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The crystal structure and thermal properties of L&aCo0;—; have been investigated by thermo-
gravimetrical analysis and high-temperature X-ray diffraction in air apd_bh—CaCo00;-, is 0xygen
deficient at ambient temperature, and the oxygen nonstoichiometry increases with Ca content, temperature,
and reducing atmosphere in line with expectations. The crystal structure gfaCo0;-; at ambient
temperature changed from rhombohedral (hexagonal) with space B8ufpr x < 0.2 to orthorhombic
with space grougnmafor x > 0.3. Above 200°C the structure was rhombohedral or cubic with space
group Pm3m. The anisotropic thermal expansion of the lattice parameters was obtained by Rietveld
refinement, and the phase transition temperature from the rhombohedral to cubic symmetry was deduced
from the diffraction data. The phase transition temperature was strongly depressed by increasing the Ca
content, and the findings are summarized in a phase diagram for th€€B&00;-; system. The second-
order nature of the phase transition was discussed in terms of strain and rotation of thectd@dra.

Finally, the temperature dependence of the CaO solubility in CaCo0;-s was established, and
isothermal phase diagrams of the pseudo-ternary syste@st&a0O-CoO are presented.

Introduction

Sr and Ca substituted LaCgQ@rystallize in the ABQ
perovskite structure, where the large*Lan the A site can
be substituted by divalent cations such ag'Gand S#*. Sr
and Ca substituted LaCgChave technological interests
because of high mixed ionic €0) and electronic conductiv-
ity at elevated temperatufesand are, therefore, potential
materials for oxygen permeable membranes, electrodes i
solid oxide fuel cells, oxidation catalysts, or oxygen sensdrs.

LaCoQ; remains rhombohedral up to temperatures close

to the melting point; however, substitution of ¥aby SP*
decreases the rhombohedral distortion, and-3® mol %

substitution, the structure becomes cubic at ambient tem-

perature’1? It is, therefore, expected that L.aCaCo0ss
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and La_.SKCo0;-, materials undergo a phase transition
from a high-symmetry cubic phasBr{Bm) at high temper-
ature to a low-symmetry rhombohedral phaB8d) below
a critical temperaturel,, in line with similar findings for
La;—,SrFeG;-s.1® The distortion from cubic symmetry is
mainly caused by tilting of the B§octahedra along one of
the four diagonals in the cubic unit cell. Sror Ca&"
substitution of L&" in LaCoQ; is compensated by the mixed
valence state of cobalt (€dCo*") or by creation of
vacancies at the O sites. The oxygen nonstoichiometry of
La; «SKC00s-5 has been shown to increase with the Sr
content%12The increasing oxygen deficiency due to reduc-
tion of the valence of Co has been shown to introduce
chemical expansion in La,SKC00;_s.1415

Kleveland et al® and Faaland et &l. have recently
demonstrated that LaCg@@nd La sCa C0o0; polycrystalline
materials possess a nonlinear strestsain behavior and a
permanent strain after decompression. The nonlinear stress
strain behavior is related to domain reorientation of ferro-
elastic domains, reflecting that the cubic to rhombohedral
phase transition is a paraelastic to ferroelastic transition. The
phase transition results in twinning of the (100) and (110)
planes of the pseudo-cubic lattit® During compression,
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energetically favorable domains remain stable and grow at 300 [
the expense of less energitically favorable domain orienta- '

tions. Domain reorientation has been confirmed by X-ray 208

powder diffraction (XRD)."-?° and energy dissipation due

to domain reorientation enhances the fracture toughness of 2.96

the materials. As anticipated above, the paraelastic to

ferroelastic phase transition can be tailored by chemical 2.94

substitution of L&" by C&", and possibly, the ferroelastic 2 » 02

properties of polycrystalline Sr or Ca substituted LagGoO '

will be dependent on the level of substitution. So far the 290

structural and thermal properties of Ca substituted LaoO

have not been studied in detail. Here, we present an 2.88

investigation of the chemical stability and thermal and

structural properties of LLa,CaCo0s_s. The ferroelastic to 2.86

paraelastic phase transition temperature is determined, and : , .

the order parameter of the phase transition is discussed. 284 200 630 800 ° 1000

Temperature / °C

Experimental Section Figure 1. Oxygen nonstoichiometry of La,CaCoOs—s (x =0, 0.1, 0.2,

. 0.3, 0.4) as a function of the temperature in air (closed symbols) and N
Powder Synthesisla; CaCo0;—s (x =0, 0.1, 0.2, and 0.3) (open symbols).

powders were prepared by solid-state reaction betweefsLa
(Fluka,>99.98%), CaO, (Fluka,>99.995%), and CaC{iMerck,
min 99%). Dried starting materials were mixed together by ball
milling in ethanol for 24 h using g\, balls and pressed into pellets
which were fired twice at 1100C forx = 0, 0.1, 0.2, and 1008C
for x = 0.3 with intermediate grindings. Attempts to prepare single-
phase materials witk < 0.3 by the solid-state method were not
successful.

La;—xCaCo0s-s (X = 0.4 and 0.5) was prepared by the citrate . .
gel method because the solid-state method resulted in asignificantgSlng the program TOPAS R (Bruker AXS, version 2.1). The

- S ackground was refined using a fourth-order Chebichev function.
amount of secondary phases for these compositions. Stoichiometric . '
. ) ) A Pearson VII function was used to refine the peak shape of both
solutions of the metal nitrates (Merck, min 99%) were used, and

citric acid (CA: AnalaR> 99.7%) was added in the molar ratio Pt and the sample. Reflections due to Pt were refined using the

3/1 to that of the cations to make sure that all the cations were Zu?éiriﬁfivigtjrr]olﬁgrg?ur?@ I(_:a;ttlsc;zl i)t(r?irt]jrlgn eraFr:e\tﬁ: ;:1 dgoggk
complexed in the solution. Ethylene glycol (EG; Acros) was further J Ty P P

added at a molar ratio CA/E& 1. The solution was then heated i:ipgxwe;er,ﬁns!?{i;iﬁcvﬁS;Eglt?er;ﬁ,c;fgevswtﬂﬁﬂiﬁg}gttsgﬂ S'I(;?li'
on a hot plate until a hard gel was formed. The gel was further ygen p P y larg

. . . uncertainty in the resulting position. The atomic positions for the
calcined at 250C for 6 h. The resulting powder was ball milled 3t "
in ethanol for 24 h and calcined at 990G for 24 h twice with an space group are (0, 8 for La®"/C&", (0, 0, 0) for C&*, and &,

1 ” R ! : .
intermediate grinding. XRD patterns of the powders showed traces Sém/4()er;?urreofa(-:tc?ﬁelog/eiggoriisigzgeuiﬂt tgrfn tzsatfr?:r%%f it
of Ca0. Attempts to synthesize £aCaCo0;-s with x > 0.3 P 9 y P ’

resulted in significant amounts of CaO even after long annealin had no significant influence on the refined oxygen positions.
at 900°C 9 9 9 Therefore,f was fixed to 0.5 for L&', 0.24 for C&", 0.26 for

. Co*", and 0.6 for G~ in agreement with data reported in the
dThe Oxy?(eﬂ contenlt at z;l:snent temper?ture vr\:as r?easired bYjiterature for similar systen®:?4 5 was refined above 500C and

reduction of the sample in > at 1000°C for 24 h. Before the . . .
reduction, the powders were annealed at 70@or 24 h in air and increased monotonically with temperature.
slowly cooled to ambient temperature (16/h ramp) to obtain
close to stoichiometric oxygen content. The temperature dependence
of the oxygen nonstoichiometry was studied by thermogravimetrical  Oxygen Nonstoichiometry of La-xCaC00Osz-s. The
analysis (Netzsch STA 449C). The powders were heated stepwise0OXygen nonstoichiometry of La.CaCo0;-, as a function

on a platinum strip located in a high-temperature camera (HTK
16, Antn Paar GMbh). All measurements were performed in flowing
synthetic air (99.99%) or nitrogen (99.99%g, ~ 10~ atm)
atmosphere. Prior to each scan, the sample was held for 30 min at
the temperature to establish equilibrium. The data were collected
with a step size of 0.03and a count time of 510 s to obtain a
good signal-to-noise ratio.

The unit cell parameters were refined by the Riet¥ehdethod

Results

every 50-100 °C to 1000°C with a holding time of +2 h. of temperature is shown in Figure 1. Ca substitution results
Experiments were carried out both in air and ip. Whe partial in oxygen deficiency at room temperature, which increases
pressure of @in Np was about 10* atm. with the Ca content. At elevated temperatures the oxygen

XRD gf annealed powders was perfor.m.ed on a Siemens D5005 deficiency of La_,CaCo0Os_, is increasing as a result of
20—0 diffractometer using Cu  radiation and a primary  {he thermal reduction of Co. The onset temperature of the

monochromator. The corresponding powders were also studied byyqqyction is lowered by increasing the Ca substitution and
high-temperature XRD (HTXRD) using a Siemens D556 by decreasing the partial pressure of oxygen
diffractometer using Cu K radiation and a secondary monochro- '

mator. The powders were dispersed in ethanol (100%) and applied
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Figure 2. Rhombohedral angle of La,CaCo00;-4 as a function of Ca
content and temperature. Lines are guides for the eyes.

Structural Properties. The crystal structure of
La; xCaCo0s-s was observed to change from rhombohedral
(space groujR3c) to orthorhombic (space grolgnma with
increasing Ca content at ambient temperature in line with a
previous investigatiof? La;-xCaCo0s-s (x = 0, 0.1, 0.2)
was refined usingR3c in the whole temperature range
investigated, while La,CaCoG0;-s (x = 0.3, 0.4) was
refined using a phase mixture of orthorhombin(ng and
rhombohedral R3c) perovskite below 200C. At T > 200
°C, La—xCaCo0s-s (x = 0.3, 0.4) could be refined using
the space grougRBc) or cubic space grougPfrBm) at high
temperatures.

The refinement of diffraction patterns showing evidence
for the presence of two phasex & 0.3, 0.4 and
T < 200°C) revealed an increasing amount of orthorhombic
La;—xCaCo0s—s with increasing Ca content. This is con-
sistent with the two-phase field of rhombohedral and
orthorhombic La «Calo00;s-s reported in the regiox =
0.15-0.225 Our data show that the two-phase field extends
over a relatively large composition range at ambient tem-
perature. The transition was qualitatively confirmed by XRD
down to the boiling point of B\ The two-phase field is due
to the first-order phase transition from orthorhombic to
rhombohedral La CaCo00;-4.2° A similar two-phase area

Mastin et al.
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Figure 3. Normalized hexagonal lattice parameters of LEaC00s—,

as a function of temperature (a) in air and (b) in a &imosphere. The
lines in the figures are a linear fit to the data below the temperature of the
onset of thermal expansion. For clarity the linear fits fop @&y 4C00s-¢

are not included.

The normalized hexagonal lattice parametafg2 and

has previously been reported between orthorhombic andC,\/lz of La_,CaCo0s_s are shown as a function of the

rhombohedral LaSkFeG;-s.12 Burley et al?® did not report
the oxygen stoichiometry of their materials, and some
discrepancy due to difference in oxygen nonstoichiometry

temperature in Figure 3a. The distortion from cubic symmetry
is evidenced by the difference betweah/2 andc/+/12.
The deviation from the cubic symmetry is clearly decreasing

is anticipated. The orthorhombic to rhombohedral phase \yiih increasing Ca content up to 30 mol %. The unit cell

transition was not studied any further in this work.
The rhombohedral angley, of La;-«CalCo0s;-s as a
function of the Ca content and temperature is shown in Figure

parameterc is less influenced by Ca substitution than
Thermal expansion of the two lattice parameters is close to
linear over a wide temperature range except for pure LaCoO

2. The rhombohedral angle was calculated from the lattice 5, \which the thermal expansion has a nonlinear sigmoidal

parameters andc. The rhombohedral distortion is clearly

shape in line with data reported by Gilbu ef@alhe linear

decreasing with increasing Ca content at constant temperaturgermal expansion coefficients (TEC) farandc, obtained

(oe = 60° corresponds to the cubic perovskite). The deviation

by linear fits to the data in Figure 3a, are summarized in

from cubic symmetry is also decreasing with increasing Taple 1. At high temperatures, the lattice parameters deviate

temperature.

(25) Burley, J. C.; Mitchell J. F.; Short, £hys. Re. 2004 B69, 054401.

(26) Gilbu, B.; Fjellvag, H.; Kjekshus, AActa Chem. Scandl994 48
(1), 37-45.
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Table 1. Linear TECs of the Lattice Parametersa and c of a) —
La;—xCaxCoOs-s in Air and the Calculated Isotropic TEC?2 30}

0.4 1.54(1.60) 2.53(2.41) 1.95(1.81) 26800 (200-400)

aThe tempearture range for each coefficient is given. Data obtained in
N2 are given in parentheses.

a/10%K!

1.8}

considerably from the linear temperature dependence, par-
ticularly at high Ca content. This deviation is due to the onset 16}
of chemical expansion due to the reduction of the valence
state of Co as evidenced in Figure 1. The linear thermal
expansion of andc versus the Ca content in L.aCaCo0;— . L T
is shown in Figure 4a. A close to linear dependence of the 1.4 0.0‘ — '0_1 0.2 03 0.4
thermal expansion of with Ca content is evident, while
the thermal expansion @& demonstrates a minimum close
to x = 0.3. The volume of the unit cell in air as shown in
Figure 4b as a function of Ca content and temperature also
possesses a minimum closexte= 0.3.

The evolution of normalized hexagonal lattice parameters
of La;—xCaCo0s_s in a N, atmosphere is shown in Figure 342 ¢
3b. At low temperatures the data are similar to the ones
obtained in air, but they start to deviate from the linear
behavior at lower temperatures because of the extensive
chemical expansion of the materials at low partial pressure
of oxygen. The corresponding TECs observed ixn axe
summarized in Table 1.

Phase Diagram of La-4CacC00Qs3-5. The rhombohedral
to cubic phase transition temperatufg, derived from the
HTXRD data are shown in Figure 5. To a first approxima-
tion, T, was determined as the intercept of the linear fit of
the a and c lattice parameters in Figure 3a,b. At high
temperatures the unit cell parameters deviate from a linear
relationship, and the extrapolated phase transition tempera-
tures are, therefore, clearly overestimations. This systematic
deviation is illustrated in Figure 5 by arrows pointing down. Figure 4. (a) Linear thermal expansion of the lattice parameters as a
At high Ca contentT. could be determined directly from f_“a”lftx'g;gégsjg‘ aéa;ﬁr?éggr?sggma;fsit(i?n ‘;?:gr{‘:mg';:ztirg"t cell of
the XRD data when rhombohedral splitting of the X-ray
reflections disappeared (i.e., variations in the full with at half- o the pasis of the present findings and the previous report
maximum of the reflections). In Figure 5 transition to cubic py Burley et aP®
structure for LasCa sCo0s-s has been included according Stability of La;_«Ca,CoOs_s and the Pseudo-Ternary

to Faaland et &’ Phase Diagram LaOs—CaO—CoO. All the Lay_Ca.Co0s-

The phase transition temperatures in thealinosphere,  materials were observed to decompose at high temperature
obtained in a similar manner, are also included in Figure 5. in N,. The phases that appeared as a result of the decomposi-
Tc could not be directly observed in,Xor the compositions  tion were LaCoQ, and CoO in addition to Ca depleted
X = 0.3 or 0.4 because the materials started to decompose_a;_,CaCo0:-s. The new phases appeared at respectively
before the transition occurred. An estimate of the transition 1000, 900, 800, and 70%C for x = 0.1, 0.2, 0.3, and 0.4.

temperature for these two compositions is included in Figure The decomposition temperatures of the perovskite phase in

air (No)
Ca Oa O o temperature
ontent (K1x 10F) (K 1x 10F) (K1x 10F) range £C) 281 O
0.0 1.80 2.97 2.24 20300; 1000
0.1 1.65(1.71) 2.85(2.98) 2.10(2.15) -20000 (20-800)
0.2 1.49(1.46) 2.76(2.74) 1.93(1.94) -2000 (20-600) 26}
0.3 1.45(1.36) 2.64(2.51) 1.88(1.83) 2600 (200-500)

0\/

xinLa, Ca CoO, 5
b)
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5. N, are included in Figure 5. It is important to note that the
The two-phase region due to the first-order transition Phases found in equilibrium with Ca-saturated L@3C00s-5
between orthorhombic and rhombohedral L&aCo0s—; in air were different from the phases appearing during

is also included in Figure 5. The two-phase field is estimated decomposition in the Natmosphere.
Phase pure La,CaCo0s—s (X = 0.1, 0.2, and 0.3) was
(27) Faaland, S.; Einarsrud, M. A.; Grande Chem. Mater2001, 13 (3), obtained by the traditional solid-state synthesis method, while
723-732. Lag¢Ca 4C005-5, synthesized by the citrate gel method,




1684 Chem. Mater., Vol. 18, No. 6, 2006 Mastin et al.
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by x-ray diffraction
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Figure 5. Phase diagram of the systemL@CaCo00;- showing the cubic
and rhombohedral stability fields. The orthorhombic and rhombohedral
La;-xCaCo0;-s two-phase field is based on the present findings and the
data reported by Burley et &. The temperature observed for the
decomposition of LaxCaCo0s-s in N2 and the temperature dependence
of the solubility limit of CaO in La-xCaCo0s-s are also given in the
diagram. CaOy
showed traces of CaG<(L wt % CoO). La_,CaCoOs_s (X %2 La,04 Ca0

= 0.4, 0.5) synthesized by the solid-state method at 1000 Figure 6. Isothermal sections of the ternary phase diagram of the system
and 1100°C showed clear evidence of limited CaO solubility -20Qs~Ca0-Co0 in air at () 1000C and (b) 1100°C.
in La;-xCaCo0;s-s. The two phases, CaO(ss) and CoO(ss), ——————————
were observed coexisting with LaCaCo0;—s in a solid- 0.30 |
state sample with nominal compositiongls&a 400; heat
treated at 1100C. The CaO content in the perovskite was
determined by quantitative Rietveld refinement, and the Ca
solubility limit was found to bex= 0.28+ 0.03. The refined
cell parameter of CaO(ss) showed that the solid solution
between CaO and CoO at 1180 is in reasonable agreement
with data from the reported Ca&CoO phase diagraiiCoO
was observed to oxidize to @09, during cooling. The
estimated solid solutions along the pseudo-binary system
CaO-CoO were 6 mol % CoO in CaO(ss) and 16 mol %
CaO in CoO(ss). Two other coexisting phases with CaO-
saturated La ,CaCoGO;-s were observed at 100C. These 0.05 |
two phases were G@0,0s and a previously not reported
phase. The unknown phase has a high CoO content according 0.00 T e
to a simple mass balance analysis. The decomposition T i ' : '
temperature of GE0,0s has been reported to be 102628 0.0 04 ) 0.2 03 0.4
and it is, therefore, reasonable that the phase did not appear xinla,Ca,Co0y4
at 1100°C. The CaO solubility limit in La_,CaCo0;—, at Figure 7. Fraction of C8* as a function ofx in La;—xCaCoQs—s. The
1000°C was estimated to be= 0.35- 0.04. The isothermal solid I_ine shows the evolution of the frgctipn for stoichiome;nﬁczé 0)
. materials. Inset: The oxygen nonstoichiometry as functionxoin
sections of the Ca©Co0O—-La,0; system at 1100 and 1000 4, ,caC00; s at ambient temperature.
°C are shown in Figure 6.

0.25

o
3

n Co**/(n Co** + n Co®")
o o
o o

between the Ca content and the content of'Ga ambient
temperature does not follow the predicted linear relationship

Discussion (Figure 7) as a result of onset of oxygen deficiency. ¥or
Defect Chemistry and Thermal and Chemical Expan- = 0.1in La-.CaCo00;-, the oxygen vacancy concentration
sion. At low temperatures the substitution of ¥taby Ca* is negligible. Forx > 0.1, the oxygen nonstoichiometry is

results in the oxidation of G to Co*". The relationship ~ increasing almost linearly witk in La; xCaC00;-. A
similar relationship has been observed for Sr substituted

1,29,30 -
(28) Woermann, E.; Muan, Al. Inorg. Nucl. Chem197Q 32, 1455- La(_:og”- At elevated tempe_rature t_he oxygen non
1459. stoichiometry of La-xCaCo00s-; is increasing, as shown in
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Figure 1, as a result of the thermal reduction of the valence Because the rhombohedral distortion from cubic symmetry

state of cobalt
La, ,LaCo0, , —La,_,CaL00; 5 + (0—0")120,(9) (1)

As shown previously for La,SKCo0O;-s,52%0the oxygen
nonstoichiometry of La «CaCo0;_s does not saturate near
0 = x/2 corresponding to only Co. For La—xSKC0Os-,,
Petrov et aP' have observed that the amount of “Co
increases with the 8r content up tox = 0.4 and then

causes a compression of the structure alongotheis, it is
reasonable that the effect of the oxygen deficiency is most
pronounced along tha axis as shown in Figure 4a.

Phase Stability of La-«CaCo00s;-s. The low CaO
solubility in LaCoQ relative to the corresponding solubility
of SrO in LaCoQ can be rationalized by the concept of
basicity. The solid solution from pure LaCeQo pure
SrCoQ-s%8 is known to be stable, while CaCeQ has not
been reported as a stable phase, which is in line with the

decreases for higher Sr content. The thermal reduction goegjmited solid solubility of CaO in LaCo@reported here. SrO

beyondd = x/2 leading to the formation of C6. The defect
chemistry of La—«CaCo00;-s and La—xSKCo00;-s can be
rationalized by the delocalized nature of the electrons in
LaCoQ; materials as shown by Lankhorst ef&lhe defect
chemistry of Sr substituted LaFgQvhere the electrons are
localized in a narrow electron band, displays different
behavior®® Here the oxygen deficiency saturatesdat x/2
wherex is equal to the Sr substitution.

Below the onset of thermal reduction, the thermal expan-
sion of Lg_CaCo0s—; is nearly linear with temperature.
For LaCoQ, magnetic transition causes some deviation from
linear behavior as shown previously by Gilbu et?ilgnd
Radaelli and Cheonrig but this effect becomes less pro-
nounced with increasing Ca substitution. However, the
change in the magnetic state of,LZCaCo0;-, results in a
higher thermal expansion relative to other LapM® = Fe®
Cr26 Mn,%® and NP perovskites. The decreasing thermal

has a higher ability to stabilize a high oxidation state of Co
compared to CaO. Similar arguments have been used to
explain the significantly more exothermic enthalpy of forma-
tion from the oxides of Sr substituted LaMp@ompared to

Ca substituted LaMng?®

As shown in this work, single-phase 1.&CgC00;-;
decomposes during heating in an inert atmosphere. It is
interesting to note that the phases formed as a result of the
decomposition were not the same phases observed coexisting
with La;-xCaCo0;s-, in air at higher temperatures (Figure
6). It is, therefore, likely that the phases observed after de-
composition do not represent a true equilibrium in the system.
The decomposition reaction is more likely a metastable phase
composition, and the true stability of LaCaLCo00;- in an
inert atmosphere is lower than that observed by the present
HTXRD investigation.

expansion with increasing Ca content (Figure 4a) can be Structural Properties. Deviation from cubic symmetry

inferred as an evidence for stabilizing the spin state of Co
by Ca doping.

At elevated temperatures the thermal reduction of
La;—xCaCo0Os-s gives an additional contribution to the

at room temperature may be analyzed in terms of the
Goldschmidt tolerance factor. The tolerance factor of
La;—xCalo0;-s shows a marginal increase with in-
creasing Ca content from 0.987 for LaCo® 0.990 for

expansion due to chemical expansion. Chemical expansion-20.6C&.4Co0s. Here, the coordination number (CN) forita

of La;—xSrCo0s-s has recently been studied in detail by
Chen et al® and Lein et ak* The chemical expansion

reported for La_CaCo0;-s is comparable to the chemical
expansion of La xSiCoO;_s; however, chemical expansion

and C&" is set to 12, and the CN for Gband Cd" is set

to 6 neglecting oxygen deficiency. As demonstrated by Asai
et al.#% at ambient temperature, €ois assumed to be in
the intermediate spin state and the ionic radius of'ds

is shifted to lower temperatures. The reason for this is that @sumed to be the average radius between the low spin state

Ca has a lower ability to stabilize €ocompared to Sr,
rationalized by the lower basicity of CaO relative to SrO.
The TECs ofa andc show a different dependence with

(0.545 A) and the high spin state (0.61 A). The tolerance
factor increases marginally as a result of the relatively larger
radius difference between €0(0.53 A) and Cé&+ (~0.57

increasing Ca content (see Figure 4a) which can also beA) compared to the small difference betweer?L€l.36 A).

ordering of the oxygen vacancies. Ordering of the oxygen
vacancies in La,SrCo0s-s has previously been reportéd.
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at constant temperature as shown in Figure 2 is in accordance
with the increasing tolerance factor. The stabilization of the
orthorhombic polymorph as shown in Figure 5 cannot be
rationalized by the tolerance factor and is possibly related
to the magnetic state of Co. The formation of orthorhombic
La;—«CaCo0s-s, inferring a decreasing tolerance factor,
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(Table 1).
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At low Ca content the molar volume is decreasing with
increasing Ca content because of the stabilization of the
intermediate spin state of Co. At high Ca substitution levels
the oxygen deficiency becomes dominant as indicated by
the increase in the molar volume o~ 0.3 shown in Figure
4b. At high a Ca substitution level, the creation of oxygen
vacancies in the lattice increases the molar volume and, as
shown in Figure 2, the crystal structure is driven toward the
cubic perovskite structure.

Figure 3a,b evidences that the lattice paramaisrmore
influenced by the Ca substitution thanThis variation can
be understood from the octahedral rotation angle around the

Y
~

LaCoO, AN

Angle of rotation of octahedra / Degrees

3-fold axis and the octahedral strain parameter. Following a O L ONAY N
similar consideration as Howard and Kenn&ayn LaGaQ, 6L E i:g; @ \7\ SOl
which has the same rhombohedral structure above°C50 v x=03
the rotation angle and strain parameter can be calculated from O x=04 A
the refined atomic position of oxygen. For tR8c space o —
group the oxygen position ix,(0, ¥/,) andx = ¥/ + u, with 0 200 400 600 800 1000
the Co atom at the origin. The angle of rotatigrof the Temperature / °C
octahedra is given B§
b) O laCoo, ' PZ
tang = 2uv/3 ) 0ol O x01 Ry
' A x=02 FA: ,Ej
The anglep is 0 for the cubic perovskite. The evolution of v x=03 P V 4
¢ as a function of temperature for different Ca contents in ogss [ O X04 SV KO
La;-CaCo0s-s is shown in Figure 8a. Scattering of the data £
is due to the significant uncertainty in the oxygen position. 3
Despite the uncertainty, the data demonstrate that, at constant E 0.980
temperature¢ decreases from 10.8 for LaCe@ 9.2 for 3
LapfCa 1C00s—s. For a higher substitution levekp is £
. ; So9rs5t
increasing and becomes for d&& 4C00;-s almost equal »

to the value obtained for LaCaOWe believe the increasing
¢ at high Ca content at constant temperature is caused by 0.970
the increasing oxygen deficiency.

At low temperature, the rotation angle decreases almost 0.965 ]
linearly with temperature, while for higher temperaturgs, ' G .
starts to decrease rapidly toward 0. The onset temperature 0 200 400 600 80 1000
for the nonlinear relationship is decreasing with increasing Temperature / °C
Ca content. The linear decreasegofvith temperature can  figure 8. (a) Angle of rotation of the Cogoctahedra in La ,Ca,CoOs s
be explained by increasing contribution due to vibrations. and (b) octahedral strain parameter as a function of the temperature and
At high temperature the increasing concentration of oxygen composition. The lines are guides for the eyes.
vacancies contribute to drive the structure toward the cubic
phase.

In the rhombohedral perovskites with tilted octahedra, the
octahedral strain parameter, can be calculated BY

Both parametersy; and ¢, are in the rhombohedral
structure geometrically independent but can be related.
According to Thoma4? who has studied the relationship
between lattice strain, octahedral tilt angle and octahedral
strain in rhombohedral perovskites, a tilting of the octahedra
n = ccosglav/ (3) leads to a contraction of the hexagomahxis when thec

Evoluti f ith t i for LanCac . axis remains unaffected. In LaCaCo00;-s, the decrease
volution of 7 with temperature for La,CaC00s-, Is of a with increasing Ca content and, which is less

included in Figure 8y < 1 means that th_e oxygen octahedra influenced, are in agreement with this geometrical descrip-
are compressed along the threefold axis and evolve towardtion

the cubic structure at high temperatures when it increases
toward unity. At low temperature; increases fox = 0.1

but remains constant for = 0.2, 0.3, and 0.4. The strain
parameter increases almost linearly with temperature. At high
temperaturey starts to deviate from the linear relationship
and increases rapidly toward= 1. Increasing the Ca content

in the material decreases the onset temperature for thegfég LZS’V?%S,’CN'J.\?V;f\efﬁﬁe%ryy,sé"f'g?fclr?ffofﬁikgiﬁgﬁys.; Conders.
nonlinear behavior. Matter 200Q 12, 349-365.

The study of similar rhombohedral perovskites such as
LaAlOs* and LaGa@* has shown a similar dependency of
the phase transition temperature with the angle of rotation
of the octahedra and the octahedral strain parameter. The
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rotation angle of the octahedra can be treated as the ordesubstitution of La,CaCo0;—s leads to enhanced oxygen
parameter of the paraelastic to ferroelastic phase transition.deficiency. The crystal structure of LaCaCo0;-s at

The average valuelgl] is continuously decreasing with  ambient temperature was shown to change from a rhombo-
increasing temperature and vanishes dves described by hedral to an orthorhombic perovskite structure with increas-
the mean-field theory for a second- or higher-order phaseing Ca substitution. The compositional dependence of the
transition** Howard et af3 have Suggested that the transition second-order rhombohedral to cubic phase transition tem-
temperature was mainly dependent on the rotation angle i”perature has been established by HTXRD, and the phase
line With the present finding. Further studies of the ferro- diagram of the La ,CaCo0s_; system is reported. The order
elastic properties of Lia.CaCo0;-; ceramics and related  n5rameter of the para- to ferroelastic phase transition is

mater]ials r‘?s fa fun<|:t|or_1 of comptl)sm_on and critical temper- g5y 1o pe related to the angle of rotation of the €oO
ature for the ferroelastic to paraelastic transition temperature canedra. Finally, the CaO solubility and thermal stability

are in progress. of La;—xCaCo0s_s have been determined.

Conclusion CM0525470

The thermal evolution of oxygen deficiency of

Lal*xc%,(:o@*d_ has S.hovfm that CaO has a “_mlted a_lblllty (44) Salje, E. K. HPhase transitions in ferroelastic and co-elastic crystals
to stabilize a high oxidation state of Co and increasing Ca Cambridge University Press: New York, 1990.




