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The oxygen-deficient perovskite system Ba,+,La,Fe03+, (0 5 y  5 0.5) has been studied by M&barter 
spectroscopy and X-ray powder diffraction techniques. The value of y  depends strongly on the condi- 
tions of preparation, but the materials remain a cubic peroskite for 0.1 5 x < 0.8. For small y  there is a 
nominal charge disproportionation 2Fe4+ = Fei+ + FeS+ with decreasing temperature which is related 
to the onset of magnetic ordering. For large y  (-0.5) there is no evidence for the existence of the 
ordered-vacancy structures which are known to exist for the G/La and SriLa systems. By analogy 
with similar StYrare-earth systems it is proposed that the cubic phase has a macroscopic perovskite 
structure with magnetic coherence throughout the lattice. The oxygen vacancies can partially order 
into alternate Fe02 layers to form a coherent intergrowth of microdomains. D 1989 Academic PRSS, IX. 

Introduction 

There have been many studies of the 
magnetic and electronic properties of those 
mixed-metal oxides which are structurally 
related to the mineral perovskite, CaTi03. 
This structure has the ability to stabilize 
cations in unusually high oxidation states, 
and the anion sublattice can accommodate 
a high concentration of vacant sites. 
The recent discovery (I) of superconduc- 
tivity in the so-called 1 : 2 : 3 compound 
YBa2Cu@P,, which is an oxygen-deficient 
perovskite, has magnified the interest in 
these materials. 

The related 1 : 2: 3 iron compounds, 
more usually written as AzBFejOs+y, have 
also excited considerable interest, although 
for different reasons. Stoichiometric Ca2 
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LaFe308 can be prepared (2-4) by standard 
ceramic techniques under flowing argon at 
1100°C. The structure is almost certainly 
derived from the cubic perovskite by an 
ordered arrangement of oxygen vacancies 
along [loll axes to give an orthorhombic 
unit cell with layers of iron cations in tetra- 
hedral coordination, each separated by two 
layers of iron in octahedral coordination to 
oxygen. It has also been described as the II 
= 3 term in a general series A,B,Ojn-, inter- 
mediate between AB03 (n = 30, perovskite) 
and AZ&O5 (n = 2, brownmillerite) in which 
different structural motifs in various pro- 
portions intergrow coherently along one di- 
rection. High-resolution electron micro- 
graphs (S-7) have shown the possibility for 
coherent intergrowth of the Ca2Fe205 and 
Ca2LaFe308 lattices, and it is clear that 
CazLaFeX08 is one ideal composition in a 
solid solution in which the composition is 
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changed by altering the relative numbers of 
octahedral and tetrahedral layers. Quench- 
ing Ca2LaFe30s from 1400°C in air pro- 
duces a “cubic” perovskite phase (3) which 
contains a microdomain texture with an in- 
tergrowth of small domains of the order of 
-60-100 A across in size, related to the 
orthorhombic Ca2LaFe308 structure, but 
randomly oriented along each of the three 
cubic directions. 

Work on the brownmillerite SrzCoFeOs 
in our laboratory (8) using Mossbauer spec- 
troscopy as the main technique has shown 
that microdomains can also be produced in 
this compound by quenching in air from 
14OO”C, while they are absent if the com- 
pound is quenched into liquid nitrogen. 
Rapid oxidation takes place to produce 
small nonequilibrium microdomains with 
excess oxygen incorporated in the domain 
walls. A parallel investigation (9) of Ca2La 
FeJ08 confirmed that the oxidation is 
largely a product of the quench itself. It has 
been proposed that the high-temperature 
cubic phase of SrzFezOS also contains mi- 
crodomains of the low-temperature brown- 
millerite phase (20). 

A major study of the Sr2LaFe30s+, sys- 
tem has also proved fruitful (11-13). A cu- 
bic phase with 0.6 < y < 1 shows (II) a 
first-order transition from a high-tempera- 
ture paramagnetic averaged-valence state 
in which all Fe cations are electronically 
equivalent to a low-temperature antiferro- 
magnetic mixed-valence state by the nomi- 
nal charge disproportionation 2Fe4+ $ Fe3+ 
+ Fe5+. In the range (0 < y < 0.6) three new 
ordered vacancy phases were found (12, 
23). Orthorhombic Sr2LaFe308 is an antifer- 
romagnet (TN = 7 15 K) and is analogous to 
Ca2LaFe308. A second high-temperature 
form of Sr2LaFe308 has a doubled cubic 
perovskite cell which is thought to derive 
from a partial ordering of oxygen vacancies 
into alternate FeOz layers perpendicular to 
[ 1001,. . The third phase appears to have a 
range of stoichiometry below the ideal com- 

. . 
posttton SrzLaFe308.5, orders antiferro- 
magnetically at 500 K, and is believed to be 
related to the mixed-valence phase Sr 
FeO2.75. 

An extension of the work (13) to include 
the other rare earths (Sr2MFe30s+y, M = 
La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb, 
and Y) revealed that the tendency to oxida- 
tion decreases rapidly across the series. An 
additional cubic phase was isolated for ele- 
ments in the middle of the series. It was 
concluded that this cubic phase has a mac- 
roscopic perovskite structure in which oxy- 
gen vacancies are partially ordered into al- 
ternate Fe02 layers to form a coherent 
intergrowth of microdomains, but with 
magnetic coherence throughout the lattice. 
The phase is thermodynamically unstable 
at low temperatures with respect to the 
orthorhombic phase with ordered vacan- 
cies, but for kinetic reasons the latter is not 
always achieved. Rapid oxidation during 
cooling takes place initially along microdo- 
main boundaries and thereby destroys the 
long-range spin coherence. 

A logical extension of this work was 
to investigate the corresponding Ba2La 
Fed%+, system which had not been exam- 
ined hithertoo. In the event, we were un- 
able to produce the ordered defect phases 
found for Ca and St-, and accordingly ex- 
panded the study to encompass the whole 
Balp,La,Fe03-y solid solution. A paper 
published (14) after the work had been com- 
pleted which complimented our results de- 
scribes electron microscopy results on the 
same system, and has proved useful in the 
discussion. 

Experimental 

Accurately weighed amounts of spectro- 
scopic grade Fe203, BaC03, and La203, 
with stoichiometric ratios appropriate for 
Bai-,La,Fe03-y were ground together in a 
ball mill, pressed into a pellet, and initially 
fired in a platinum crucible at 1300°C for 4- 
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7 days with two intermediate grindings be- 
fore quenching onto a metal plate in air. 
Aliquots of this material were then treated 
in several different ways: annealing in air at 
1300°C for about 3 days before quenching in 
air or into liquid nitrogen, or slow cooling in 
air to room temperature; annealing in argon 
for 4-5 days at 1200°C before slowly cool- 
ing at 50” per hour to room temperature; 
annealing in uucuo (10e4 Torr) at 1000°C. 
Initial characterization in each case was by 
X-ray powder diffraction recorded with a 
Philips diffractometer using nickel-filtered 
Cu& radiation. All the cubic components 
reported here gave sharp X-ray patterns 
with no impurity lines (there was no evi- 
dence of any reaction with the Pt cruci- 
bles). Chemical analyses for nominal Fe4+ 
content were carried out by digestion in a 
standardized solution of ammonium iron 
(II) sulfate in the presence of HCl and titra- 
tion with cerium(IV) sulfate using ferroin as 
indicator. 

Mossbauer data were collected in the 
temperature range 4.2 < T < 723 K using a 
57Co/Rh source matrix held at room temper- 
ature; isomer shifts were determined rela- 
tive to the spectrum of metallic iron. 

Results 

Samples of Bal-,La,Fe03-y were pre- 
paredforx = 0, 0.10, 0.20, 0.33, 0.50, 0.67, 
0.80, and 0.90 under carefully controlled 
conditions as described above. A fast 
quench into liquid nitrogen from 1300°C 
was employed to prevent rapid oxidation 
during cooling, a problem which is common 
to several related systems (8, 9, 12-13). Al- 
ternatively, the sample was slowly cooled 
in air from 1300°C at 25” per hour to maxi- 
mize the oxygen uptake. The values for y 
are given in Table I and are also plotted in 
Fig. 1, together with the data of Parras et 
al. (14) which refer to samples quenched in 
air in an alumina crucible. It is clear that 
quenching in air is accompanied by rapid 

TABLE I 

THE OXYGEN PARAMETERY AND X-RAY LATTICE 
PARAMETER a FOR THE SOLID SOLUTIONS Balm,La, 
FeOSmy PREPARED AT 1300°C IN AIR AND EITHER 
SLOW-COOLED OR QUENCHED INTO LIQUID NITRO- 

GEN 

Slow-cooled Quenched 

0 
0.10 
0.20 
0.33 
0.50 
0.67 
0.80 
0.90 

0.213 
0.329 
0.213 
0.113 
0.030 
0.026 
0.00 

6H-hexagonal 0.487 Monoclinic 
3.997 0.438 4.038 
3.966 0.386 4.01 I 
3.939 0.290 3.979 
3.929 0.216 3.951 
3.922 0.106 3.930 
(3.92) 0.045 (3.92) 

Orthorhombic 0.03 Orthorhombic 

oxygen uptake, the final value of y depend- 
ing on many factors such as sample size. 
Indeed where we have carried out a corre- 
sponding quench in a platinum crucible 
onto a large metal plate, the oxidation 
achieved was generally much less, e.g., for 
x = 0.33, y = 0.272. The X-ray powder pat- 
tern suggested that the sample was very in- 
homogeneous, and this was consistent with 
the Mossbauer spectra. The oxygen deficit 
is very small for x > 0.6 in the slowly 
cooled samples. 

Although it was not the intention to study 
the BaFe03-y system (x = 0) in detail, sam- 
ples of this material were prepared under 
the same conditions as the solid solutions 
for comparison purposes. The structural 
chemistry of BaFeOjpy is unusually com- 
plex with at least eight different forms being 
identified in early work (15-20). Several of 
these forms may not be thermodynamically 
stable, and the overall phase diagram re- 
mains obscure. The principal phase is a 6H- 
hexagonal phase which appears to exist for 
0.05 < y < 0.37 (18, 21), a very wide com- 
position range. This is in contrast to the 
SrFeOJmy system which has four phases 
over the same composition range, all de- 
rived from cubic close-packing (22). A neu- 
tron diffraction study (23) of 6H-BaFe02.79 
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FIG. 1. The compositional region for Ba,~,La,FeO,~, showing the samples described 
and by Parras et ai. (14). 

shows it to have the barium titanate struc- 
ture: pairs of octahedral Fe sites share 
faces and are linked by octahedral Fe sites 
with only corner sharing. The oxygen va- 
cancies are mainly in the shared faces. 
Electron diffraction lattice images (24) have 
shown that stacking faults can occur, but 
are not thought to have a significant bearing 
on the vacancy concentration. At 1000°C in 
nitrogen the compound with y = 0.50, i.e., 
BazFezOs , is cubic (18), but this transforms 
on cooling in the absence of oxygen to a 
phase which was initially mistaken for a 
brownmillerite (16, 17), and has since been 
variously described as triclinic (18-20), 
orthorhombic (25), and more recently 
monoclinic (26). The Mossbauer spectra 
(16,20) are compatible with a structure per- 
haps related to the simpler brownmillerite 
type of lattice, which has equal numbers of 
Fe3+ cations in octahedral and tetrahedral 
coordination to oxygen as in Ca2FeZOS and 
SrzFe205, but distorted so as to generate at 
least four distinct sites in a much enlarged 
unit cell. 

In the present work the sample prepared 
by slow-cooling in air from 1300°C gave an 
X-ray pattern which could be indexed as 
the 6H-hexagonal phase. That quenched 

in this work 

from 1300°C into liquid nitrogen was in- 
dexed as the monoclinic phase (26). In the 
event, substitution of only 10% lanthanum 
produced a new cubic phase, and the two- 
phase mixtures of cubic perovskite and 
monoclinic Ba2Fe20S (reported recently 
(14) for x = 0.10, 0.15, 0.20, and 0.25 
quenched in air) were not found. For 0.1 zs x 
I 0.67 both the quenched and slow-cooled 
sample were a cubic perovskite with sharp 
X-ray lines. There was also a very diffuse 
reflection at a d-spacing of -5.5 A (VS) 
which is attributed to short-range ordering 
(see below). The lattice parameter (Table I) 
decreases uniformly with increasing La 
content and with decreasing oxygen va- 
cancy concentration. For x = 0.8 the pat- 
tern was still essentially cubic but the high- 
angle lines were broader with some degree 
of splitting which was more pronounced in 
the oxidized sample. For x = 0.9, the pat- 
tern showed additional lines and could be 
indexed as an orthorhombic lattice of the 
LaFe03 type (27). It is noteworthy that the 
cubic system was found over a wider com- 
position range than by Parras et al. (14). 
They appear to have fired their materials 
only once, and it is possible that the re- 
peated firings used here give a more homo- 
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FIG. 2. The Miissbauer spectra at 290 K for samples 
of Ba,+.La,FeO,-, slow-cooled in air from 1300°C. 

geneous material. The large size difference 
between Ba*+ and La3+ may result in long 
times for diffusion and equilibration of 
these cations in ceramic preparations. 

Considerable effort was expended in an 
attempt to produce materials at x = 0.33 
with ordered oxygen vacancies in a 
perovskite supercell. Despite the use of 
various heat treatments including annealing 
under argon at 1200°C and then at succes- 
sively lower temperatures, no trace was 
found of an orthorhombic Ba2LaFe308 
phase, and thus the Ba/La system differs 
markedly from the Ca/La and St-/La sys- 
tems where ordered defect phases occur 
readily. 

Miissbauer Spectra of Samples 
Slow-Cooled in Air 

The Mossbauer spectra at 290 K for the 
samples slowly cooled in air are shown in 
Fig. 2. The cubic solid-solution remains 
paramagnetic at this temperature until x > 
0.5, and the 6H-phase (x = 0) is also para- 
magnetic. The asymmetry in the spectra is 
indicative of mixed valence states. For x 2 
0.67 the system is magnetically ordered, the 
sharpening of the lines and the greater over- 
all span as x increases being consistent with 
a rising critical temperature. 

The temperature dependence of the spec- 
trum of BaFe02.787 is shown in Fig. 3. The 
critical temperature for magnetic order is 
very indistinct, but appears to be at least 
140 K. The spectrum is very broad at 78 K, 
but at 4.2 K shows a comparatively sharp 
magnetic hyperfine pattern. This can be 
represented by two hyperfine fields with 
flux densities of 49.0 and 24.8 T, respec- 
tively, without any quadrupole perturba- 
tion but with broadened lines (see Table II). 
The isomer shift, 6, and flux density, B, of 
the first component are consistent with the 
Fe3+ valence state. The other component is 
consistent with the Fe5+ valence state. The 
observed area ratios compare favorably 
with the nominal distribution of oxidation 
states calculated on this basis from the oxy- 
gen analysis, but disagree with the alterna- 
tive of Fe3+/Fe4+. 

TABLE 11 

M~~SSBAUERPARAMETERS FORSLOW-COOLED 
SAMPLES OF B~,-,L~,F~O,-,AT 4.2 AND 290 K 

6 A % Nominal values 
T  B (mm (mm 

x Y  (K) (T) SC’) SC’) %Fe4+ %Fe5+ 

0 0.213 4.2 49.0 0.46 - 73 
24.8 -0.13 - 27 58 29 

290 - 0.44 0.43 37 
- -0.05 0.17 63 58 29 

0.5 0.030 4.2 51.0 0.43 - 78 
27.1 0.01 - 22 44 22 

290 - 0.28 0.39 62 
- 0.10 0.35 38 44 22 
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FIG. 3. The Mijssbauer spectrum of 6H-BaFe02787 
as a function of temperature. 

The disproportionation of Fe4+ into nom- 
inally Fe3+ and Fe5+ was first discovered 
in CaFe03 (28) following which it was 
also suggested that the existing data for 
BaFe03-y by Gallagher et al. (16) and 
Ichida (20) might be interpreted in the same 
way. The values for the flux density, with 
the averaged values for CaFe03 and other 
similar systems involving Ca/La (29) and 
Sr/La (II, 30) are shown in Table III. They 
are all distinctly different from SrFe03 
which shows only a single hyperfine field 
from Fe4+ of 33.1 T (31). Although the val- 
ues for the isomer shifts and flux densities 
of the two fields vary, the average values 
are comparatively close to each other. This 
is probably a reflection of the degree of 

TABLE III 

THE MAGNETIC FLUX DENSITIES, B, IN TESLA AT 

4.2 K FOR COMPOUNDS SHOWING CHARGE DISPRO- 

PORTIONATION 

Compound B (Fe’+) B (Fe5+) B (average) Ref. 

CaFeO, 

SrFeO, 

c%.sL% 5Feo2.93 
SrzLaFe30~.~ (78 K) 

sro +a~Feoz 
6H-BaFeO,_, 

6H-BaFe02 78, 

Bao.sLaa 5Feoz.970 

41.6 27.9 
- 

51.7 

45.1 

46.0 

48.2 

49.0 

51.0 

26.6 

25.9 

26.9 

24.0 

24.8 

27.1 

34.8 (28) 
33.1 (30 
39.1 (29) 
35.5 (10 
36.5 (30) 
36.1 (20) 
36.9 This work 

39.1 This work 

charge separation which takes place; the fi- 
nal result is not necessarily integral charge 
states, a fact which has been clearly estab- 
lished in the SrlLa and Sr/Ca solid solu- 
tions (30). In conclusion, the charge dispro- 
portionation in BaFe02.7s7 is clearly es- 
tablished. The coexistence of dispropor- 
tionation and high oxygen deficiency is 

I ’ 
-2 -1 0 1 2 

-1 
velocity (mm s ) 

FIG. 4. The Miissbauer spectrum at 290 K of (a) 6H- 
BaFe02,8, and (b) Ba, sLaa.sFe02.9,0 showing the com- 
puted analysis in terms of two quadrupole doublets. 
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interesting, and we are in the process of 
obtaining neutron diffraction data at low 
temperatures to study this feature more 
closely. 

The paramagnetic spectra for x = 0 and 
0.50 taken over a reduced velocity range 
are shown in Fig. 4. All the paramagnetic 
spectra can be fitted quite well using a sim- 
ple model with two overlapping symmetri- 
cal quadrupole doublets, but for reasons ex- 
plained below the results must be treated 
with circumspection. We shall initially con- 
sider the case of x = 0. The isomer shift at 
290 K given in Table II for the component 
at lower velocity is clearly anomalous with 
regard to the expected negative second-or- 
der Doppler shift with rise in temperature, 
and shows that a fast electron transfer has 
caused an effective change in the valence 
state. A similar behavior is well established 
in the SriLa system (II, 30), where we have 
shown that the Mossbauer spectra of SrzLa 
Fe308.94 show complete averaging of the Fe 
oxidation state. However, evidence was 
found for a degree of electron trapping as 
the oxygen vacancy concentration in- 
creased. BaFe02.787 contains nominally 
58% Fe4+, and this corresponds very well 
with the computed area of the component 
at more negative velocity. It thus seems 
reasonable to suggest that BaFe02.,s7 be- 
haves as a mixed-valence Fe3+/Fe5+ mate- 
rial at 4.2 K and as a mixed-valence Fe3+ / 
Fe4+ material at 290 K. However, the 
possibility remains that the electrons are 
not completely localized at 290 K, and, to- 
gether with the added complication of the 
existence of two distinct sites in the 6H- 
structure, leads us to recommend caution in 
taking the results from the computer fit too 
literally. However, the asymmetry of the 
spectrum effectively constrains the propor- 
tions of the two valence states. It is not 
easy to define the temperature at which the 
change in valence states takes place, al- 
though the grossly broadened magnetic 
spectra above 78 K may reflect an increas- 

240 K 
I 

4.2 K 

I 1 I 1 I 
-0 -4 0 4 0 

velocity (mm s-’ ) 

FIG. 5. The Mksbauer spectrum of Ba~Lao.l 
Fe02.671 as a function of temperature. 

ing mobility of the electrons. It is worth 
noting that in BaFe02.95 there is a large 
anomaly in the magnetization immediately 
below the ordering temperature (16, 19), 
and we suggest that the change in valence 
states is closely associated with the onset of 
magnetic ordering as it is in Sr2LaFe30s.94 
(II). The structural implications of this 
charge disproportionation in 6H-BaFe03-y 
are currently under further investigation. 

The Mossbauer spectrum as a function of 
temperature for the slow-cooled cubic sam- 
ples with x = 0.10, 0.20, 0.33, and 0.50 are 
shown in Figs. 5-8, respectively. At 4.2 K 
the spectrum for x = 0.50 is comparatively 
sharp and similar to that for BaFe02.787. It 
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FIG. 6. The Miissbauer spectrum of Bao.gLa,~.z 
Fe02.787 as a function of temperature. 

can be analyzed as two hyperline fields with 
flux densities of 51.0 and 27.1 T (see Table 
II), but without any quadrupole perturba- 
tion. It is evident that there is a charge dis- 
proportionation into Fe3+ and FeS+ in the 
cubic phase. The low vacancy concentra- 
tion in this sample results in a nominal FeS+ 
content of 22%, which agrees well with the 
computed area ratio. The spectrum at 290 
K (Fig. 4b) can be analyzed as two quadru- 
pole doublets, the area ratios now being ap- 
propriate to a description in terms of Fe3+/ 
Fe4+, although once again the simplistic 
model may not be entirely appropriate. Re- 
gardless of the model, the isomer shift of 
any low oxidation state must be anomalous 
with respect to the value at 4.2 K, indica- 
tive of an effective change in oxidation 

state. From Fig. 8 it can be seen that mag- 
netic hyperfine splitting commences at 
circa 250 K, but that there is still some de- 
gree of relaxational collapse at 150 K. 

The spectra at 4.2 K for x = 0.10, 0.20, 
and 0.33 (Figs. 5-7) are clearly similar to 
that for x = 0.50, signifying that charge dis- 
proportionation is occurring, but the lines 
are broader. Computer fits to the data on 
the basis of two hyperfine fields overesti- 
mate the fraction of Fe5+, but this is proba- 
bly because the model does not correctly 
represent the line shapes. There may also 
be some degree of inward collapse in the 
spectra which weights the apparent contri- 
bution from the inner component. There is 

-; f---- : : 290 K 
: . 
. f 

ij 

------I :T : ; 
: : 

;I 

------jc I 
‘ : 

-8 -4 0 4 8 

velocity (mm s-‘1 

FIG. 7. The MBssbauer spectrum of B%.67L%.,3 
FeOzss, as a function of temperature. 
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FIG. 8. The Miissbauer spectrum of Ba,,(La,, 5 
Fe02.970 as a function of temperature. 

a significant change in the temperature at 
which hyperfine interactions appear, being 
circa 160 K (x = 0.33), 90 (x = 0.20), and 
170 K (x = 0.10). We have already shown 
(11) that an increase in the vacancy concen- 
tration in Sr2LaFe@8+y causes a large de- 
pression in the apparent ordering tempera- 
ture. In the present case we would have 
to consider the simultaneous effects of 
changes in x and y, and although there ap- 
pears to be a strong correlation between the 
ordering temperature and the value of y, 
we have not pursued the point further be- 
cause of the disproportionate effort in- 
volved. Figures 5-8 show clearly that the 
electronic state of the iron in the paramag- 

netic state remains essentially unchanged 
as a function of temperature, although the 
much broader profiles for x = 0.10, 0.20, 
and 0.33 make a detailed computer analysis 
difficult. Nevertheless it would seem that 
the onset of magnetic order and charge dis- 
proportionation are interconnected. 

Mlissbauer Spectra of Samples Quenched 
into Liquid Nitrogen 

The Mijssbauer spectra at 290 K for sam- 
ples quenched from 1300°C into liquid ni- 
trogen are shown in Fig. 9. For x < 0.5 the 
compositions lie close to the fully reduced 
BazFe205-LaFe03 line (i.e., all Fe3+). The 

I I 

-8 -4 0 4 8 

velocity (mm s-’ ) 

FIG. 9. The MGssbauer spectrum at 290 K for sam- 
ples of Ba,_,LaxFe03_, quenched into liquid nitrogen 
from 1300°C. 
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spectrum for x = 0 is typical of the mono- For Ba/La with x = 0.33 the ratios com- 
clinic phase of BazFez05 (20). The spectrum puted from the experimental data for the 
can be related to the simpler brownmillerite same 3-field model are 54, 28, and 18%, re- 
spectra. The outermost line on the left of spectively. We conclude that vacancy or- 
the spectrum is produced by Fe3+ ions in dering to give extra tetrahedral sites be- 
octahedral coordination to oxygen, al- comes less favorable with increasing x in 
though the corresponding line at the ex- the Ba/La system, and that there is an in- 
treme right of the spectrum is clearly split crease in the number of five-coordinate 
into at least three components indicating sites. The tendency to defect ordering will 
a multiplicity of octahedral sites. The increase with decreasing temperature, but 
average flux density is about 48.8 T. The we have already shown that kinetic consid- 
next outermost lines are from Fe3+ ions in erations may prevent ordering in the St-/M 
tetrahedral coordination, the significantly systems (12). It remains a possibility that 
smaller field with a flux density of 40.4 T long annealing times at the correct tempera- 
being characteristic of the lower coordina- ture could induce some degree of ordering 
tion. for Ba/La also. 

The cubic phases (x > 0) also show clear 
evidence for both octahedral and tetrahe- 
dral iron sites, but the relative proportions 
of the latter decrease far more rapidly than 
the increasing oxygen content would pre- 
dict. For x = 0.33, where the maximum 
concentration of tetrahedral sites can be es- 
timated from the chemical analysis to be 
29%, the computed figure is only some 
18%. Indeed the tetrahedral sites have al- 
most disappeared at x = 0.50 when a figure 
of 22% of the total sites might have been 
expected. Moreover at x = 0.33 there is a 
clear asymmetry in the outer lines which 
means that there are two (or more) hyper- 
fine fields with different chemical shifts. 
This is distinctly different to the Ca2Fe205- 
LaFe03 solid solution where it has been 
shown (32) that vacancies are fully ordered 
into tetrahedal sites within the same range 
of x, the concentration of five-coordinated 
sites being negligible. 

For x > 0.50 the spectra gradually 
sharpen toward that of LaFe03. There are 
fewer oxygen vacancies, but there is no di- 
rect evidence for the proportion of iron in a 
higher oxidation state which the analysis 
requires. We have not investigated this re- 
gion of the Bal-,La,Fe03-y system in 
greater detail. 

A series of samples with x = 0.33 were 
prepared by quenching into liquid nitrogen 
from different temperatures. The oxygen 
analyses and X-ray lattice parameters for 
the cubic phases produced are given in Ta- 
ble IV, and the Mossbauer spectra at 290 K 
are given in Fig. 10 and at 78 K in Fig. 11. 

TABLE IV 

THE OXYGEN PARAMETER y AND X-RAY LATTICE 
PARAMETER a FOR THE SOLID SOLUTIONS Ba,-,La, 
FeO,-, QUENCHED INTO LIQUID NITROGEN FROM 
DIFFERENT TEMPERATURES 

The observed behavior for the Ba/La sys- 
tem is similar to our earlier observations 
(13) on the cubic phases of Sr2MFe30s (M = 
Pr, Nd, Sm, Eu, Gd, Dy, Y) where the 
computed binomial probabilities for 6, 5, 
and 4 coordination with random vacancies 
of 49,37, and 12%, respectively, were com- 
pared with the average tetrahedral site con- 
centration in the seven compounds of 13%. 

T (quench) 
(“Cl 

1300 
llocl 

900 
700 
500 
300 

Slow-cooled 

Y & 

0.290 3.979 
0.299 3.982 
0.272 3.971 
0.221 3.960 
0.164 3.950 
0.119 3.941 
0.113 3.939 
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FIG. 10. The Miissbauer spectrum at 290 K for sam- 
ples of Ba, 67Lq,33Fe03_y quenched into liquid nitrogen 
from different temperatures. 

As with Sr2LaFe30s+, (12), the oxygen con- 
tent increases steadily with decreasing tem- 
perature. The X-ray lines are sharp, and the 
large decrease in a and consequent move- 
ment of the high-angle reflections suggest 
that the materials remain single phase 
throughout the composition range. The 
Mdssbauer spectra at 290 K for the 700°C 
quench is uniquely different compared to 
the 900 and 500°C quenches, consistent 
with this interpretation. The temperature 
for magnetic order falls dramatically as oxi- 
dation takes place. Magnetic hyperfine 
splitting appeared at circa 215 and 165 K for 
the 500 and 300°C quenches, respectively, 
compared to circa 160 K for the slow- 

cooled sample and above 290 K for the 
900°C quench. From Figs. 7 and 11 it would 
appear that charge disproportionation is 
just becoming evident in the 700°C quench 
(y = 0.221). 

The sample with x = 0.33 was further 
heated in uacuo at 1000°C. The resulting 
analysis of Ba2LaFe30g.os7 and X-ray lattice 
parameter a = 3.981 A suggested that the 
oxygen content was genuinely lower than 
for the original 1300°C quench into liquid 
nitrogen, but the material remained black. 
The Mossbauer spectrum was measured in 
an evacuated furnace, and revealed a 
straightforward Brillouin collapse without 
relaxation below an ordering temperature 
of TN = 705 + 2 K. 

C 
0 .- 

2 ._ 
E 
In 

E 
z 

I I I I 1 
-I3 -4 0 4 t! 

velocity (mm s-’ ) 

FIG. 11. The Miissbauer spectrum at 78 K for sam- 
ples of B%,,,L%,,,FeO,_, quenched into liquid nitro- 
gen from different temperatures. 
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Discussion 

The observation of charge disproportion- 
ation in Bai-,La,FeO+, for a wide range of 
values of x and y is consistent with the simi- 
lar behavior observed in related Ca and Sr 
iron oxides as detailed above. The notice- 
able exception is the SrFe03-y system. 
SrFe03 which is a cubic metallic antiferro- 
magnet shows a single hyperhne field with a 
flux density of 33.1 T at 4.2 K (31). Al- 
though there has been much discussion re- 
garding the electronic state of the iron, the 
evidence (11) seems to favor a high-spin 
(t&e:, S = 2) configuration, with metallic 
conductivity arising from a delocalized c* 
band derived from the eR electronic states 
and thereby preventing a Jahn-Teller dis- 
tortion. Loss of oxygen produces a series of 
ordered defect phases which show various 
combinations of effective oxidation states 
for the iron (22,33-35), with averaged elec- 
tron states at higher temperatures, but no 
evidence at all for the existence of Fe5+. 

It seemed reasonable to predict that 
charge disproportionation would be accom- 
panied by a lattice distortion. We have re- 
cently collected (II) neutron powder dif- 
fraction data at 5 K for Sr2LaFe308,94 which 
is cubic at room temperature, and have ob- 
tained clear evidence that the low-tempera- 
ture phase is a noncubic antiferromagnet . A 
full structure analysis will be published in 
due course. Similar work is in progress on 
appropriate Ba/La samples. In particular, 
we hope to determine how the 6H-structure 
accommodates the charge disproportion- 
ation. 

The structural chemistry of the iron 
perovskites with mixed A-site cations and 
in particular their tendency to show micro- 
domain behavior are very interesting. Al- 
though both the Ca/La and St-/La systems 
readily produce ordered-vacancy struc- 
tures, the remarkable sensitivity of the 
structural chemistry to the radius of the A- 
cation (13) over the whole St-/rare-earth se- 
ries was unexpected. We have been unable 

to prepare ordered-vacancy phases in the 
Bai-,La,Fe03-, system; the cubic mate- 
rials reported here appear to be analogous 
to the cubic phase of Sr2MFe30s+y (M = Pr, 
Nd, Sm, Eu, Gd, Dy, and Y). This cubic 
phase is believed to have a macroscopic 
perovskite lattice in which oxygen vacan- 
cies may be partially ordered into alternate 
FeOz layers to form a coherent intergrowth 
of small microdomains of a doubled pe- 
rovskite cell in three orthogonal direc- 
tions. The good structural coherence of the 
iron cation sublattice throughout a particle 
despite the presence of the microdomains 
leads to a coherence of the spin interactions 
and a unique NCel temperature without any 
significant spin relaxation effects. This cu- 
bic phase is thermodynamically unstable at 
low temperatures with respect to an 
orthorhombic phase with vacancies or- 
dered into every third layer (as found in 
Sr2LaFe308), but for kinetic reasons such 
an ordered phase is not always achieved. 
We have also been able to prepare a sample 
of Sr2LaFe308 which gave X-ray evidence 
of a perovskite cell doubled along one edge, 
i.e., with a much larger domain size. 

The recent work of Parras et al. (14) has 
shown that air-quenched Bal-,La,FeOj-, 
samples, which are cubic to X-ray diffrac- 
tion, may have a doubled perovskite cell 
when examined by electron diffraction with 
a shorter resolving wavelength. This ap- 
plied to x = 0.66. Their failure to observe 
such a feature for x < 0.66 may reflect the 
nonequilibrium nature of samples which 
have rapidly taken up oxygen during the 
quench in air, and it would be interesting to 
repeat the study on annealed material. The 
low vacancy concentration of their x = 0.66 
sample led them to postulate that the dou- 
bling of the unit cell is due to Ba/La order- 
ing. It remains to be seen whether this ex- 
planation is also appropriate to the SrIM 
systems. However, a similar microdomain 
behavior has been clearly established in 
SrFea.9V0.i02.6 (36) where there is only one 
type of A cation but a large vacancy con- 
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centration. Our observation (12) of a diffuse 
reflection at a d-spacing of -5.5 A in both 
the orthorhombic and doubled-cell forms of 
Sr2LaFe308 could be a result of short-range 
positional ordering of the A cations, order- 
ing of the oxygen vacancies, or a combina- 
tion of both. However, the same diffuse 
scattering is seen in the cubic Bale,La, 
FeOjey materials despite the almost identi- 
cal scattering of X-rays from Ba and La. 
This suggests that a simple positional order- 
ing of the A-cations is not responsible, and 
that the effect is associated with the order- 
ing of oxygen vacancies. 
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