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A broad study on the properties of Ca-substituted LaCrO;
is reported. Problems in the synthesis of Ca-rich samples of
La;_,Ca,CrO;_; are addressed. For the La-rich region, synthesis
in air provides La;_Ca,CrO; with partial formation of Cr".
At reducing conditions, Cr" can be converted to Cr'. The
properties of oxidized and reduced samples are compared since
differences are of importance for applications. The maximum
reduction, without decomposition, corresponds ideally to 6 =
t/2, but this could not be fully achieved in 10% H, + 90% N,
at 1263 K. Unit cell data, atomic coordinates (from powder
neutron diffraction data), thermal expansion, and magnetic
property data are provided. The crystal structure is orthorhom-
bic (GdFeO;-type) at 298 K; the rhomobohedral LaAlO;-type
variant exists at high temperatures. Sample reduction influ-
ences slightly the orthorhombic distortion, increases the unit
cell volume quite considerably, enhances the temperature do-
main of the orthorhombic versus the rhombohedral modifica-
tion, and increases the magnetic moment and the antiferromag-
netic ordering temperature. The microscopic thermal expansion
is independent of the Ca content (0.00 = ¢ = 0.30) and is
slightly enhanced for the rhombohedral phase. The antiferro-
magnetic G,-type ordering in LaCrO; is retained upon substitu-
tion. However, for oxidized samples, a smaller A, component
develops upon substitution, whereas for field cooled samples
parasitic ferromagnetism appears. For fully reduced samples,
the aliovalent Ca substitution implies unit cell compression
and oxygen vacancy formation with modest effect on magnetic
properties. The additional partial exchange of Cr'™ (d%) by Cr'V
(d?) for oxidized samples has significant impact on the magnetic
properties. [0 1996 Academic Press, Inc.

1. INTRODUCTION

Alkaline earth substituted lanthanum chromites, La;_,
M,Cr,_,T,O;_5s (M = Ca, Sr, and T = Mg) have obtained
a large interest during the past decades due to possible
technological use of such materials as electrodes in magne-
tohydrodynamic generators (1) or as interconnects in solid
oxide fuel cells (2-5). The materials take the perovskite-
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type structure and have high electronic conductivities at
high temperatures. Lanthanum chromite itself, LaCrOs, is
well known to exhibit high chemical stability over a wide
range of temperatures and oxygen partial pressures. Stud-
ies on the defect chemistry of substituted and nonstoichio-
metric lanthanum chromites have been done by electrical
conductivity (6), Seebeck coefficient (7, 8), and thermo-
gravimetric (9, 10) measurements. When some La'! is sub-
stitutionally exchanged by aliovalent MU (at the A-site),
the decrease in positive charge can be compensated either
by valence change of chromium or by formation of oxygen
vacancies. Both scenarios, depending on temperature (7)-
oxygen partial pressure [p(O,)] conditions, are realized.

In the higher p(O,) range, e.g., in air, the oxygen deficit
(6) for the partly substituted La;_,Ca,CrO;_; is close to
zero. The charge compensation occurs via valence change
of Cr, with resulting substantial electronic conductivity (p-
type). In Kroger—Vink notation the substitution is de-
scribed as

MCrO; — M|, + Cr& + 308 in LaCrOs, [1]

whereas in the low p(O,) range, the compensation is
achieved by formation of oxygen vacancies, and the electri-
cal transport is more ionic in nature. Formally, the situation
can be considered as a reduction of the four valent Cr
(formed according to [1]),

2Cré& + 06— 2CrE + Vo + 1/2 Oy(g). [2]

The properties of alkaline earth substituted LaCrOj; have
been the subject for a large number of studies, in particular
for M = Ca and Sr (11, 12), where mainly the 7, p(O,)
dependences of defect-related properties such as electronic
conductivity (6, 13), ionic transport (14), and sinterability
(15, 16) have been considered. For both substituents, a
shrinkage of the unit cell is observed, however, details for
the atomic arrangement as functions of composition and
temperature are not available.

The present paper aims at clarifying composition in-
duced changes in the atomic arrangement, thermal expan-
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sion, phase transition features, and magnetic order of La;_,
Ca,CrO;_;. Samples with different oxygen stoichiometries
are obtained by selecting proper temperature and oxygen
partial pressure conditions during the final heating. In this
way the average oxidation state of Cr is monitored. Data
are provided for oxidized (8 =~ 0.00) and reduced (0 <
8 = t/2) samples. The change in properties between sam-
ples with the two extreme compositions (6 = 0 and 6§ =
t/2) is highly relevant for the potential use of such materials
as interconnects in solid oxide fuel cells. In particular,
composition induced changes in the thermal expansitivity
as well as in the volume jump of the first-order transition
between orthorhombic (GdFeOs-type) and rhombohedral
(LaAlOj;-type) modifications are described.

Data for hydrothermally synthesized La,_,Ca,CrOj; indi-
cate that the antiferromagnetic ordering temperature
(Tx = 290 K) is independent of the substitution level (17).
However, the exact oxygen stoichiometry of these samples,
which for sure were partly reduced, can be questioned.
The present study provides magnetization data for oxidized
and reduced samples (with varying Cr'™™/Cr'Y ratio). Fur-
thermore, details on the magnetic structure are provided
on the basis of powder neutron diffraction data.

2. EXPERIMENTAL

Samples of La;_,Ca,CrO;_; (¢ = 0.00, 0.10, 0.20, and 0.30)
were prepared according to a modified Pechini method
(18). Appropriate amounts of La,O; (99.99%), CaCO;
(98%), and Cr(NO3); (98%), all guaranteed reagents, Na-
karai Chemical Co. Ltd., Japan, were dissolved in diluted
HNO:;. Thereafter, an excess of citric acid was added to
the solution. After complete dissolution of the citric acid,
the solution was heated on a hot plate to remove water
and nitric oxides, and the liquid turned eventually into a
glassy gel. The gel was dried at 460 K, and then crushed
and thoroughly mixed in ethanol in a ZrO, ball mill (6
hr). After removal of the ethanol, the powder was calcined
at 1473 K for 10 hr in air. For the highest Ca contents
t = 0.50 and 0.75, La,0O5 (99.99% Molycorp. Inc.), CaCO;
(>99%, Merck), and CrO; (>99%, Fluka) were used as
starting materials. The preparation procedure followed
mostly that described for 0.00 = ¢ = 0.30, however, drying
at 460 K and mixing in ethanol were omitted. After the
gel was dried on a hot plate, the sample was immediately
calcined at 1873 K in air for 5 hr. Reduced samples of
La;_,Ca,CrO;_s, t = 0.10 and 0.20, were obtained by treat-
ment in 10% H, + 90% N,, and for ¢ = 0.30, 0.50, and
0.75 in CO/CO, mixtures. The samples were heated to
1173-1273 K and then cooled to room temperature. The
reducing gas mixture was kept during the entire treatment.
The temperature and the CO/CO, mixing ratio were regu-
lated for each sample during the annealing step prior to
cooling in order to obtain the most suitable reducing condi-
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tions without any accompanying decomposition. For exam-
ple, Lag70Cag3CrO; was reduced at T = 1173 K in a
CO:CO, = 83:17 gas mixture resulting in an oxygen con-
tent of 3 — § = 2.88 for the single phase product. The
oxygen contents of the reduced samples were estimated
from the weight increase during reoxidation in a Perkin
Elmer TGA7.

All samples were characterized by powder X-ray diffrac-
tion (PXD) at room temperature [Guinier—Hagg cameras,
CuKa; radiation, Si as internal standard; a = 543.1065
pm (19)] in order to determine phase purity and sample
homogeneity. No reflections from additional phases were
observed for samples with ¢ = 0.50. For ¢+ = 0.75, small
amounts of CaO and B-CaCr,O, were observed. Unit cell
dimensions were determined by least square methods from
data for about 15 Bragg reflections using the UNITCELL
program (20). As an aid in correct indexing of reflections
for the orthorhombic unit cell with pseudocubic metric,
calculated PXD patterns were obtained with the LAZY
PULVERIX program (21).

High-temperature powder X-ray diffraction data were
collected in two ways. First, a Guinier Simon camera (Enraf
Nonius) was used for temperatures between 300 and 1200
K (t=0.20, 6 = 0.00 and 0.10). The samples were contained
in rotating, sealed or open, quartz capillaries, and the pro-
grammed temperature change was synchronized with the
movement of the film casette. The temperature was cali-
brated by means of measurements of the known volume
expansion of silver (22). In accordance with data for Lag;
Sry5CrO; in Ref. (9) and own TGA data, the oxidized
samples did not loose oxygen at temperatures below 1200
K. Therefore the stoichiometry of the oxidized samples
were retained during the PXD studies. The reduced sam-
ples were kept within closed capillaries during the experi-
ments which prevented overall compositional changes, al-
though decomposition may occur. Second, a Macp
diffractometer (Mac Science Ltd., Japan) was used. A
dense polycrystalline disk (8-mm diameter and 1-mm
thick) was placed in a platinum holder and corrections
were made for settling the correct average height of the
sample surface. A Pt-Pt 13% Rh thermocouple was
attached to the sample to monitor the temperature. Dried
air (20% O, and 80% N, from gas cylinder) flowed through
the sample chamber during the high temperature experi-
ments (30 ml/min).

Powder neutron diffraction (PND) data were collected
on the OPUS IV two-axis diffractometer at the JEEP II
reactor, Kjeller, at and below room temperature. Cylindri-
cal sample holders were used. Monochromatized neutrons
of wavelength 182.5 pm were obtained by reflection from
Ge(111). The diffraction patterns were measured by means
of five *He detectors, positioned 10° apart. Intensity data
were collected from 20 = 15° to 100° in steps of A20 =
0.05°. A typical data set contained 1700 measuring points,
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and some 80 reflections entered into the profile refinements
(see below). Temperatures between 10 and 300 K were
obtained by means of a Displex cooling system. A Lake
Shore DRC 82C controller was used, and the temperature
was measured and controlled by means of a silicon diode.

A second set of PND data were collected at the Univer-
sity of Missouri Research Reactor (MURR) using the PSD
II two-axis diffractometer. The 511 reflection from a bent,
cylindrical, perfect Si crystal gave monochromatic neutrons
of wavelength 147.66 pm. Intensities were measured by an
array of five 600 mm position sensitive *He detectors
(PSD), covering 20° in 20 (23). A complete diagram, from
20 = 5°t0 105°, was obtained by moving the detector unit
in five steps. The collected data were converted to 20
values in steps of A20 = (0.05°. A typical data set contained
2000 measuring points, and some 165 reflections entered
into the profile refinements.

Structural and instrumental parameters were obtained
from profile refinements. The Hewat version of the Riet-
veld program (24, 25) was used, and the results were com-
pared with similarly refined data using the ALLHKL and
EDINP programs (26, 27). One scale factor, three half
width parameters, three unit cell dimensions, zero point,
and seven positional parameters together with four iso-
tropic displacement factors entered into the least square
refinements. The scattering amplitudes by, = 8.24, bc, =
470, be, = 3.635, and bo = 5.805 fm (28) were adopted.
For the low temperature data, three additional parameters
entered for description of the magnetic structures. The
form factors for Cr** from Ref. (29) were used.

Magnetization data were measured by a SQUID magne-
tometer (MPMS; Quantum Design) between 5 and 300 K.
Data were collected for zero field cooled (ZFC) samples
on heating in a field of 100 Oe. Furthermore, data were
collected on cooling (FC) in a field of 1 kOe. Magnetization
data in high fields, H = 50 kOe, were collected at 5 K.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Solid Solubility for La,_,Ca,CrO;_s

LaCrO;, CaCrOs;, and Ca,Cr,0Os are all end phases for
the La;_,Ca,CrO;_; solid solution. Among these phases,
LaCrOs; is thermally the most stable, melting at 2783 + 20
K (30). Berjoan et al. (11) claimed increased stability for
samples with around 8% calcium at the A site of the solid
solution phase. The Ca-end phases can only be obtained
with more difficulty. CaCrOj;, with solely Cr!V, requires
high pressure techniques (31), whereas Ca,Cr,Os has first
recently been synthesized and has apparently a maximum
thermal stability of around 1300 K (32). In the La-Ca-
Cr-O system, a region of partial melting exists in the Ca-
rich part, which prevents the use of high temperatures in
the synthesis (11). In addition, earlier investigations have
encountered problems due to phase splitting for 1 = 0.30
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into oxygen rich and oxygen poor solid solution phases
(17) and demixing of the solid solution phase at certain
conditions (33, 34). The introduction of calcium into the
stable LaCrOj; phase is probably best done via mixing at an
atomic level in a precursor phase, presently in citrate gels.

During the incineration of the precursor in oxygen rich
atmospheres, high valent Cr phases like CaCrO,, LaCrO,,
La,CrOg, and Caz(CrO,), were found as intermediates,
which partly caused inhomogeneous products during the
subsequent thermal decomposition and sintering reaction.
Phase pure sample of La,_,Ca,CrOs3, 0.00 = ¢ = 0.30, were
obtained after a second heating in air at 1473 K. The distri-
bution of Ca and La over the A site is random, as indicated
by small half-widths of the Bragg reflections and lacking
superstructure reflections. This was separately confirmed
in the PND study (see below).

For the Lag,5Cag75CrO;5_s sample, impurities of CaO
and B-CaCr,0, were present, even after the second heat
treatment. This is probably not directly caused by the for-
mation of the various intermediates during the heating,
but reflects instead the minor stability of the solid solution
phase with respect to neighboring phases. At lower temper-
atures (e.g., 1300 K), CaCrO, with hexavalent chromium
is easily formed, whereas the products change into CaO
and -CaCr,0, if higher reaction temperatures are opera-
tive. No further attempts were made to search for optimal
synthesis conditions (temperature and atmosphere). In the
presently adopted CO/CO, atmosphere with p(O,) =~ 107!
Pa, decomposition does notably not take place at 1173
K; there is only partial reduction. At high oxygen partial
pressures, the stability of the phase extends at least up to
1800 K, whereas at strongly reducing conditions (H,/N5)
decomposition into CaO, CaCr,0,, and La,;_,Ca,CrO;_;
with a lower Ca-content occurs around 1300 K. The varia-
tion of the unit cell dimensions with composition (Table
1 and Fig. 1) suggests clearly that complete solid solubility
may exist. For the oxygen saturated samples (6 = 0.00),
a smooth variation of the unit cell volume is observed.
However, the slight positive deviation from a Vegard law
relationship for the solid solution phase may either indicate
increasing noncomplete oxidation for heavily substituted
samples, which is reasonable since high pressure methods
are required for, e.g., CaCrOs (31), and/or indicate repul-
sive La—Ca interactions which possibly may explain the
observed tendency toward demixing, which in this case,
should be enhanced if the annealing temperature is low-
ered. The latter hypothesis is consistent with the observa-
tions by Carter et al. (34) who reported that the solid
solution phase exists only at high temperatures and that
an immiscibility domain opens at lower temperatures. For
the reduced samples, the unit cell volume is much lower
than expected for ¢ = 0.50 and 0.75 (Fig. 1). This may either
indicate incomplete reduction at the applied conditions or
a rapid reoxidation prior to the PXD studies. A different,
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TABLE 1
Unit Cell Dimensions and Axial Ratios for La,;_,Ca,CrO;_;
Obtained from PXD Data (Guinier—Héagg Technique; Oxidized
and Reduced Samples)

t a (pm) b (pm) ¢ (pm) V (10° pm?)
Oxidized
0.00 547.90(14)  775.62(14) 551.61(5) 234.41(5)
0.10 546.98(4) 774.25(6) 549.38(5) 232.55(6)
0.20 544.62(4) 772.61(6) 547.44(6) 230.35(3)
0.30 543.68(7) 769.19(9) 545.03(6) 228.04(5)
0.50 540.37(6) 764.63(9) 541.18(5) 223.61(4)
075"  537.30(20)  75421(118)  538.68(30) 218.39(39)
Reduced
0.10 547.19(8) 775.05(18) 550.80(8) 233.59(7)
0.20 54554(11)  774.74(22) 549.87(9) 232.41(9)
0.30 545.19(8) 774.12(11) 548.14(7) 231.34(6)
0.50 543.68(22)  768.83(12) 544.08(5) 227.42(10)
0.75%  540.00(7) 764.04(14) 540.55(4) 223.02(4)

Note. Space group Pnma. Calculated standard deviations in paren-
theses.
¢ Impurities present.

but also possible explanation, is that an additional volume
expansion occurs for the highly ordered defects in Ca,
Cr,0Os. However, this is not plausible since the volume
difference between samples with § = 0.00 and 6 = ¢/2 (for
t = 1.00) corresponds nicely to what was expected from the
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FIG. 1. Unit cell volume at 298 K for oxidized and reduced samples
of La;_,Ca,CrO;_s. Calculated standard deviations do not exceed size
of symbol. Fully drawn lines guide the eye, dotted line shows Vegard
law relationship.
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FIG. 2. Termogravimetric curve showing reoxidation of LaggyCago
CrO;_;s on long time exposure to air and vacuum conditions at 298 K.
Fully drawn line guides the eye.

size difference between Cr'™ and Cr" in binary chromium
oxides (35).

The reduced La;_,Ca,CrO;_sare susceptible for reoxida-
tion into La;_,Ca,CrO;. The reductions and oxidations rep-
resent topotactic reactions. In related phases, such as La
CoO3;_;, reduction at low temperatures gives a metastable,
highly defective perovskite rather than forcing a phase
separation into the stable two-phase mixture of La,CoO,
and CoO (36). It is not clear whether reduced La;_,Ca,
CrO;_; represents the thermodynamically stable situation
at the selected conditions. The reoxidizations are slow at
room temperature, but do progress. For ¢ = 0.20 (partly
reduced), the weight increase was registered daily, and
during 15 days a 0.05% weight increase caused a change
in oxygen stoichiometry (3 — §) from 2.93 to 2.95 (Fig. 2).
Among the samples 0.00 = ¢ = 0.30, those with a lower
Ca content show the strongest tendency toward rapid reox-
idation. TGA data (powder samples; a few wum particle
size) shows a more or less well developed two-stage reoxi-
dation behavior in flowing oxygen (onset around 400 K).
The stepwise oxidation may indicate enhanced stability of
intermediate compositions, reflect diffusion features, or
reoxidation of segregated phases (not detectable by PXD).

3.2. Unit Cell, Structural Phase Transition, and
Thermal Expansion

The orthorhombic distortions for the unit cell of La;_,
Ca,CrOs_; (unit cell dimensions are given in Table 1) are
small and can be described in terms of deviations in
(alc — 1) and (b/c — V?2) from zero. The GdFeO;-type
unit cell is related to the cubic unit cell by a, = a, — b,
b, = 2¢. and ¢, = a. + b, subscripts o and c referring to
orthorhombic and cubic unit cells, respectively. For both
oxidized and reduced samples, the pseudocubic ratios are
more closely approached on Ca substitution (see Section



206

3.3.and Table 1). For the La-rich solid solution, the created
oxygen vacancies are probably confined to small defect
clusters, e.g., Ca>*~V—Ca*" (37). The end member of the
reduced solid solution, Ca,Cr,0Os, has been suggested to
take the Brownmillerite- (BR) type structure (33, 38)
which, if correct, would imply that on increasing Ca content
and vacancy concentration, half of the defect octahedra
will finally turn into tetrahedra. For the Brownmillerite-
type structure, alternating sheets of octahedra and tetrahe-
dra exist along b (Fig. 3) and large deviations in the corre-
sponding axial ratios develop (agr/cgr and bgr/2cgg being,
1.05 and 1.31, respectively). Also some TEM data are in
this respect available for the La;_,Ca,CrO;_; system (39).
Presently, no additional peaks in the PXD patterns could
give support to superstructure formation for Ca-rich
samples.

Visual inspection of the Guinier Simon high-tempera-
ture PXD photographs clearly show that the orthorhombic
line splittings diminish continuously on heating. The total
widths of some partly overlapping reflections first diminish
and thereafter increase again on heating, which imply sig-
nificant changes in the axial ratios. The visual observations
and subsequent calculations of unit cell dimensions indi-
cate that the anomalous expansion behavior earlier re-
ported close to the orthorhombic-to-rhombohedral phase
transition (40) probably is an artifact introduced by errone-
ous indexing, probably as a result of the minute line split-
tings.

PXD, DSC, and calorimetry studies show consistently
an increase in the transition temperature, Ty, with ¢, for
both oxidized and reduced samples. High-temperature
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PXD data were collected for reduced samples, of which
some 5 mg were confined in a closed capillary with volume
~1 mm?. Under such conditions, T4 was found to be 20 K
larger for LaggoCag,0CrO, in a closed capillary than in
an open capillary. In the latter case, the sample was oxi-
dized to a large extent prior to the transition, and the
value for Ty corresponds to that observed for LaggyCags
Cr03.

The first-order, structural phase transition is manifested
in the PXD patterns on the Guinier Simon films by a
sudden appearance of line splittings. The close continuity
of most reflections throughout the transition region indi-
cates that the volume contraction at the transition (on
heating) must be very small. For LaCrO; the volume
jump is AV/V = —1.4 X 1073, whereas for ¢ = 0.20 it is
much less and is estimated to be =7 X 107* (cf. Figs. 4
and 6). From earlier studies it is known that the jump
increases on substituting Cr by Co, AV/V being —4.3 X
1073 for LaCr(gyC02003 (41). Momin et al. (40) reported
that both the orthorhombic (O) to rhombohedral (R)
and the rhombohedral to cubic (C) phase transition for
LaCrO; are accompanied by small volume expansions.
The present study and Ref. (41) clearly prove a volume
contraction for the O to R transition. Whereas Momin
et al. (40) reported that the R to C transition occurred
at 1300 K in air, other studies (42, 43) have provided
evidence for a higher transition temperature. On the basis
of linear extrapolation of (« — 60°) to zero, the R - C
transition temperature is estimated to be around 2000 K
for LaCrOs; (42, 43). Following the same procedure, 2180,
2080, 2120, and 2260 K were presently obtained for ¢ =

FIG. 3.
(b) Brownmillerite.

Comparison of the Brownmillerite- and GdFeOj;-type structures. Only transition metal and oxygen atoms are shown. (a) LaCrO;,
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FIG. 4. Temperature dependence of unit cell dimensions for Lag g
Cao_mCrO_g .

0.00, 0.10, 0.20, and 0.30. Note that no experimental data
are available for 7 > 1300 K; see Fig. 5. For the quoted
composition range, Tr_c appears to be constant within
expected uncertainty.

The temperature dependences of the unit cell dimen-
sions are shown for LaggCag10CrO; in Fig. 4. The data
are representative for all studied samples with ¢ = 0.30.
Refinements of the orthorhombic unit cell could not be
made with sufficient accuracy from the Guinier Simon film
data, whereas no problems were encountered in this re-
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T/K
FIG. 5. Deviation of rhombohedral angle, , from ideal value 60° as

function of temperature for La;_,Ca,CrO;_s, t = 0.00, 0.10, and 0.20. Fully
drawn lines represent least squares fits.
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FIG.6. Variation of unit cell volume, Vg and 2Vy, for the orthorhom-
bic (O) and rhombohedral (R) modifications of La;_,Ca,CrO;_;, t = 0.10,
0.20, and 0.30.

spect for the rhombohedral unit cell. The results for the
orthorhombic regime are deduced from diffractometer
data. For LaggyCag20CrOs 49, the unit cell volume of the
rhombohedral phase just above T4 (614 K) is V =
231.52 X 10° pm?, increasing to 236.24 X 10° pm?® at 1244
K (Fig. 6). This volume change corresponds to a linear
volume expansion coefficient, ay = 3.2 X 107 K. As
seen from Figs. 4 and 6, aey is slightly larger for the R than
for the O modification. The value for r+ = 0.20 is larger
than reported for LaCrO;, for which ay = (2.0-2.2) X
1073 K™! (40, 41) for the R modification. There is no major
change in expansivity for La;_,Ca,CrO;_s on increasing
substitution (Fig. 6). The microscopic picture of rather
composition independent expansivity contrasts somewhat
with the reported increase of the macroscopic expansion
with increasing (Ca, Sr)-substitution (44, 45). The dilato-
metrically determined linear thermal expansion coeffi-
cients (sintered specimens, 3-9% porosity) for La;_,Ca,
CrO;_5, (9-10) X 107% K~! (44, 45), corresponds to ay =
(2.7-3.0) X 107° K~L. This value is in fair agreement with
the observed expansion of the unit cell volume (see above).
The macroscopic expansion of these materials are of im-
portance for high-temperature applications. For Laggg
Ca(,,CrO;_s, a macroscopic expansion Al/l = 3 X 1073
occurs on reduction, i.e., on lowering p(O,) from 0.2 and
1071 bar at 1273 K (46). This value for Al/l can be com-
pared with the present unit cell data. At 298 K, the differ-
ence in unit cell volume between LaggyCag,0CrO; and
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TABLE 2

Atomic Coordinates, Temperature Factors, and Oxygen Occupancy for Oxidized Samples of La,;_,Ca,CrO; from Rietveld

Refinements of Powder Neutron Diffraction Data Collected at MURR, USA and at JEEP II, Kjeller, Norway

t 0.00 0.10 0.10 0.20 0.20 0.20° 0.30 0.30
T(K) 298 298 12 298 12 12 298 12
Place MURR Kjeller Kjeller MURR Kjeller Kjeller MURR Kjeller

XLa/Ca 0.0188(6) 0.0175(9) 0.0227(6) 0.0185(7) 0.0208(9) 0.006(2) 0.0177(8) 0.025(1)
ZLa/Ca 0.9957(8) 0.997(1) 0.999(1) 0.003(1) 0.997(1) 0.007(2) 0.999(1) 0.996(1)
Xo1 0.491(1) 0.493(1) 0.490(1) 0.495(1) 0.491(1) 0.495(3) 0.495(1) 0.493(1)
Zo1 0.0661(9) 0.055(2) 0.066(1) 0.060(1) 0.066(2) 0.050(2) 0.056(1) 0.068(1)
Xo2 0.2277(7) 0.2286(9) 0.2237(9) 0.2258(7) 0.227(1) 0.236(2) 0.2258(8) 0.223(1)
Yoz 0.5347(5) 0.5370(8) 0.5351(6) 0.5338(4) 0.5328(9) 0.539(1) 0.5348(5) 0.531(1)
Zo2 0.2263(6) 0.2238(9) 0.2251(9) 0.2264(7) 0.2258(16) 0.242(2) 0.2238(7) 0.224(1)
Braca 0.56(8) —0.4(1) —0.6(1) 0.8(1) —0.19(1) 0.0(1) 0.9(1) 0.2(1)
Ber 0.29(8) 0.7(1) 0.8(1) 0.4(1) 0.9(1) 0.6(2) 0.9(1) 0.3(1)
Bou 0.77(9) 0.9(1) 1.1(2) 1.1(1) 0.4(1) 0.6(1) 1.1(1) 0.7(1)
Bo 0.70(8) -0.2(1) -0.2(1) 0.7(1) 0.6(1) 0.8(1) 0.9(1) -0.3(1)
R, 8.68 6.89 6.62 6.97 543 5.55 7.15 4.31

R, 15.37 8.40 6.95 13.24 9.34 11.63 13.37 7.99

R, 3.80 8.50 7.48 9.37

Note. Calculated standard deviations in parentheses. Space group Pnma: La/Ca and O(1) in 4(c) [x, 1/4, z], Cr in 4(b) [0, 0, 1/2], and O(2) in

8(d) [x, y, z].

“ Reduced, oxygen content § = 0.10 according to TGA analyses. Occupation number n(O1) = 1.00 (fixed), n(02) = 1.74(4).

LaggoCag20CrO,. is 2.1 X 10° pm?, which in average cor-
responds to Al/l = 3 X 107,

3.3. Atomic Arrangement

The powder neutron diffraction data for ¢ = 0.00, 0.10,
0.20, and 0.30, at and below room temperature, confirmed
that the solid solution is of the pure substitutional type
with the orthorhombic GdFeOs-type deformed perovskite
atomic arrangement [tilted, slightly deformed octahedra
(47)]. From the profile refinements, atomic coordinates,
displacement factors, and occupation numbers were de-
rived; see Table 2. An excellent agreement between ob-
served and calculated diffraction patterns were obtained;
see representative profiles in Fig. 7. No additional peaks
indicative of impurity phases or (partial) defect ordering
were observed. There are no significant shifts in the
atomic coordinates for La;_,Ca,CrO;_s, 0.00 = ¢t = 0.30
and 10 = T = 300 K. Note that the uncertainties in the
Kjeller data are larger than in the MURR data. The
displacement factors obtained for the Kjeller data at 12
and 298 K are severely hampered by the small sin ®/A
range for the data (< 0.42), lack of absorption correction,
and strong correlations (between magnetic moments, oc-
cupation, and displacement parameters).

The accurate determination of the oxygen content of
partly reduced La;_,Ca,CrO;_s is not trivial. Although the
uncertainty is quite large, the use of powder neutron dif-
fraction has important benefits compared to methods like

total reduction, oxidation to a standard state, iodometry,
and electrochemical methods by providing site specific in-
formation regarding the oxygen deficiency. The linear V/(¢)
behavior for oxidized samples of La;_,Ca,CrO;_s, 0.00 =
t =0.30,1in Fig. 1, suggests that their oxygen stoichiometries
are close to 3.00, which, within one calculated standard
deviation, was confirmed by the Rietveld refinements. For
the reduced sample LajgyCag0CrOs_s, the profile refine-
ments of PND data (298 K; Kjeller) gave an overall oxygen
stoichiometry of 2.74(4). This fits only reasonable well
6 = 0.10 = 0.01 as deduced from thermogravimetric reoxi-
dation. Although the refinements are hampered by correla-
tions between displacement factors and occupation num-
bers, judgement on the basis of reliability factors indicate
that the oxygen vacancies are preferably located at the O2
(the 8d-) site. When comparing the Brownmillerite- and
GdFeOs-type structures (Fig. 3), it is seen that vacancy
formation for the O2 atoms may provide tetrahedrally
coordinated transition-metal (Cr) atoms. This may indicate
that the present structure refinements for oxygen defect
La;_,Ca,CrO;_s should be done within the frame of the
Brownmillerite-type unit cell rather than within the smaller
GdFeOs-type unit cell.

Composition induced changes in the interatomic dis-
tances and bonding angles can be evaluated from Table 3.
Introduction of the smaller Cr'V at the Cr site shortens the
average Cr—O bonds in the deformed CrOg octahedron.
Application of the bond valence concept (48), selecting the
reference Cr'"'-O bond length as r, = 172.4 pm, facilitates



PROPERTIES OF La,_Ca,CrOs_;

N
(@]
(@]
(@]

209

3000 -

2000

1000

o Iobs
— Icalc -

Tobs-Icalc (A.U.) INTENSITY (ARB. UNITS)

Loalas b

3500 . .

~
D
[de
(]
—
=]

3000

2500

T

2000
1500 -
1000 -

500 -

O l—
400 : } ; |

o Iobs 7
—— Icale

200
0
=200

T T

Tobs-Icalc (A.U.) INTENSITY (ARB. UNITS)

—400 ; 1 1 |
1 50

(]
(&3]
[e]

20 (0)

FIG. 7. Observed, calculated, and difference diagrams for powder neutron diffraction data (a) for LajgyCag,0CrOs at 298 K collected at the
MURR reactor, U.S.A., A = 147.66 pm and (b) for LaggyCagCrO,qp at 12 K collected at the JEEP II reactor, Norway, A = 182.5 pm.

estimation of the chromium valence. The calculated va-
lence increases from 3.07 to 3.25 between ¢t = 0.00 and 0.30,
which fits reasonably well the expected variation (from
3.00 and 3.30; assuming no formation of vacancies). Bond
strength calculations for lanthanum [r, = 217.2 pm for La'
(48)] are not directly relevant, and the apparent increase in
valence from 3.01 for ¢ = 0.00 to 3.17 for ¢t = 0.30 merely
indicates that smaller Ca atoms (r, = 196.7 pm for Ca')
have entered the La site.

At first sight there are no apparent correlations between
crystal structure data and stability of O and R modifica-
tions. Whereas the stability of the O modification increases

with ¢, the Cr—O-Cr angles for the corner-sharing octahe-
dra of the orthorhombic phase remain constant around
155°-160° (Table 3) and the deformation in terms of axial
ratios actually decrease (toward pseudocubic values). The
latter aspect may be understood from empirical correla-
tions between Goldschmidt tolerance factor and structure
type, which suggest stabilization of the O modification on
reducing RE size (presently, the introduction of smaller
Ca for La). For RE = La (i.e., LaCrOs), the axial ratio
parameter (a/c — 1) equals —0.007, whereas for RE = Dy,
Ho, and Lu, these values are 0.049, 0.053, and 0.064. A
special aspect of LaCrO; is hence that the orthorhom-
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TABLE 3
Calculated Distances (in pm) and Selected Angles (in
Degrees) for Oxidized Samples of La;_,Ca,CrO; at 298 K

t= 0.00 0.10 0.20 0.30
Distances
La-O1 (1X) 2422 247.0 240.2 2432
-02 (2X) 2473 245.0 247.5 244.4
-01 (1x) 262.0 262.3 261.6 261.1
-02 (2X) 263.3 262.6 264.7 263.5
-02 (2X) 279.5 280.0 275.0 275.5
-01 (1X) 291.5 288.3 287.6 286.1
-01 (1xX) 310.3 303.4 308.2 302.8
-02 (2X) 312.7 313.1 308.7 310.1
Cr-02 (2X) 196.4 194.9 195.8 194.5
-01 (2X) 197.5 196.0 195.3 194.9
-02 (2X%) 197.7 198.8 196.1 196.2
Angles
Cr-0O1-Cr 158.6 162.2 160.7 161.9
Cr-02-Cr 161.1 160.0 161.2 160.5
v(Cr) 3.07 3.13 3.20 3.25
v(expected) 3.00 3.10 3.20 3.30

Note. Unit cell dimensions determined by PXD and atomic coordinates
from PND (MURR) are used. Calculated valence v(Cr) according to the
bond valence concept is given for chromium, see text.

bically deformed phase has a/c < 1. In this case, enhanced
deformation on reducing cation size at the RE site will
first increase a/c toward one. To evaluate changes in the
tolerance factor itself on substitution and/or reduction for
La;_,Ca,CrO;_s, the average distance ratio d[(La, Ca)-O]/
d[Cr-0] should be considered. For the reduced samples,
the ratio decreases with increasing substitution level ¢,
whereas for the oxidized samples the shrinkage of the (La,
Ca)O,, and (Cr', Cr'V)O¢ coordination polyhedra cancel
(Table 3). Following the same philosophy, T for reduced
samples of La;_,Sr,CrO;_sis expected to increase with ¢ (no
data available). The observed reduction in T4 for oxidized
samples of La,_,Sr,CrO;_;(49) does not necessarily contra-
dict the hypothesis since Sr** is substantially larger than
Ca?*. No data are available for La,_Ba,CrO;_;. On substi-
tuting the smaller Co™ for Cr'!, T, decreases (41), whereas
introduction of the larger Mn'' causes an increase in Ty
(50).

3.4. Magnetic Properties

The magnetic properties are very sensitive to changes
in the oxygen stoichiometry for La,_,Ca,CrO;_; which may
involve different amounts of Cr' and Cr'V species. Mag-
netic susceptibility and neutron diffraction data are pre-
sented for oxidized and reduced samples.

The reduced samples are considered first. At low substi-
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tution levels, the introduced Ca atoms merely act as a
positive chemical pressure on the magnetic sublattice,
whereas at higher substitution levels, the substantial oxy-
gen vacancy concentration may influence the Cr—-O-Cr
interactions, e.g., due to local ordering of defect clusters.
The magnetic susceptibility (ZFC) curves for LaCrO; and
LaggoCag0CrO,99 are compared in Fig. 8. Whereas the
Néel temperatures are about equal around 290 K, the
susceptibility curve for ¢+ = 0.20 shows a drop around 50
K which probably indicates that additional antiferromag-
netic modes are activated or that a spin reorientation
occurs. The effect was, however, too small to be deter-
mined in the powder neutron diffraction study. The posi-
tive chemical pressure exerted by the introduction of
smaller RE in the series of RECrO; leads to increased
structural deformation and the lowering of Ty, from
Tn = 290 K for RE = La via Ty = 146 K for RE =
Dy to Ty = 112 K for RE = Lu (51). The volume
contraction through the La;_,Ca,CrOj; solid solution sys-
tem is large, and the unit cell volume for ¢ = 0.75
corresponds roughly to that for DyCrO;.

The magnetic structures for La;_,Ca,CrO;_s were deter-
mined on the basis of powder neutron diffraction data
(Kjeller). The magnetic Cr atoms occupy the 4b sites of
the space group Pnma. According to representation theory
(52), different sets of magnetic modes are possible, for the
irreducible representation I'y, the G,, C,, and A, modes;
I, with C,, G,, and F; I's, with F,, A,, and C.; and
finally I'y, with A, F,, and G,. The magnetic structure of
LaCrO; was confirmed as a G, mode (belonging to I';,)
with the six surrounding chromium atoms antiferromagnet-
ically coupled. Also for LajgyCag0CrO,.q, the G, mode
was the only one present. For RECrO; in general, G-
type ordering (separate or combined, G, and G,) is most
common. The small A, component listed in Table 4 for
LaCrOs; is not considered significant.

For the oxidized samples, the magnetic susceptibility
behavior (under ZFC conditions) is strongly affected by
substitution (Fig. 8b). The ordering temperature, Ty, de-
creases from 290 K for LaCrO; to 190 K for ¢ = 0.30.
Measurements for the partly oxidized ¢ = 0.75 samples
gave Ty = 80 = 5 K. These observations fall fairly well in
line with the reported antiferromagnetic order for CaCrO;
below Ty = 90 K (52).

CaCrO;s; is reported to show parasitic ferromagnetism
(o0 =10.295 emu- g ! at 4.2 K) below the first-order transi-
tion at 90 K (53). Such behavior was observed for all oxi-
dized samples of the La;_,Ca,CrO;_s solid solution. This
is illustrated by the recorded magnetic susceptibility under
field cooled (FC) conditions in Fig. 8c. The spontaneous
magnetization vanishes on heating in zero field at the same
temperature, Ty, as found for the ZFC samples. For t =
0.20 the spontaneous magnetization at 5 Kis 0.26 emu - g%,
i.e., approximately as for CaCrO;.
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TABLE 4
Refined Magnetic Moments for La;_,Ca,CrO;_; from Powder
Neutron Diffraction Data at 12 K, Kjeller”

t

Mode 0.00 0.10 (ox)*  0.20 (ox)  0.20 (red)*  0.30 (ox)
G, 2492  277(3) 251(3) 2.52(3) 2.03(3)
C, 0° 0 0 0 0
A, 0.123)  0.28(12) 0.60(8) 0 0.61(8)

“ ox = oxidized, red = reduced.

b Calculated standard deviations in parentheses.

¢ Numbers given as zero indicate that the refined value is zero within
calculated standard deviation.

4 See text.

The G, mode dominates also for the oxidized samples.
The additional magnetic scattering contributions to certain
Bragg reflections is evident from the diffraction profiles in
Fig. 7b. In the Rietveld refinements, the possible coexis-
tence of the additional modes, C, and A_, transforming
according to the same irreducible representation (I';,) was
considered. The results show that increasing calcium con-
tent (and hence Cr'v content) induces a small A, compo-
nent. Derived magnetic moments are given in Table 4. The
magnetic structures (G, and G,A,) are sketched in Fig. 9.
For the oxidized samples with 0.10 < ¢ =< 0.30, the ordered
magnetic moment at 10 K decreases in accordance with
Cr'™ (d?) being partially replaced by Cr'V (d?). The field
induced parasitic ferromagnetism (see above) must involve
other representations than I';,, whereby the magnetic sym-
metry is lowered to the monoclinic system.
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FIG. 9. Magnetic structure for (La, Ca)CrO; at 12 K, showing the pure G, mode (left; LaCrOs3), the pure A, mode (middle), and the G, A,

mode (right, Lag70Cag30CrO; o)-

In the PND study, the magnetic ordering temperatures
were determined from the integrated intensities of selected
reflections with, entire or large, magnetic intensity contri-
butions (cf. Fig. 7b). The temperature dependence of
(Io11 + I110) is shown in Fig. 10. The magnetic and structural
phase diagram for La;_,Ca,CrO; is sketched in Fig. 11
for oxidized samples. [For reduced samples, T4 would be
somewhat higher (20 K higher for ¢+ = 0.20) whereas Ty
would stay roughly constant at 290 K for ¢ = 0.20.]

1.0 - o Ca,
[elNe] :\.\‘
08
78]
=
5
0.6 il
[aa}
R~
3 ® LaCrO;
E 04 0 LaggoCag 19 Cr04 7
2 = LaggoCag a0 Cr03
&
E 0.2 I 2 Lag70Cag 09 CrO3 B
8 & LaggoCagop Cr03.5
0 |
) . i . .
0 50 100 150 200 250 300
TEMPERATURE/K

FIG. 10. Integrated intensities for the overlapping 110 and 011 re-
flections (at 2@ = 23.5°, A = 182.5 pm) versus temperature for La;_,Ca,
CrO;_s; t = 0.00, 0.10, 0.20, and 0.30 for 6 = 0.00 and ¢ = 0.20 for § =
0.10. Fully drawn lines guide the eye.
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