effectively negatively
charged B-atoms cluster with one effectively positive oxygen
vacancy, Vo, we obtain the following defect reaction

208 + 4Bj = 2<By-Vo-By> + Oy M

where Op is an effectively neutral oxygen atom.

This cluster has been proposed eg for LaMnO,;_; by
Roosmalen et al.*® If these defect clusters are randomly distrib-
uted in the structure the number of possible configurations will
be reduced since one cluster will sterically hinder other cluster
positions. Hence, defect cluster equations like that given in
eqn. (1) may be used at infinite dilution but is inherently incor-
rect at high defect concentrations if sterical hindrance is not
taken explicitly into account (e.g by using a site exclusion
factor). An alternative approach that gives under- and over-
estimates of the configurational entropy is described below.
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Configurational entropy of structural entities in grossly non-
stoichiometric oxides

Consider a simple non-stoichiometric perovskite-type oxide,
ABO;_;, (A =Ln or Ae and B = a transition metal) with oxygen
vacancies and valence defects on the B-sublattice as the only
defects. We will assume that A is a cation like Sr** or La’*,
which is not involved in the redox reactions, whereas B is
present in two oxidation states, B** and B*' or B** and B**.
Using the former case, all the B-atoms are tetravalent for
0 =0 (i.e. in ABO;) and trivalent for 6 = 0.5 (i.e. in ABO,s). The
present contribution is concerned with the configurational
entropy due to structural disorder only. Hence, the entropy con-
tribution stemming from electronic defects is not considered
presently.

A basic problem in modelling the configurational entropy of
a structure based on building blocks that shares corners, edges
or faces is that some or all of the atoms belong to more than
one basic structural entity. Exact mathematical solutions that
describe the distribution of different structural entities in such
compounds are not available. In the present treatment estimates
of the entropy of compounds containing structural entities are
based on what we will call the independent cell approach. Here
a given structure is reconstructed into an assemblage of
independent cells.

In order to show how the approach works we will first evalu-
ate the entropy of a system were J oxygen vacancies and (3—9)
oxygen atoms are randomly distributed at the oxygen lattice
sites in ABO;_;. The structure is divided into cells consisting of
B-atoms surrounded by six-oxygen atoms octahedrally. All pos-
sible octahedra are not counted as cells. The cells chosen should
(a) be independent i.e. not share atoms with other cells and
(b) include all oxygen lattice sites in the structure without
counting them twice. The structure is reconstructed to consist
of ab-stacked “two-dimensional” sheets of cells, see Fig. 8. In

||

i
|

Fig. 8 Schematic illustration of the independent-cell approach. The
structure is reconstructed into ab-stacked “two-dimensional” sheets of
octahedra. In the a-sheet every second B-atom form basis for a BOg-
cell. The BOg-cells in the b-sheet are shifted one B-atom position with
respect to the B-cells in the a-sheet. Thus, all oxygen sites are counted
through the defined independent cells. However, only half of the
octahedra are counted as cells. The BOg-octahedra that are counted as
cells are shown explicitly. The large circles represent B-atoms, which are
coordinated by oxygen atoms that are accounted for by the independent
cells.

the a-sheet every second B-atom forms the basis for a BOg-cell.
The BOs-cells in the b-sheet are shifted one B-atom position
with respect to the B-cells in the a-sheet. Thus, all oxygen sites
are counted through the defined independent cells. However,
only half of the octahedra are counted as cells. The cells can
now be treated statistically.
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The probability for finding a vacancy at an oxygen lattice site,
Py, in SrFeO;_; is

Mo )

Yo 3N 3

where Ny, and 3N are the number of oxygen vacancies and the
number of oxygen lattice sites. The probability for finding a
given number (0 to 6) of vacancies in a given cell is

pi=74; (Py) (1 = Py)* 3)

where j is the number of vacancies in the cell and

6!
SRTCE @

is the total number of arrangements for a given j. The number
of ways to distribute the different cells on the total number of

cell-sites, Wy, 1S

3N
oy
T ()

o 3N
AN
g(p, s

The total number of configurations, w,,, can now be found
by taking the number of configurations for each cell with j
vacancies into consideration

6 3N |
Wit = chll]‘—[ﬂ'/p/T = L (6)
13 Ny, \GN = N,)!

The derived expression is identical to that obtained by using
a simple factorial expression and the entropy for a random dis-
tribution of oxygen atoms and oxygen vacancies at the oxygen
lattice sites is obtained.

For the estimates of the configurational entropy for systems
containing structural entities (square pyramids or tetrahedral/
square planar entities), larger two-dimensional cells like the
(2 x 2), and the (2 % 3) cells of independent octahedra shown in
Fig. 9 are constructed. For a specific cell we may allow e.g. only

[
.......2x3ce]l

Fig. 9 Schematic illustration of the (2 X 3) cell. The six independent
light grey octahedra belong to a cell. The whole structure is represented
by ab-stacking of sheets containing these (2 X 3) cells only. When the
defect situation is restricted to square pyramids only, vacancies are not
allowed at the oxygen positions represented by open circles. The open
circles are located at parts of the equatorial oxygens and at all the apical
oxygens of the light grey octahedra. The large black circles represent
B-atoms, which are coordinated by oxygen atoms that are accounted for
by other cells. Each independent octahedron in a cell is regarded as a
polyhedron (octahedron or square pyramid) site.



one vacancy per octahedron and then evaluate the number of
configurations manually. If we allow vacancies at the “surface”
of the cell the octahedra situated between cells may not obey
our restriction of only one vacancy per octahedron. If we
on the other hand exclude some of these surface atoms, i.e.
those given as open circles for the special case of a (2 X 3) cell
and assuming only one vacancy per octahedra only, as illus-
trated in Fig. 9, the restriction is not violated. However, the
number of possible configurations for a given cell is then under-
estimated. Thus two estimates are made; those in which the
atoms at the “surface” of the cell either are fully or only partly
included. These estimates correspond to overestimates and
underestimates, respectively, of the number of possible con-
figurations and thus of the configurational entropy.

The size of the cell is termed a and is 4 for the (2 X 2) cell and
6 for the (2 x 3) cell. Hence, a equals the number of independ-
ent octahedra in the cell. Two different defect situations are
considered. In the first case square pyramids only are formed on
reduction, in the second case tetrahedra are formed as far as
possible. Still, one isolated tetrahedron implicitly yields two
square pyramids.

For a given cell there is a probability, P,, for finding a certain
type of entity in one of the independent polyhedra of the cell.
Thus, the probability for finding j entities of a given type is

Pj:Aj(Pe)j(l_Pe)aij (7)
where
_ al @®)
T e )

is the number of arrangements of j entities of a given type at a
independent polyhedron sites in the cell. 4; does not take into
account the different orientations each entity may have. An
additional term takes this into account; ¢; includes all configur-
ations of j entities on the polyhedron-sites in the cell for the
assumed defect situation. The total number of configurations is
then
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The number of configurations of j entities of a certain type in
the cell, ¢;, must be evaluated for each selected defect situation
and for each cell size.

Configurational entropy of oxygen-deficient perovskites with
enthalpically preferred structural entities

Estimates of the configurational entropy of disordered
materials where the number of vacancies per octahedron is
restricted to one (square pyramids) or two (tetrahedra only)
are derived. In both cases the defects are nearly randomly
distributed at low defect concentrations. However, ordering
is assumed to take place (due to defect—defect interactions)
when a sufficiently large cluster of entities is formed; when the
number of defect octahedra in a cell equals a. If we use as an
example a disordered structure of BO, octahedra and BO;
square pyramids, ordering takes place when the cell contains
only BOs entities. In principle several different orientations of
the local order may result. However, we assume that the lowest
energy configuration is formed when the cell is “filled”.

Under- and overestimates of the number of configurations
and thus the configurational entropy are obtained by manual
evaluation of the number of configurations of j reduced entities
of a given type in the (y X z) cell. The size of the cells considered
are (2 X 2) and (2 %X 3) for square pyramids and (2 X 2) for

tetrahedra. The underestimate is obtained by allowing only
configurations that under no circumstances will give other
entities than those considered. Hence, vacancies are not allowed
at the surface-oxygen sites of the cells. The overestimate is
obtained by allowing vacancies to form also here. Over- and
underestimates of the configurational entropy of perovskites
were only BOg-octahedra and BOs-square pyramids are present
in the disordered state are given in Fig. 10a, whereas the
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Fig. 10 Comparison of configurational entropy assuming that one
structural entity is preferred enthalpically with experimental deter-
minations for SrFeO, sy, SrFe0, ;4 and SrFeO, 4;. Squares — present
study; triangle — ref. 37. Fig. 10a: square pyramids preferred, Fig. 10b:
tetrahedra preferred. (a) Solid and short dashed lines, and dashed
and dotted lines represent under- and overestimates for the (2 X 2) and
(2 x 3) cells. Dashed dotted and dashed dot-dotted lines represent
under- and overestimates for the (2 X 3) cell plus the entropy due to
a random distribution of Fe(mr) and Fe(rv) on the iron sub-lattice.
(b) Thin and thick solid lines represent under- and overestimates for the
(2 x 2) cell. Dotted and dashed lines represent over- and underestimates
plus the entropy due to a random distribution of Fe(i) and Fe(1v) on
the iron sub-lattice. The grey line represents the ideal entropy of Fig. 7.

entropy obtained if BOg-octahedra and BO,-tetrahedra are
allowed is shown in Fig. 10b. The over- and underestimates of
the configurational entropy together gives an interval for the
configurational entropy that is comparable to the uncertainty
of the calorimetric experiments when taking into consideration
the assumptions for the electronic and vibrational contribu-
tions to the entropy of the structural order—disorder transitions
and thus supports the presence of structural entities in the
disordered materials at high temperatures.

The present structurally based description of the dis-
ordered state represents an alternative to defect-cluster models
frequently used for dilute solutions. Exact mathematical
approaches to the composition dependent site-exclusion factors
needed for extending these models to high defect concen-
trations are not available.*®® Lattice energy simulations of the
order—disorder transition in SrFeO, s, supports the presently
proposed picture of the disordered state. The simulations sug-
gests that the high-temperature phase can be described struc-
turally as a mixture of octahedra, square pyramids and
tetrahedra.®

Conclusions

The excess heat capacity and the deduced entropy of SrFeO,_;
is deconvoluted into vibrational, magnetic and structural
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configurational contributions. The excess heat capacity of
SrFeO, s, relative to the mixture of the binary constituent
oxides is large even far below 7'y = 685 K due both to vibra-
tional and magnetic effects. Lattice energy simulations show
that the maximum in the excess heat capacity observed at
around 60 K is due to a change in the vibrational density of
state with origin in changes in the shortest Sr—O bond length
on formation of the ternary oxide from the binary ones. While
the entropy of the magnetic order—disorder transitions appears
to be close to the ideal spin-only values, the entropy of
the structural order—disorder transitions is much smaller than
expected assuming random distribution of the relevant species
on the different sub-lattices. A statistical analysis of the effect
of enthalpically preferred structural entities (square pyramids
or tetrahedra) on the configurational entropy is presented.
A significantly reduced configurational entropy is obtained,
in qualitative agreement with the experiments.
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