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Using thermogravimetric analysis measurements, oxygen
content was measured for La,_ .Ca, MnO;,, (0 < x < 0.38) sam-
ples prepared at high oxygen pressure. The oxygen content was
found to decrease uniformly with increasing x for samples an-
nealed at 12 and 140 atm O, at 800°C, slowly cooled in 1, 20, and
100% O,, as well as for samples in thermal equilibrium at high
temperatures of ~ 1000—1400°C. Annealing at a specific tem-
perature and oxygen pressure leads to approximately constant
hole doping over an extended range of Ca substitution x. The
most favorable synthesis conditions for obtaining stoichiometric,
d =0, samples were determined. The data suggest that several
studies reported in the literature were done on significantly
nonstoichiometric materials. Structural results show that, in
addition to the orthorhombic Pbnm O’ (c/a<./2) and O*
(a ~ b ~ ¢//2) structures, the rhombohedral R3c structure is
stabilized at high oxygen contents for x < 0.14. A sequence of
observed structures and a decrease of the unit cell volume with
increasing d confirm that the additional holes are doped uniform-
ly by cation-vacancy defects for all studied x. © 1999 Academic Press

Key Words: colossal magnetoresistance; cation nonstoichio-
metry; thermogravimetry; structural properties.

INTRODUCTION

Pure and substituted LaMnQO5; materials have been the
subject of intense research owing to their technological
importance for use in solid oxide fuel cells, oxygen sensors,
catalysts, and more recently, due to the colossal mag-
netoresistive (CMR) effect observed near the Curie temper-
ature, T, (1-3). Most of the catalytic, reactive, physical, and
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structural properties have been directly related to the
amount of substituted alkaline earth, the size of the sub-
stituted ion, and the variance of the ionic sizes (4-6). Recent
studies have also established that the structural, electrical,
and magnetic properties are a function of the synthesis
conditions that affect the chemical stoichiometry of the
compound (7, 8). Considerable deviations from nominal
stoichiometry were reported to be caused by the formation
of vacancies on the metal sites during synthesis under
oxidizing conditions or vacancies on oxygen sites during
synthesis under reducing conditions (9-11).

Extensive studies of the cation and oxygen non-
stoichiometry have been done for pure LaMnOj; ., using
wet-chemical redox titration methods on quenched samples,
and thermogravimetric measurements (TGA) and
coulometric titrations in situ (9-15). These studies have
found that the ratio of oxygen to metal ion, 3 +d:1, is
a function of temperature and partial pressure of oxygen at
high temperatures. Stoichiometric LaMnOj; (d = 0) can be
synthesized only at low partial pressures of oxygen, for
example, the recent work of Topfer and Goodenough (16)
cites values of — 8 <logP(0O,) < —5 at 1200°C and
— 12 <logP(0O,) < — 7 at 1000°C. A compilation of
earlier experimental data on the relationship between P(O,)
and the composition of LaMnOQOs;,, for — 6 <log P(O,)
< 0 was given by van Roosmalen and Cordfunke (14, 15).
Their data showed, for example, that in pure oxygen
d ~ 0.06 and 0.10 at 1200 and 1000°C, respectively. Based
on an observation that d does not usually exceed 0.2, van
Roosmalen and Cordfunke (14, 15) introduced a cation-va-
cancy defect model that describes the relation between
P(O,) and d in terms of the charge disproportionation of
Mn** into Mn?* and Mn**. Recently, however, larger
values of d, up to d = 0.31, were reported for samples pre-
pared at high oxygen pressures or for samples processed
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directly from metal citrates at
700-1000°C (17, 18).

Using density measurements, structural studies by high-
resolution electron microscopy and neutron powder diffrac-
tion, and thermodynamic considerations of defect models, it
was shown that vacancies on the 4 and B sites form in
approximately equal amounts, ic., v ~ vy ~ v ~ d/(3 + d)
(12-14). Thus, there is no oxygen in an additional defect site
and the chemical formula for the compound should read
Laj;;+aMnjz;;1403. For convenience, however, the nota-
tion in terms of the “excess” oxygen content LaMnQOs; . 4 is
usually used, and we will adopt this notation. Samples with
unequal amounts of vacancies (v, # vy,) can be intention-
ally or unintentionally obtained resulting in different rela-
tions between d and P(O,) than reported for LaMnO; ,
(9, 10, 14, 16, 19, 20). Furthermore, several studies were
also done at very low partial pressures of oxygen,

— 17 <log P(0,) < — 9, showing that small amounts of
oxygen vacancies, d ~ — 0.015 to —0.095, can be obtained
between 900 and 1450°C (9-11).

There is little data on the relationship between synthesis
conditions and chemical stoichiometry available for sub-
stituted La;_,4,MnO; materials (4 = Ba, Sr, Ca), (8,
13-15, 21-25). Based on TGA measurements for
Lag g5Sry.1sMnO3 van Roosmalen and Cordfunke (13-15)
concluded that the defect chemistry of La; _ .Sr,MnOs;,,is
based on the same defect formation as for LaMnOs;,,.
A study of Mizusaki et al. (21) indicated that the maximum
value of d decreases with increasing x to zero at x = 0.4 for
La;_,.Sr,MnO;.,. Tamura and Yamamoto (22) studied
the oxygen deficiency y and the lattice constants of
Lay §Cay,MnO;_,, and Tanaka et al. (23) measured elec-
trical and thermoelectric properties of these materials. The
magnetoresistance of Lay ¢-Bay 33MnO, was studied by Ju
et al. (24) as a function of oxygen stochiometry for z = 2.99
to 2.80. We have established synthesis conditions for obtain-
ing stoichiometric La; - .Ba,MnO; materials and studied
their properties (25).

Most of the recent work on the CMR properties of
substituted LaMnQOj ., materials was done on samples syn-
thesized in air followed by slow cooling (4, 26-37). Using
TGA measurements we have recently shown that oxygen
nonstoichiometry for slowly cooled or high-oxygen-pressure
annealed Lay;4Cap,MnO3., can be quite large,
0 < d < 0.066 (8). By correlating resistive and magnetic prop-
erties of d, we have shown that, for example, T, can be
changed by as much as 60 K within this range of non-
stoichiometry. Thus, when comparing various La;_ A,
MnO; materials whose properties are complex and very
sensitive to hole concentration, h = x + 2d, it is of critical
importance to report the proper chemical stoichiometry. For
the investigation of intrinsic CMR properties it is especially
important to establish synthesis conditions for obtaining
stoichiometric materials with various substitution levels x.

lower temperatures,
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We report here a study of the oxygen content and struc-
tural properties for a series of La;_,Ca,MnO; samples
with x = 0.00-0.38. The magnetoresistive properties of
these samples will be published separately (38). Using high
sensitivity thermogravimetric measurements we have deter-
mined the oxygen content, 3 + d, for samples synthesized
under several oxygen pressures and temperatures to 1400°C.
The most favorable synthesis conditions for obtaining
stoichiometric samples have been determined and are listed
in The structures of the samples and unit cell vol-
umes were measured at room temperature, confirming in-
creased hole doping with increased defect concentration.
Results show that, in addition to the commonly observed
orthorhombic Pbnm O’ and O¥* structures, the rhombohed-
ral R3¢ (R) (39,40) structure is stabilized at high effective
oxygen contents for x < 0.14.

SAMPLE PREPARATION AND EXPERIMENTAL DETAILS

Polycrystalline samples of La;_,Ca,MnO; were syn-
thesized from stoichiometric mixtures of La,O; (Aesar,
99.999%, prefired in Ar at 700°C), MnO, (Aesar, 99.999%,
stoichiometry was checked using thermogravimetry), and
CaCO; (Aesar, 99.999%). The x = 0.14, 0.18, 0.22, 0.26,
0.30, 0.34, and 0.38 materials were processed using the
standard ceramic method and fired in air several times at
various temperatures up to 1400°C followed by fast cooling
to room temperature. The ceramic method leads to low-
density samples that are well suited for thermogravimetric
measurements.

Samples with x = 0, 0.06, and 0.10 were synthesized using
a wet-chemistry method by dissolving the oxides and car-
bonates in citric and nitric acids. Solutions were dried at
200-300°C and decomposed in air at 500-800°C. Firing
was done in air at 1450°C followed by fast cooling to room
temperature on a Cu-plate. This wet-chemistry synthesis
method leads to dense samples with homogenous mixing of
metal ions. Because these dense samples showed much
slower oxygen kinetics during initial tests, the materials
were ground to fine powders before annealings at high
oxygen pressures and subsequent TGA measurements.

Parts of large (10 g) samples were annealed at 800°C for
two days in pure oxygen, at 12 and 140 atm pressure. The
crystal structures were studied by powder X-ray diffraction
using a Rigaku powder diffractometer with CuKa radiation.
The effective oxygen contents were determined by TGA
measurements using a Cahn TG171 system with slow heat-
ing (1-2 deg/min) and cooling (0.6 deg/min) rates. Pure re-
action gases of 100, 20, 1, and 0.01% oxygen in argon
(99.999%), H, (99.999%), and Ar (99.999%) as well as the
gas mixtures of O,/Ar and H, /Ar were flowed at 100 cc/min
using an MKS gas flow controller. About 1.2 grams of
powders (for x =0-0.10) or small chunks (for x =
0.14-0.38) were heated in Alumina crucibles suspended on
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Pt or Mo (for H,/Ar reductions) wires. The weights of the
samples were measured to 1 pg. Empty crucible TGA runs
in pure gases and gas mixtures were used for calibration and
buoyancy corrections. No sublimation of Ca or Mn was
observed visually and the observation of constant weights of
samples at 1400°C for 2 h confirmed that such problems
were not present. Reproducibility of the data was checked
several times using identical TGA conditions for samples
with the same x. These measurements imply that the error
bars for oxygen content are smaller than +0.002, with the
largest uncertainty arising from the morphology of the
samples, which affects the kinetics of oxygen equilibrium.

THERMOGRAVIMETRIC MEASUREMENTS
1. LaMnO; , 4

Data from a typical sequence of TGA measurements are
shownin Fig. 1 for a LaMnOj ., ,sample annealed at 12 atm
O, at 800°C. The material was slowly heated to 1400°C and
cooled to 400°C, first in a 5% O,/Ar gas mixture
(logP(O;) = — 1.3), and then, in 0.1% O,/Ar (logP(O,) =
— 3). The absolute oxygen content, to which the TGA
measurements were normalized, was determined by reduc-
tion in 50% H,/Ar at 1100°C (see Fig. 1, insert). Based on
X-ray diffraction of the reduced material that revealed two
phases, La,05; and MnO, the observed weight loss in hydro-
gen, Ad corresponds to 0.582 +0.002, 0558 +0.002, and
0.500 + 0.002 for samples obtained after slow cooling in
1and 0.1% O, /Ar, and fast cooling in Ar(logP(O,) ~ —95),
respectively.

Consequently, the initial oxygen content for the sample
annealed at 12 atm is 3.178 + 0.002. Since there is no excess
oxygen defect site in the crystal structure, but vacancies
form in approximately equal amounts on both metal sites,
La and Mn, we can estimate the vacancy concentration of
this material as v ~ 0.056. The oxygen content decreases
during heating in 5% O, /Ar and is 3.007 4 0.002 (v ~ 0.002)
at 1400°C. On cooling to 600°C, the oxygen content in-
creases to 3.105 4 0.002 (v ~0.034). Since the data on slow
heating and cooling in 5% O, is almost fully reproducible in
the temperature range 1150-1400°C (Ad < 0.04), the sample
is close to thermal equilibrium at these temperatures.

On a subsequent heating in 0.1% O,/Ar the oxygen
content decreases to 3.000 + 0.002 around 1300°C and re-
mains virtually unchanged to 1400°C. On cooling, the oxy-
gen content increases to 3.058 +0.002 (v ~ 0.019) at 600°C.
The data on heating and cooling in 0.1% O, is again almost
fully reproducible in a somewhat narrower temperature
range, 1200-1400°C. Much slower heating and cooling rates
or long holding times would be required to achieve well-
equilibrated samples at lower temperatures than 1200°C
(13-16). No significant changes in oxygen content were seen
below 600°C during either heating or cooling in 0.1 and
5% O,.
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FIG. 1. Thermogravimetric analysis data for LaMnOs5,,, (a) sample

annealed at 12 atm O, at 800°C, heated and cooled in 5% and 0.1% O,;
(b) cooling curves in 100, 20, 5, 1, and 0.01% O, and initial parts of heating
curves for samples annealed in 12 and 140 atm O,. (insert) Reduction in
50% H, /Ar for samples obtained after slow cooling in 1 and 0.1% O, and
fast cooling in Ar.

Similar TGA measurements were performed at several
other partial pressures of oxygen. Figure 2 shows data ob-
tained on cooling in 100, 20, 5, 1, 0.1, and 0.01% O, /Ar as
well as initial parts of heating curves for samples annealed in
12 and 140 atm O,. Oxygen contents significantly above
3.000 have been achieved by prolonged annealings at 12 and
140 atm O, at 800°C and during slow cooling in oxygen or
air. The maximum value of d =0.205 is significantly
lower than the value reported recently by Alonso et al. (17)
for samples annealed at 200 atm O,, but agrees with find-
ings of Shimoyama et al. (41). The morphology and thermal
history of samples may be the reason for the differences,
since our samples were synthesized at 1400°C before an-
nealing at 800°C while Alonso et al. (17) obtained their
samples by direct synthesis using high oxygen pressure at
700-1000°C.

The values of oxygen content measured under various
conditions are listed in Table 1. Clearly it is not possible to
attain the stoichiometric composition in air below 1400°C.
Such samples can be made only at reduced oxygen pressures
and high temperatures, for example 0.1% O, at 1400°C.
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FIG.2. Thermogravimetric analysis data for LagoCayMnOsj,q
sample using (a) heating and cooling in 20% O, and heating in pure Ar.
The starting material was annealed at 140 atm O,; (b) heating and cooling
in 100 and 1% O,. The starting material was annealed at 12 atm O,.

During TGA runs at oxygen contents larger than 0.1%
O,, samples appear to be in thermal equilibrium for temper-
atures of 1200-1400°C. Our data obtained at constant par-
tial pressures of oxygen for slowly changing temperatures is
in good agreement with previous results obtained as a func-
tion of the partial pressure of oxygen at fixed temperatures
(14, 15). Our data show, nevertheless, consistently slightly
smaller values of d when compared with the data of
Shimoyama et al. (41) at 1200°C indicating that a small
temperature offset may have existed between these two
measurements.

Il. La,-.CaMnO;4,

TGA measurements were performed in Ar and in 100, 20,
and 1% O,, for La; - ,Ca,MnO3 ,,; (x = 0.06-0.38) samples
annealed in 12 and 140 atm O, at 800°C. Figures 2-4 show
a typical sequence of measurements for x = 0.10, 0.18, and
0.30. The normalization of the measurements was done by
assuming that an absolute oxygen content of 3.000 is ob-
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tained at the center of an extended weight plateau in Ar at
1000-1110°C and in 1% O, at 1100-1300°C. The specific
temperature for assignment of the nonstoichiometric com-
positions depends on the Ca substitution level, x, and was
verified by a reduction in 50% H,/Ar at 1100°C to La,O;
and a mixed oxide Ca,(; + yMn, ; + WO with an accuracy of
+0.002 (8).

Figure 2(a) shows the TGA data on heating and cooling
in 20% O, (logP(O,) = — 0.7) and on subsequent heating
in Ar for the sample x = 0.10 annealed at 140 atm O,. The
starting oxygen content is 3.159 +£0.002 (v ~ 0.050). The oxy-
gen content decreases on heating to 3.000 around 1400°C
and increases on cooling to 3.077+0.002 (v~ 0.026) at
650°C. The very good reproducibility of the data on heating
and cooling in 20% O, at the temperature range
950-1400°C (Ad < 0.002), shows that the sample is near
thermal equilibrium.

The fast kinetics of oxygen and metal ion observed in
20% O, /Ar (artificial air) at these temperatures makes it
simple to obtain samples with a designed oxygen content,
0<d<0.040 (i, a vacancy concentration of 0 <v <
0.013), by quenching in air from an appropriate temperature
that can be read from Fig. 2(a). Also, the kinetics in Ar at
this temperature is fast enough for samples to be in equilib-
rium when heated at 1 deg/min as confirmed by observation
of constant sample weight at 1110°C for 10 h. The data
indicate that a stoichiometric x = 0.10 sample can be ob-
tained by quenching in air from ~1450°C or in Ar from
1050°C.

Figure 2(b) shows the TGA data in 100 and 1% O, for
starting material annealed at 12 atm O,. The normalization
of the oxygen content to 3.000 was done at the center of an
extended weight plateau near 1200°Cin 1% O,. The oxygen
content can be read directly from Fig. 2(b) for the materials
in thermal equilibrium at 950-1400°C in 100% O,, and at
1000-1400°C in 1% O,, as well as for the high pressure
annealed and slowly cooled samples. To obtain stoichiomet-
ric sample in pure oxygen would require temperatures much
higher than 1400°C. Quite large oxygen contents are pro-
duced during slow cooling in oxygen, air or 1% O,,
d ~0.09, 0.07, and 0.04, respectively. Conversely, small
amounts of oxygen deficiency (d < 0) can be created in 1%
O, and lower oxygen pressures at temperatures above
1250°C.

Figures 3 and 4 show that the value of d decreases stead-
ily with increasing x for La; - .Ca,MnQO; , ; samples in ther-
mal equilibrium at ~1000-1400°C, as well as for the high
pressure annealed and slowly cooled samples. Conse-
quently, the temperatures for obtaining stoichiometric sam-
ples in 20%, 1% or Ar decrease with increasing x. For
x > 0.34, a stoichiometric sample can be made by slow cool
in air or 1% O,, and for x > 0.38 also in pure oxygen. The
most favorable synthesis conditions for obtaining
stoichiometric samples can be read from these TGA curves
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TABLE 1

The Oxygen Content, Structural Phases (the Orthorhombic Pbnm (c/a < \/5)—0’, (a~b~ c/\/i)—O*, the Rhombohedral
R3c-R), Lattice Parameters and Angles, and Volume per Formula Unit for La,_ Ca MnO,, , Samples, Annealed at 12 and 140 atm
0, at 800°C, Slowly Cooled on TGA, and Fast Cooled in Ar or Air

Substitution Oxygen content Volume (A3)/
synthesis Structural phase a (1&) b (A) c (1&) Angle (°) formula unit
x =00 (£ 0.002)

Ar (0.001%) 3.000 (0} 5.5338(4) 5.7373(4) 7.6936(6) 61.066
0.01% 3.017 o’ 5.5355(5) 5.7096(5) 7.7007(7) 60.847
0.1% 3.057 O* 5.5303(8) 5.5569(8) 7.7718(11) 59.709
1% 3.082 O* 5.5068(5) 5.5401(5) 7.7906(8) 59.418
5% 3.106 O* 5.4933(4) 5.5368(4) 7.7680(6) 59.154
20% 3.116 R 5.4893 (9) 60.426(5) 59.045
100% 3.128 R 5.4713(3) 60.672(2) 58.784
12 atm 3.178 R 5.4625(3) 60.563(2) 58.362
140 atm 3.205 R 5.4565(4) 60.536(2) 58.133
x =0.06

Ar (0.001%) 3.000 o’ 5.5301(4) 5.6622(5) 7.7046(6) 60.313
1% 3.060 O* 5.5067(5) 5.5297(6) 7.7832(8) 59.251
20% 3.095 O* 5.4856(5) 5.5263(5) 7.7640(8) 58.842
100% 3.110 R 5.4759(7) 60.396(4) 58.571
12 atm 3.140 R 5.4556(3) 60.609(1) 58.200
140 atm 3.172 R 5.4505(2) 60.568(1) 57.982
x =0.10

Air 1450°C 3.000 o’ 5.5258(5) 5.6034(5) 7.7181(7) 59.745
1% 3.042 O* 5.5009(5) 5.5221(7) 7.7760(8) 59.053
20% 3.077 O* 5.4827(4) 5.5187(4) 7.7568(6) 58.674
100% 3.089 O* 5.4764(4) 5.5163(4) 7.7476(6) 58.513
12 atm 3.126 R 5.4510(2) 60.591(1) 58.027
140 atm 3.159 R 5.4465(2) 60.580(1) 57.871
x =0.14

air 1425°C 3.000 o’ 5.5206(8) 5.5701(7) 7.7308(10) 59.432
air 1425°C 3.000 O* 5.5075(8) 5.5327(9) 7.7692(11) 59.183
1% 3.026 O* 5.4999(6) 5.5162(9) 7.7731(10) 58.956
20% 3.053 O* 5.4855(4) 5.5147(4) 7.7590(7) 58.679
100% 3.074 O* 5.4747(4) 5.5097(5) 7.7423(7) 58.384
12 atm 3.102 O* 5.4623(4) 5.5040(4) 7.7266(7) 58.074
140 atm 3.130 R 5.4443(5) 60.534(2) 57.743
x=0.18

air 1400°C 3.000 O* 5.5034(2) 5.5077(3) 7.7651(12) 58.841
1% 3.014 O* 5.4923(5) 5.5104(7) 7.7629(8) 58.736
20% 3.037 O* 5.4817(4) 5.5084(5) 7.7500(6) 58.504
100% 3.054 O* 5.4722(4) 5.5027(4) 7.7383(6) 58.255
12 atm 3.090 O* 5.4609(4) 5.4973(4) 7.7193(6) 57934
140 atm 3.105 O* 5.4531(5) 5.4932(6) 7.7121(9) 57.753
x =022

air 1350°C 3.000 O* 5.4833(6) 5.5042(8) 7.7491(8) 58.468
1% 3.004 O* 5.4846(5) 5.5037(7) 7.7525(8) 58.503
20% 3.021 O* 5.4746(4) 5.4992(5) 7.7389(7) 58.247
100% 3.035 O* 5.4699(4) 5.4971(5) 7.7339(7) 58.137
12 atm 3.067 O* 5.4582(4) 5.4905(4) 7.7154(6) 57.804
140 atm 3.088 O* 5.4502(4) 5.4877(4) 7.7028(6) 57.596
x =026

air 1300°C 3.000 O* 5.4745(10) 5.4929(9) 7.7360(15) 58.157
1% 3.003 O* 5.4774(9) 5.4923(9) 7.7379(19) 58.196
20% 3.008 O* 5.4732(4) 5.4881(4) 7.7460(9) 58.168
100% 3.017 O* 5.4723(11) 5.4887(9) 7.7314(18) 58.055
12 atm 3.043 O* 5.4644(5) 5.4811(6) 7.7095(15) 57727
140 atm 3.066 O* 5.4528(14) 5.4666(9) 7.6729(18) 57.179
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Substitution Oxygen content Volume (A3)/
synthesis Structural phase a(A) b (A) c(A) Angle (°) formula unit
x =0.30

air 1200°C 3.000 o* 5.4624(4) 5.4806(4) 7.7208(6) 57.784
12 atm 3.027 o* 5.4479(4) 5.4755(5) 7.6967(7) 57.399
140 atm 3.045 O* 5.4412(5) 5.4601(6) 7.6830(7) 57.064

x =034

air slow cool 3.000 o* 5.4544(5) 5.4758(7) 7.7052(8) 57.533
140 atm 3.026 O* 5.4527(6) 5.4724(8) 7.7011(8) 57.450

x =0.38

air slow cool 3.000 O* 5.4422(5) 5.4610(6) 7.6865(8) 57111
140 atm 3.011 O* 5.4402(5) 5.4617(6) 7.6806(8) 57.053

and are also listed in Fig. 6. The oxygen contents for the
studied samples, annealed at 12 and 140 atm O, at 800°C,
slowly cooled on TGA in 1, 20, and 100% O,, and fast
cooled in Ar or air, are given in Table 1.
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FIG.3. Thermogravimetric analysis data for Lag g,Cag sMnOs54y
sample using (a) heating and cooling in 20% O, and heating in pure Ar.
The starting material was annealed at 140 atm O,; (b) heating and cooling
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OXYGEN CONTENT AND THE HOLE DOPING
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apparatus and materials annealed at high-oxygen-pressure
is shown in Fig. 5. Clearly the oxygen content that can be
attained by these processes decreases with increasing x from
very large values at x = 0, to near stoichiometric composi-
tions at x = 0.38. We have observed previously a similar
decrease of oxygen nonstoichiometry for La,; _ .Ba,MnO;
materials with 0.10 < x < 0.24 (25). Our results for the max-
imum oxygen nonstoichiometry of La;_,Ca,MnQO; ., are
quite comparable to values obtained for La; _ . Sr,MnOj; .4
samples during very long annealings in oxygen at low tem-
peratures, ~600°C (14, 15).

Slow-cooling on the TGA done in 20% O, produces
samples that are similar to those from a typical furnace-cool
in air used during synthesis of CMR materials. Our results
show that these slow-cooling processes can introduce sub-
stantial oxygen nonstoichiometry for x < 0.26 that may
affect CMR properties in a noticeable way (8). The large
defect concentrations may cause significant increases of the
average Mn oxidation state and also introduce local struc-
tural distortions and electronic nonhomogeneity that would
affect structural, transport and magnetic properties. The
data shown in Figs. 2-5 can be used to estimate the amount
of hole doping for materials obtained previously by various
synthesis methods. Assuming charge neutrality and a uni-
form vacancy distribution on the cation sites, the extra hole
doping by defects is Ah = 2d. Figure 6 summarizes the de-
termined hole doping, h = x + 2d, for La;_,Ca,MnOj3,4
samples obtained by high-oxygen-pressure annealings and
slow cooling in 1, 20, and 100% O, . It is surprising that
annealings at a specific temperature and oxygen pressure
lead to approximately constant hole doping (Mn oxidation
state) over an extended range of substitution x. As a conse-
quence, using identical synthesis conditions for a series of
samples will result in materials with similar hole doping and
variation of properties that would be caused mostly by
varying vacancy content on the metal sites.
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FIG.5. Oxygen content for slow-cooled samples on the TGA apparatus
and materials annealed at high-oxygen-pressure for La, - .Ca,MnO; .
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FIG. 6. Effective hole doping, h = x + 24, for La; _ ,Ca MnO3 ,, sam-
ples obtained by high-oxygen-pressure annealings and slow cooling on the
TGA apparatus. The most favorable synthesis conditions for obtaining
stoichiometric samples are listed for various x.

Figure 6 also lists the most favorable synthesis conditions
for obtaining stoichiometric samples, h = x (d = 0). For
a specific oxygen pressure, for example during synthesis in
air, a rather wide range of temperatures near the optimum
(atleast +50°C) can usually be used without introduction of
noticeable nonstoichiometry. It is important to recognize
that conditions for obtaining stoichiometric samples apply
equally well to bulk powders and single crystals. The syn-
thesis of powders is usually done by repeated grinding and
firing at 1200-1400°C, and, thus, can easily be tuned to
produce stoichiometric material without further annealing.
Crystal growth is done at temperatures of 1600°C and
higher, i.e., under conditions where material usually forms
considerable oxygen vacancy concentration. Further an-
nealing is then required to produce stoichiometric material.
However, if the conditions of the anneal are not chosen
properly, the annealed crystals may contain cation va-
cancies. A review of the synthesis conditions used to date for
bulk powders and single crystals indicates that several stud-
ies reported in the literature were done on significantly
nonstoichiometric materials.

STRUCTURAL PROPERTIES

All samples prepared at high oxygen pressure and on the
TGA apparatus were characterized by powder X-ray dif-
fraction at room temperature. Data were collected from
20-70° in 20 with a step size of 0.04° and a counting time of
2.5s per step. The diffraction patterns could be indexed
based on an orthorhombic unit cell with the space group
Pbnm or rhombohedral unit cell with the space group R3c.
Figure 7 shows typical diffraction patterns for x = 0.10
corresponding to three distorted structural phases of the
cubic perovskite structure that can be clearly identified as
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FIG. 7. X-ray diffraction patterns for Lay ¢Cay;MnO;z., samples
with d ~0.000 (orthorhombic Pbnm structure O’ with c/a < ﬂ),
d = 0.077 + 0.002 (orthorhombic Pbnm structure O* with a ~ b ~ ¢/,/2,
and d = 3.159 4+ 0.002 (rhombohedral R3c).

a function of the oxygen content. For stoichiometric mater-
ial, the orthorhombic Pbnm structure (O’) characrterized by
large coherent orbital ordering of the Jahn-Teller type and
cla < \/2 is observed. The sample with oxygen content
3 +d =3.077+0.002 is orthorhombic (O*) with the same
Pbnm structure but characterized by a considerably smaller
coherent Jahn-Teller orbital ordering and a ~ b ~ c/\/z.
The sample with the largest oxygen content 3 + d =
3.159 + 0.002 is rhombohedral with no coherent Jahn-Tel-
ler orbital ordering present.

Figure 8 shows the observed structures as a function of
Ca substitution and effective oxygen content for all samples
studied. Consistent with previous results, only the orthor-
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FIG.8. Observed structural phases (orthorhombic Pbnm with
¢/a < /2-0', orthorhombic Pbnm with a ~b ~ /2-O%*, and rhombohed-
ral R3c¢-R) as a function of oxygen content d and composition x for
La;_.Ca,MnOj .
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hombic phases O’ and O* are present at room temperature
as a function of x for stoichiometric samples. The O'/O*
phase boundary appears near x = 0.14, i.e., at a composi-
tion higher than is usually reported in the literature (27).
The reason for the difference probably arises from compar-
ing the behavior of compositions that are inaccurately as-
sumed to have the same doping level. Because a variety of
synthesis conditions have been employed to date, for
example, annealing in air or oxygen in 1200°C followed by
furnace cooling, the effective hole doping may be consider-
ably larger than assumed for samples in the literature. Since,
as Fig. 8 shows, increased hole concentration moves the O’
to O* transition to smaller x, nonstoichiometric samples
will have the O* structure for x smaller than the
stoichiometric samples. For example, this effect can be
clearly observed for the x = 0 sample. With increasing d the
structure transforms from O’ to O* near d = 0.04 and from
O* to R, a structure that is not present for the stoichiomet-
ric samples, at d = 0.11. The effective oxygen contents at
these transitions for our samples are in agreement with most
of the previous studies (17, 39, 40). Our data show in addi-
tion that a similar sequence of structural transitions with
increasing d can be observed for x = 0-0.14 samples. Obvi-
ously, the hole doping is not the only parameter that con-
trols the structure. The most important parameters are the
relative sizes of the 4 and B ions, which are controlled by
the hole doping (the B site), and the average size and
variance of sizes of the ions substituted on the A site. In
addition, vacancies on the A and B sites can produce local
atom displacements that may affect the long-range struc-
ture.

The X-ray diffraction data were analyzed using the Riet-
veld technique with the GSAS program (42). For all pat-
terns, background, peak width, and zero shift were refined
along with the lattice parameters, atomic positions, and
isotropic thermal parameters. The thermal parameters for
oxygen were kept fixed at 0.8 A2. Refinements were carried
out in space groups R3¢ and Pbnm, depending on x and d.
No impurity phases were found in any of the patterns.
Refined lattice parameters and unit cell volumes per for-
mula unit are given in Table 1 for all the samples. A clear
decrease of the unit cell volume is observed with increasing
x for stoichiometric samples and with increasing d for sam-
ples with fixed x. The dependence of the unit cell volume on
the hole doping, h = x + 2d, is shown in Fig. 9. The unit cell
volume decreases steadily with hole doping irrespective of
the source of doping, Ca substitution for La or oxygen
content (vacancy formation on the cation sites). A slightly
faster decrease of the unit cell volume is observed for an
equivalent amount of doping by Ca substitution for La than
for vacancy formation on cation sites. The decrease of the
unit cell volume with increasing d confirms that the addi-
tional holes are doped by defects at both metal sites for all
studied x.
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CONCLUSION

By annealing at atmospheric and high oxygen pressures
between 700 and 1200°C a substantial amount of vacancies
can be generated for La;_,Ca,MnO; samples with
x < 0.30. Thermogravimetric analysis measurements pro-
vide an accurate measurement of the oxygen content and
allow the determination of synthesis conditions for prepara-
tion of stoichiometric samples. Each composition requires
unique synthesis conditions since annealing under identical
temperature and oxygen pressure leads to approximately
constant hole doping over an extended range of Ca substitu-
tion, x, and to materials with variable properties resulting
mostly from the varying vacancy contents on the cation
sites. The structural properties are governed by the relative
sizes of the A- and B-site ions which are controlled by the
hole doping (the B-site size), the sizes of ions substituted on
the A site as well as concentration of vacancies on 4 and
B sites. A sequence of observed structural transitions, O’ to
O* to R, and a decrease of the unit cell volume with
increasing d confirm that the additional holes are doped
uniformly by cation vacancy defects similar to the Ca substi-
tution, x.
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