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A large range of materials of general composition Sr&fFe,Os+, has been prepared for M = La, Ce, Pr, 
Nd, Sm, Eu, Gd, Dy, Er, Yb, and Y under a variety of conditions and studied by X-ray powder 
diffraction and Mossbauer spectroscopy. The nature of the product is affected to a surprising degree 
by the choice of M. The tendency to oxidation decreases rapidly across the series. The fully reduced 
phase (y = 0) is either cubic or orthorhombic. The high-temperature cubic phase is believed to have a 
macroscopic perovskite structure in which oxygen vacancies are partially ordered into alternate FeOr 
layers to form a coherent intergrowth of microdomains. Magnetic coherence pertains throughout the 
lattice. This phase is thermodynamically unstable at low temperatures with respect to the orthorhom- 
bit phase with vacancies ordered into every third layer, but for kinetic reasons the latter is not always 
achieved. Rapid oxidation during cooling takes place initially along microdomain boundaries. 

Introduction 

A major investigation in our laboratory 
into nonstoichiometry and defect ordering 
in the perovskite Sr2LaFe,0s+, has yielded 
interesting results (I, 2). In the composi- 
tion range 0.6 < y < 1 the material is a 
cubic perovskite at room temperature, and 
the Fe cations are all electronically equiva- 
lent in an averaged-valence state (I). At ca. 
200 K there is a first-order transition to a 
low-temperature antiferromagnetic mixed- 
valence state by the nominal charge dispro- 
portionation 

2Fe4+ e Fe3+ + Fe’+. 

Mossbauer spectroscopic data revealed 
that an increase in the oxygen vacancy con- 
centration (decreasing y) depresses the 
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transition temperature by some 50 K, and 
causes a degree of relaxational collapse in 
the magnetic hyperfine patterns. There is 
also some evidence for electron trapping in 
the vicinity of oxygen vacancies in the av- 
eraged-valence state. For y < 0.6 evidence 
was found for two new ordered vacancy 
phases (2). Orthorhombic Sr2LaFe308 is an 
antiferromagnet (TN = 715 + 5 K), and is 
analogous to Ca2LaFe30a (3, 4). Both com- 
pounds are believed to contain layers of 
iron cations in tetrahedral coordination, 
each separated by two layers in octahedral 
coordination to oxygen. Mossbauer data 
also revealed (2) the existence of a further 
“tetragonal” phase which appears to have 
a range of stoichiometry below the ideal 
composition of SrzLaFe308.5 and orders 
antiferromagnetically at about 500 K. The 
composition range 0 < y < 0.6 could be 
explained in terms of varying amounts of 
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the orthorhombic and “tetragonal” phases. 
However, evidence was obtained for mi- 
crodomain formation and intergrowth 
which suggests that it may not be strictly 
correct to regard all materials as simply a 
two-phase mixture. 

A series of experiments was initiated to 
verify the expected similar behavior for 
compounds containing other rare-earth ele- 
ments. This revealed new features in the 
defect ordering which are the subject of the 
present paper. 

Experimental 

Accurately weighed amounts of spec- 
troscopic-grade FezO3, SrC03, and the 
appropriate rare-earth oxide, M203, with 
stoichiometric ratios appropriate for Sr2 
MFe308 were ground together in a ball mill, 
pressed into a pellet, and initially fired in a 
platinum crucible at 1300°C (La 1400°C) for 
4-7 days with two intermediate grindings 
before 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 3 days at 1200°C before slowly cooling 
at 50°C per hour to room temperature; an- 
nealing in uucuo (10m4 Torr) at various tem- 
peratures. Initial characterization in each 
case was by X-ray powder diffraction re- 
corded with a Philips diffractometer using 
nickel-filtered CuKa! radiation. Chemical 
analyses for nominal Fe4+ content were car- 
ried out by digestion in a standardized solu- 
tion of ammonium iron(I1) sulfate in the 
presence of HCl and titration with ce- 
rium(IV) sulfate using ferroin as indicator. 

j7Fe Mossbauer data were collected in 
the temperature range 4.2 < T < 773 K us- 
ing a 57Co/Rh source matrix held at room 
temperature; isomer shifts were determined 
relative to the spectrum of metallic iron. 
islEu data were obtained at 290 K using a 

source of 15’Sm/SmF3; isomer shifts were 
determined relative to the source. 

Results 

A representative selection of the rare 
earths (and yttrium) were used to establish 
the effects of decreasing cation size on the 
defect properties (M = La, Ce, Pr, Nd, Sm, 
Eu, Gd, Dy, Y, Er, Yb). The initial synthe- 
sis was carried out at 1400°C for La, but the 
temperature was reduced to 1300°C for the 
others once it became evident that the yt- 
trium preparation melted below 1400°C. 
Aliquots were then annealed in several dif- 
ferent ways. 

Samples Slowly Cooled in Air 

Preparations of Sr21MFe308+y (M = La, 
Sm, Eu, Y, and Yb) were made by cooling 
slowly in air from 1300°C to encourage 
maximum oxidation. The oxygen parame- 
ters and X-ray characterization are given in 
Table I. The oxygen uptake in the case of 
lanthanum has been shown (I, 2) to vary 
smoothly as a function of temperature, and 
oxidation takes place continuously down to 
400°C being very rapid at the higher tem- 
peratures. As the ionic radius of M de- 
creases across the rare-earth series (yt- 
trium is taken to be similar in size to 
holmium), there is a very substantial de- 
crease in the oxygen uptake which was 

TABLE I 

THEOXYGEN PARAMETER~ANDX-RAY 
LATTICE PARAMETERS FORSAMPLESOF 

Sr2MFe308+y COOLED SLOWLY IN AIR 

M Y (& 

La 0.94 
Sm 0.67 
EU 0.41 
Y 0.31 
Yb 0.17 

3.874 (broad) 
3.865 (very sharp) 
3.866 (very sharp) 
3.866 (very sharp) 
(cubic + ?) 
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FIG. 1. The Miissbauer spectrum as a function of 
temperature for Sr2SmFe308.67 slow-cooled in air from 
1300°C. 

achieved by cooling in air at atmospheric 
pressure. The Sm, Eu, and Y compounds 
gave very sharp cubic X-ray patterns. Yb 
was the exception in that the pattern ap- 
peared to be based on the cubic perovskite 
but with a number of weaker lines implying 
a larger perovskite-related cell of lower 
symmetry. However, we formed the opin- 
ion that the pattern was really a superposi- 
tion of a cubic pattern upon that of a super- 
cell, indicating either mixed phases or 
possibly a microdomain intergrowth. 

The Mossbauer data were more informa- 
tive. The spectra for La have already been 
described and interpreted in detail (1). 
Sr2LaFe30s,94 gave a single line resonance 
at 290 K because of a fast electron transfer 
which rendered all Fe cations equivalent 
within the time scale of the measurement 
(10m7 set). Below 200 K the spectrum com- 
prises two magnetic hyperline sextets with 

There is no detectable quadrupole splitting, 
and the isomer shifts are +0.352 and 
-0.027 mm set-I, respectively. This data 
can be interpreted in terms of a charge dis- 
proportionation into species approximating 
to Fe3+ and Fe5+. There is a first-order tran- 
sition between the low-temperature mixed- 
valence state and the high-temperature av- 
eraged-valence state, although the two 
forms coexist over a wide temperature 
range (200-225 K). Reducing the oxygen 
content to y = 0.69 lowers the transition 
temperature by some 50” to ca. 170 K and 
causes a degree of relaxational collapse in 
the Mossbauer spectrum above 78 K. At 
the same time the spectra of the averaged- 
valence state become asymmetric, which is 
believed to indicate electron trapping in the 
vicinity of oxygen vacancies. 

Similar series of spectra for SrzSm 
Fe308.67 and Sr2EuFe308+,1 are shown in 
Figs. 1 and 2, respectively. In both cases 

\I 290 K ) 
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FIG. 2. The Miissbauer spectrum as a function of 
temperature for SrzEuFe30s.4, slow-cooled in air from 

flux densities at 78 K of 45.1 and 25.9 Tesla. 1300°C. 
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measurements were made at 4.2 K to ob- 
serve the static spectrum without relaxa- 
tion effects. It can be seen that relaxation is 
already evident at 78 K, and the Sm system 
has completely transformed to the aver- 
aged-valence state at 120 K. The Eu system 
behaves in a similar manner, and the flux 
densities (49.3 and 28.1 T) and correspond- 
ing isomer shifts (0.43 and 0.05 mm set-‘) 
at 4.2 K are in the range typical of cations 
approximating to Fe3+ and FeS+ . The exis- 
tence of this averaged valence phase at a 
much higher oxygen deficiency than could 
be obtained for La is interesting, although 
this may reflect the relative stability with 
respect to the other oxygen deficient struc- 
tures we have found. The decrease in the 
transition temperature from La to Sm for a 
similar oxygen content is compatible with 
an increased Fe-O orbital overlap in the 
significantly smaller unit cell. 

Although Sr2YFe30s.31 was also cubic to 
X-rays, the Mossbauer spectra (Fig. 3) re- 
veal a very different situation. The material 
is now magnetically ordered at 290 K, and 
the paramagnetic averaged-valence phase 
appears not to exist, at least under ambient 

-0 -4 0 4 8 

velocity (mm s-‘1 

FIG. 3. The Miissbauer spectrum at 78 and 290 K of 
Sr2--308 3, slow-cooled in air from 1300°C. 

pressures, nor is it easy to determine the 
oxidation states of the Fe cations from the 
spectra because of the gross broadening 
and asymmetric line shapes. The Yb prepa- 
ration also shows a broad magnetic pattern 
at 290 K. 

One may conclude that for materials pre- 
pared in air the degree of oxidation de- 
creases across the rare-earth series, such 
that the averaged-valence phase becomes 
progressively more oxygen deficient and is 
eventually replaced by a magnetically or- 
dered phase with localized electron states. 

Samples Quenched in Liquid Nitrogen 

Preparations of Sr&fFe30s+, (it4 = La, 
Ce, Pr, Nd, Sm, Eu, Gd, Dy, Y, Er, and 
Yb) were made by annealing at 1300°C (La 
1400°C) and quenching in liquid nitrogen. 
Lanthanum gave an apparent mixture of the 
orthorhombic and “tetragonal” phases (2). 
For M = Ce, Pr, Nd, Sm, Eu, Gd, Dy, and 
Y the product was shown by X-ray diffrac- 
tion to be a simple cubic perovskite with 
very sharp diffraction lines. There is how- 
ever a very diffuse reflection at a d-spacing 
of -5.5 A which we attribute to short-range 
ordering of the SrIM cations. Only for Ce 
was there any suggestion of a small amount 
of a second phase. The oxygen and lattice 
parameters are given in Table II. For M = 
Er and Yb the X-ray pattern showed addi- 
tional lines, suggesting the presence of a 
new phase with a larger unit cell (which was 
not identified) in addition to the stronger 
cubic pattern. 

The oxygen parameter and X-ray lattice 
parameter decrease with decreasing size of 
the A4 cation. The Mossbauer spectra at 290 
K for all eight cubic phases were basically 
the same and comprised a magnetic 
hyperfine pattern from presumed antifer- 
romagetic ordering. The spectrum for 
SrzEuFejOs.Os is shown in Fig. 4a as a typi- 
cal example. The outside line on the right 
(more positive velocity) was always dis- 
tinctly different in shape from the corre- 
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TABLE II 

THE OXYGEN PARAMETER y AND X- 
RAY LATTICE PARAMETER a FOR SAM- 
PLES OF SrzMFerOs+v QUENCHED INTO 
LIQUID NITROGEN FROM 1300°C 

M Y ci, 

Ce 0.29 3.901 
Pr 0.11 3.898 
Nd 0.10 3.893 
SIII 0.10 3.887 
EU 0.08 3.885 
Gd 0.08 3.884 
DY 0.06 3.876 
Y 0.06 3.872 
Er 0.04 - 
Yb 0.08 - 

sponding line on the left, and there was 
clear evidence of other weak components. 
It proved possible to analyze all eight spec- 
tra successfully using a comparatively sim- 
ple model with three hyperfine fields (with 
flux densities B1, Bz, and B3), constrained 
to the same linewidth, and with no quadru- 
pole perturbations. The theoretical fit for 
Eu is shown in Fig. 4a. The computed pa- 
rameters are given in Table III. There was 
no conclusive evidence for an oxidation 
state of iron greater than +3 despite the 

, 
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FIG. 4. The Mossbatter spectra at 290 K of (a) 
Sr2EuFexOs.os quenched in liquid nitrogen from 1300°C 
and (b) Sr2EuFejOs.w slow-cooled under argon from 
1200°C. 

small oxygen excess, although such a con- 
tribution could easily be hidden in the back- 
ground. 

The flux density B3 and the isomer shift 83 
are systematically lower than the other val- 
ues, and we can assign this component with 
some degree of confidence to Fe3+ cations 
in 4-coordination. The isomer shifts 6, and 
S2 are distinctly different, as are the flux 

TABLE III 

THE M~SSBALJER PARAMETERS AT 290 K FOR THE Sr2MFe308+y CUBIC 
PHASES QUENCHED FROM 1300°C INTO LIQUID NITROGEN 

I- Bl 61 82 62 B3 63 

M (mm set-I) (T) (mm seci) % (T) (mm set-I) % (T) (mm set-I) % 

Ce 0.54 51.4 0.36 54 48.3 0.30 37 42.5 0.18 9 
Pr 0.69 49.3 0.34 55 46.4 0.30 32 40.8 0.21 13 
Nd 0.72 49.3 0.34 60 46.1 0.30 27 40.5 0.17 13 
Sm 0.68 50.2 0.34 51 47.4 0.31 35 41.1 0.18 14 
Eu 0.61 50.5 0.35 50 47.9 0.30 37 41.3 0.13 13 
Gd 0.63 50.0 0.35 46 47.3 0.30 40 40.7 0.16 14 
DY 0.68 50.0 0.33 50 47.3 0.29 37 41.0 0.18 13 
Y 0.63 50.2 0.34 55 47.5 0.31 34 41.0 0.14 II 
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densities, although the values for the latter 
are more susceptible to error because the 
intensities of the two components are 
strongly interactive in the computer fit. The 
analysis for the Ce compound is signifi- 
cantly different from the others. In general 
we feel that, due to the accessibility of the 
Ce4+ state, Ce may introduce new features 
which are not readily identifiable, and we 
prefer to exclude it from the discussion. 

The average percentage of component 3 
in the remaining seven compounds is 13%. 
The computed binomial probabilities for 6-, 
5, and 4-coordination in Sr2MFejOs (with 
one in nine oxygen sites vacant) are 49, 37, 
and 12%. These figures are reasonably 
close to the computed values for the three 
components, and we conclude that sites 1, 
2, and 3 derive from 6-, 5-, and 4-coordinate 
Fe3+ cations in a perovskite matrix with a 
close to random distribution of oxygen va- 
cancies. The electric field gradient tensor at 
any given iron site will have a varying ori- 
entation with respect to the spin axis. The 
result is a large distribution of hypertine 
patterns with small quadrupole perturba- 
tions which appear overall as a single 
broadened hyperfine pattern with a quadru- 
pole perturbation of apparently zero. This 
point will be reemphasized below in con- 
nection with the argon-cooled samples. The 
Er and Yb samples gave spectra very simi- 
lar to the others, implying that the bulk of 
the samples may be structurally similar to 
the simple cubic phases. 

Samples Annealed under Argon 

Preparations of SrJ4Fe308+y (M = Ce, 
Pr, Nd, Sm, Eu, Gd, Dy, Er, and Yb) were 
annealed at 1200°C under argon before 
cooling slowly to room temperature. Al- 
though La produces an orthorhombic phase 
under these conditions (2), Ce, Pr, Nd, Sm, 
ELI, and Gd all gave a cubic perovskite with 
no other phase present. The lattice parame- 
ters are given in Table IV. The oxygen pa- 
rameter y is small in all cases. However, 

TABLE IV 

THE OXYGEN PARAMETERYANDX-RAY LATTICE 
PARAMETERS FOR SAMPLES OF Sr2MFe,0s+, 

ANNEALED UNDERARGONAT 1200°C 

La 0.08 
Ce 0.25 
Pr 0.05 
Nd 0.05 
Sm 0.01 
Eu 0 
Gd 0.08 

DY 0.03 
Y 0.03 
Er 0.05 
Yb 0.03 

5.514 11.901 5.606 367.9 
3.899 - - (355.6) 
3.900 - - (355.9) 
3.896 - - (354.8) 
3.889 - - (352.9) 
3.885 - - (351.8) 
3.884 - - (351.6) 
5.485 11.657 5.550 354.9 
5.489 11.662 5.560 355.9 
5.477 11.600 5.550 352.6 
5.473 11.584 5.556 352.3 

the analysis relies on a back titration and 
blank calibration, so that the cumulative er- 
ror in the values for small y is large. Al- 
though some samples were clearly a deep 
reddish brown, the color was often nearer 
to black (even for samples heated in high 
vacuum). Nevertheless, the excess oxygen 
content is believed to be small. The Moss- 
bauer spectra and X-ray patterns for Pr, 
Nd, Sm, Eu, and Gd were all very similar, 
Ce again being noticeably different. The 
Mossbauer spectrum at 290 K for Eu is 
shown in Fig. 4b. It is very similar to that of 
the nitrogen quench in Fig. 4a, the main 
difference being a smaller linewidth which 
was general to all five cubic phases which 
were prepared under both conditions, and a 
nominally higher intensity for component 2 
(see Table V) which is potentially an arti- 
fact of the computer fit. The Ce sample 
gave a sharper Mossbauer spectrum with 
less resolved evidence for the 4-coordinate 
site, and the data are omitted from the table 
as being unreliable. 

The Eu sample was investigated in more 
detail. The Mossbauer spectrum as a func- 
tion of temperature was measured in an 
evacuated furnace and shows a typical Bril- 
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TABLE V 

THE MOSSSBAUER PARAMETERS AT 290 K FOR THE SrzMFe30s+, CUBIC 
PHASES ANNEALED UNDER ARGON AT 1200°C 

r B, 6, B2 62 B3 83 

M (mm set-I) (T) (mm sect’) % (T) (mm set’) % (T) (mm setI) % 

Pr 0.57 50.6 0.36 47 48.0 0.31 40 41.2 0.16 13 
Nd 0.57 50.8 0.35 49 48.2 0.31 38 41.7 0.14 13 
Sm 0.59 52.1 0.37 42 49.6 0.30 47 42.2 0.11 11 
EU 0.54 52.1 0.36 42 49.7 0.30 47 42.1 0.11 11 
Gd 0.65 49.3 0.33 51 46.7 0.29 33 40.4 0.19 16 

louin collapse with an ordering temperature 
of ca. 760 K (Fig. 5). The three hypefine 
fields are not well resolved at the higher 
temperatures, and no analysis was at- 
tempted. At 773 K, the compound is para- 
magnetic, and the MGssbauer spectrum 
shows a clearly resolved quadrupole split- 
ting of 0.81 mm set-*, although the large 
linewidth of 0.57 mm set-’ suggests that 
there may be a distribution of quadrupole 
splittings rather than a single value. A 
quadrupole splitting is not seen in the mag- 
netic spectra because of a larger number of 
orientations with respect to the spin axis 
as already explained for the nitrogen 
quenched samples. 

The Dy, Y, Er, and Yb samples are en- 
tirely different. The X-ray patterns can 
be indexed on the basis of the same 
orthorhombic cell as Sr2LaFe308. How- 
ever, the lines are broader suggesting a 
more disordered material. The cell parame- 
ters are given in Table IV, together with the 
cell volume V. Also shown is the appropri- 
ately normalized cell volume for the cubic 
phases, and it can be seen that the 
orthorhombic cell has a markedly larger 
volume than that which would be predicted 
by extrapolation from the cubic phase. The 
Miissbauer spectra at 290 K are shown in 
Fig. 6, and the relevant parameters in Table 
VI. There are two magnetic hyperfine sex- 
tets from the octahedral and tetrahedral 
sites, although the linewidths of the latter 

are uniformly larger. The ideal area ratio 
for the octahedral : tetrahedral sites is 2 : 1, 
and even allowing for different recoilless 
fractions there is a considerable deviation 
from this in the case of ytterbium. The 
Miissbauer spectra and X-ray lines are both 
broadened compared to the other elements, 
and the ordering of the oxygen vacancies is 
probably less advanced in this sample. 

: i 773 K 

1 I b I I I 

-6 -4 0 4 a 

velocity (mm s-‘) 

FIG. 5. The M&sbauer spectrum as a function of 
temperature for Sr2EuFej08 slow-cooled in argon from 
1200°C. 
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TABLE VI 

THE MWSBAUER PARAMETERS AT 290 K FOR THE ORTHORHOMBIC SrzMFe,Os 
PHASES ANNEALED AT 1200°C AND COOLED IN ARGON 

60 
(mm set’) (mmEkcl) 

BT 8T 
(T) (mm set-I) (mm&k’) 

%T 

La 51.5 0.35 -0.20 38.0 0.19 +0.36 35 
DY 50.9 0.33 -0.19 38.1 0.19 +0.29 31 
Y 51.5 0.34 -0.17 37.5 0.17 +0.39 27 
Er 51.3 0.33 -0.17 37.3 0.17 +0.36 33 
Yb 51.3 0.33 -0.14 38.1 0.15 i-O.38 19 

Note. The parameters refer to the octahedral (0) and tetrahedral (T) sites. 

Samples Annealed in Vacua 

A sample of Sr2LaFe30s of good quality 
was achieved in our earlier work (2) by an- 
nealing in uacuo at 1000°C. More recently a 
repeat of this preparation was carried out at 
1000°C with a continued anneal at 800°C to 
give the orthorhombic phase. This was then 
followed by a second anneal at 1100°C for 8 

FIG. 6. The MBssbauer spectra at 290 K for five 
orthorhombic phases obtained by cooling from 1200°C 

days and 800°C for 6 days. Surprisingly the 
product proved to be completely different. 
The X-ray pattern was at first sight a simple 
cubic perovskite with ap = 3.920 A in agree- 
ment with the other cubic phases, but there 
were also a number of broad weak superlat- 
tice lines which could be indexed on the 
basis of a tetragonal cell ap x ap x 2a,, i.e., 
doubled along one cell edge. The Moss- 
batter spectrum (Fig. 7) at 290 K was also 
considerably different. The spectrum is not 
symmetrical because of quadrupole pertur- 
bations, and there is clear evidence for at 
least three hypertine patterns. A computer 
analysis fitting three such patterns was not 
entirely convincing because of asymmetry 
in the line shapes, but the parameters ob- 

-0 -4 0 4 8 
velocity (mm Se’) 

FIG. 7. The Mdssbauer spectrum at 290 K of Sr,La 
Fe,Os annealed in uacuo at 1100°C. An attempted anal- 

unaer argon. ys~s m terms of three hyperfine fields is shown. 
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TABLE VII 

THE M~SSBAUERPARAMETERSAT~~OKFOR 
Sr2LaFe908 WITHAPEROVSKITECELLDOUBLED 

ALONGONECELLEDGE 

& 
6 E 

Site (mm see-I) (mm set-I) % 

1 51.4 0.33 -0.19 51 
2 51.0 0.39 +0.20 32 
3 42.0 0.14 +0.20 17 

tained (Table VII) give a close representa- 
tion of the behavior. All three sites show a 
significant quadrupole perturbation. Site 1 
comprises some 51% of the spectrum and 
gives parameters very close to those shown 
by the octahedral sites in orthorhombic 
SrzLaFeJOe . Site 3 comprises about 17% of 
the spectrum and shows the flux density 
and isomer shift normally associated with 
tetrahedral sites, although the percentage is 
much lower than the 33% expected for the 
orthorhombic phase. Site 2 shows a similar 
flux density to site 1, but with a quadrupole 
perturbation of opposite sign. This can be 
tentatively assigned to sites in S-coordina- 
tion. However, it is likely that this model is 
too naive, and that either there are more 
than three distinct iron sites, or that there is 
a range of local environments. Neverthe- 
less, this sample represents the fourth dis- 
tinct structural phase that we have found in 
the SrzLaFeJOs+, system. 

A further anneal at 1000°C for 3 days re- 
stored the orthorhombic phase once more, 
and one can deduce that the system is ki- 
netically inert at 8OO”C, the difference in the 
product being determined by the higher 
temperature. The sample was then an- 
nealed at 1300°C in U~CUO for 3 days and 
then quenched quickly by removing from 
the furnace. The X-ray pattern was still that 
of the orthorhombic phase again, with no 
apparent evidence for any of the cubic 
phase. The weak diffuse absorption at a d- 
spacing of -5.5 A associated with St-/La 

short-range ordering was very weak, but 
otherwise the spectrum was the same as re- 
corded for the anneal at 1000°C. 

A sample of SrzNdFe30s was prepared by 
annealing at 1000°C in r~acuo for 3 days. 
The X-ray pattern remained that of a cubic 
perovskite, apart from the diffuse feature at 
d = 5.5 A from St-/La short-range order. 
There was no evidence for ordering of the 
oxygen vacancies. 

Samples Quenched in Air 

Although the samples were usually 
quenched in air during the initial firings, 
considerable oxidation takes place during 
the quench and the nature of these mate- 
rials was not investigated fully in all cases. 
The sample of Sr2LaFe308.336 quenched in 
air from 1400°C was described earlier (2), 
and some evidence was found to suggest 
that the quench produces a microdomain 
texture and intergrowth of Sr2LaFe30s 
and the “tetragonal” phase. A sample of 
Sr2SmFeJOs.223 quenched from 1300°C gave 
a broadened cubic X-ray pattern, and the 
Mossbauer spectra are shown in Fig. 8. The 
temperature dependence of the latter shows 
the same features that we reported ear- 
lier in SrzFeCoOs+, and CazLaFe3Os+, 
quenched in air (5, 6) and interpreted in 
terms of microdomain formation. At 78 K 
the spectrum is similar to that of the nitro- 
gen-quenched cubic phase apart from a sub- 
tle broad curvature to the background. 
With increase in temperature a new central 
component appears which grows at the ex- 
pense of the magnetic pattern. The isomer 
shift of this central feature is more positive 
than that of the averaged-valence phase, 
and the possibility of a two-phase mixture 
can be excluded. The rapid oxidation which 
takes place during the quench results in the 
formation of small microdomains of the 
original cubic phase, with the oxygen ex- 
cess incorporated in the domain walls. 
These domains behave in a similar manner 
to superparamagnetic particles so that the 
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FIG. 8. The Mksbauer spectrum as a function of 
temperature for SrzSmFe30s.zz, quenched in air from 
1300°C. 

spin axis relaxes more quickly in the 
smaller domains and produces the spectral 
collapse seen in Fig. 8. A full explanation of 
these effects has already been given (5, 6). 

Similar data were obtained for Sr2 
EuFe30s.196, but the collapse does not de- 
velop until a noticeably higher temperature. 
This is consistent with the existence of 
larger microdomains in a less-oxidized ma- 
trix . 

ls’Eu Mhsbauer Spectra 

The existence of a second convenient 
Mossbauer isotope (15iEu) in the four euro- 
pium samples enabled us to obtain addi- 
tional information. In previous studies of 
the orthoferrites and their solid solutions 
(7-9) it was found that the linewidth of the 
i5iEu resonance can be broadened by unre- 
solved hyperfine effects. For example, the 
linewidth of EuFe03 was observed to be 

set-i in hydrated europium nitrate, and this 
broadening was shown to be the result of a 
quadrupole interaction, Magnetic hypertine 
splitting can be produced by a transferred 
magnetic exchange interaction as seen, for 
example, in SrzEuRu06 and Sr2Eu2Fe207 
(10, II), but the effect is negligible in 
EuFeOJ because pairs of iron atoms in the 
antiferromagnetic structure cause mutual 
cancellation. However, in solid solutions 
such as EuFe03-EuCo03 and EuFeOj-Eu 
CrO, the replacement of iron by cobalt or 
chromium can cause a small asymmetry in 
the interaction and a resultant molecular 
exchange field at the Eu nucleus which 
leads to a linewidth of up to 7 mm set-l . 

The lslEu Mossbauer spectra for the four 
Sr2EuFe308+y samples are shown in Fig. 9, 
and the parameters are given in Table VIII. 
The sample slow-cooled in air has the 
smallest linewidth; it is also the only sample 

I 
-0 -4 0 4 a 

Velocity (mm s-1 ) 

FIG. 9. The lslEu Mdssbauer spectra of 
Sr2EuFqOs+, (a) slow-cooled in air, (b) quenched in 
air, (c) quenched in nitrogen, and (d) slow-cooled in 

3.27 mm set-i compared to only 2.26 mm argon. 
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TABLE VIII 

THE lslEu M~SSBAUER PARAMETERS AT 290 K 

Sample Y 6 l- 

Slow cool in air 0.41 0.28 2.60 
Quench in air 0.20 0.45 3.51 
Quench in Nz 0.08 0.52 4.06 
Slow cool in argon 0 0.53 3.89 

to be in the paramagnetic state at room tem- 
perature. Any quadrupole interaction is 
small. The larger linewidths in the three 
magnetic samples may therefore be due to 
the small asymmetry in the molecular ex- 
change field caused by the influence of oxy- 
gen vacancies. Up to one in nine of the oxy- 
gen sites are vacant, which is significant in 
terms of the normal 12-coordination to oxy- 
gen of Eu in a cubic perovskite. A further 
observation is the increase in isomer shift 
upon reduction and loss of oxygen, which is 
indicative of an increase in electron density 
as the coordination number is reduced. 

Unfortunately there is no suggestion of 
any resolution of different Eu environ- 
ments, and the observed spectra can only 
be considered in general terms as a 
weighted average. 

Discussion 

The major contribution of this paper is in 
the characterization of oxygen deficient 
compounds close to the composition Sr2M 
Fe308 which are prepared at high tempera- 
tures. These results are highly relevant to 
the more general study of cubic perovskites 
with a high concentration of oxygen vacan- 
cies. 

The reduced Sr2Fe205-MFe03 solid so- 
lution (and the Sr2MFe30s composition in 
particular) has largely escaped attention. 
Some time ago a study of the reduced sys- 
tem Sri-,La,FeOo+,.,z made reference (12) 
to a cubic perovskite phase for x = 0.3,0.4, 
0.5, and 0.6. Unfortunately the Mossbauer 

data are of poor quality by current stan- 
dards, but the magnetic hyperflne patterns 
do demonstrate that the number of tetrahe- 
dral sites is substantially reduced in favor 
of presumed 5-coordinate sites. Interest- 
ingly, the samples were quenched in uacuo 
at llOO”C, which was the temperature at 
which we obtained the doubled perovskite 
cell. 

Very few data are available for the later 
rare earths. There is an interesting refer- 
ence to Sr0.sN&.2Fe02.60 annealed in argon 
at 1350°C and cubic to X-ray diffraction 
(13). Electron diffraction, which uses a 
shorter wavelength, showed evidence for a 
doubling of one of the perovskite cell axes 
at random in the a, b, and c directions. 
Electron micrographs showed a random in- 
tergrowth of small microdomains, and it 
was tentatively suggested that tetrahedral 
sites are ordered into alternate layers. 

A paper published on Srl-,Dy,Fe03-y 
while this work was in progress (24) refers 
only to material quenched in air from 
1200°C (the nearest relevant composition 
being x = 0.25). From our own work this is 
likely to produce very inhomogeneous non- 
equilibrium microdomain materials, and 
there are insufficient data to add to our in- 
terpretation. We have concentrated on the 
Sr2MFejOs+, system because this composi- 
tion is appropriate to the formation of an 
ordered orthorhombic phase. However, the 
system is not considered to be a line phase, 
and similar behavior can be expected at 
slightly different SrIM ratios. 

It is especially important to be aware that 
the phases obtained at room temperature by 
rapid quenching are not necessarily those 
which existed in equilibrium before the 
quench. This is clearly demonstrated by the 
related compound SrzFezOs (or SrFeO& 
which has the orthorhombic brownmillerite 
structure and alternate layers of iron in oc- 
tahedral and tetrahedral coordination. It 
has been shown to undergo a transition to a 
cubic phase above -850°C (15), but it is 
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apparently not possible to preserve the cu- This behavior is distinct from the mag- 
bic phase by very fast quenching. Further- netic properties of the microdomains found 
more, it has recently been shown (16) by in Ca2LaFe30s+, quenched in air (6), where 
Mossbauer spectroscopy that the distorted there is no long-range spin coherence. Nev- 
local site symmetries of the brownmillerite ertheless, evidence for microdomain forma- 
structure are retained by most of the iron tion similar to that observed in the Ca com- 
atoms for some 200°C above the transition pound has been found in the Sm and Eu 
temperature before diffusion of the oxygen systems in the present work. If microdo- 
vacancies causes any significant motional main boundaries already exist at high tem- 
narrowing effects. This provides some evi- perature they can provide a disordered 
dence to support the postulate (IS) that the pathway which is more susceptible to inva- 
high-temperature cubic phase contains a sion by oxygen than the more ordered cen- 
disordered intergrowth of microdomains of ters of the domains. It is then possible to 
a near brownmillerite lattice in three or- combine the two types of microdomain into 
thogonal directions. a unified model. 

One very significant feature of all the cu- 
bic Sr2MFe308 (i.e., y = 0) phases studied 
here is the lack of any relaxation behavior 
in the magnetic hyperfine spectrum. In the 
case of Sr2EuFe308 this appears true right 
up to the ordering temperature of 760 K. 
This leads to the important conclusion that 
the Fe3+ spin interactions take place coher- 
ently over much larger distances than the 
-200 A resolution of X-ray diffraction. 
Since there is no evidence to suggest that 
the Sr2+ and M3+ cations can undergo any 
long-range order in these materials, one can 
assume that both cation lattices remain co- 
herent over large distances, and that it is 
ordering of the oxygen vacancies which is 
responsible for the different structures. 

One of the biggest surprises in this work 
has been the stabilization of the cubic phase 
of Sr21MFeJ08 at the expense of the 
orthorhombic phase which was only found 
for the largest and smallest cations. The ob- 
servation of both phases for Dy and Y 
shows that the cubic phase is the high- 
temperature form. Although oxidation of 
Sr2LaFe308 can take place down to 
-400°C we have found that at very low 
oxygen partial pressure the perovskite 
phase with a doubled unit cell is kinetically 
inert at 800°C. This leads us to believe that 
there may be a close competition between 
kinetic and thermodynamic factors which 
can prevent formation of the orthorhombic 
phase for some of the elements. 

A similar situation has been convincingly 
demonstrated (2 7) by electron micrographs 
for the phase SrFe0.sVo.r02.6 where the or- 
dering of strings of oxygen vacancies along 
one or other of the six (110) directions of 
the cubic cell leads to the formation of mi- 
crodomains of a superlattice which is a dis- 
ordered variant of the brownmillerite struc- 
ture, having a periodicity of 2a,. The 
high-resolution images show a good struc- 
tural coherence of the cation sublattice 
throughout a particle despite the presence 
of many small microdomains. The excess 
oxygen tends to locate in the boundary re- 
gions. 

The observation of a doubled-cell 
perovskite in SrzLaFe3Os annealed in uucuo 
at 1100°C rather than the expected ortho- 
rhombic phase may mean that a high- 
temperature form has been preserved here 
also. The observation of quadrupole pertur- 
bations in the Mossbauer spectrum is al- 
most certainly a consequence of an in- 
creased degree of distortion in large 
ordered domains which is not possible in 
smaller microdomains. It appears to be the 
same defect structure already reported for 
Sr0.8Nd0.2Fe02.60 (13). However, contrary 
to the earlier suggestions, the structure 
does not appear to contain a significantly 
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higher tetrahedral site concentration than in 
a random distribution of vacancies. Never- 
theless, in compounds where the oxygen 
vacancy concentration is so high (1: 6 in 
Sr2Fe205, 1: 9 in SrzLaFejOs) it has been 
shown (18) that a completely random distri- 
bution of vacancies produces A cations 
(i.e., Sr) in unacceptably low coordina- 
tions. The ideal perovskite lattice can be 
described as alternating layers of stoichi- 
ometry SrO and FeOz perpendicular to 
[lOOI,. It is numerically feasible to distrib- 
ute the vacancies in SrzLaFejOs almost 
entirely in alternate Fe02 layers without 
significantly increasing the number of ~-CO- 
ordinate sites above that expected for a ran- 
dom distribution; there are fewer oxygen 
vacancies than in the brownmillerite case. 
The order over large distances in this par- 
ticular preparation may have produced a 
greater resistance to transformation to the 
orthorhombic phase than was found for the 
quench from 1300°C where the equilibrium 
phase should be more disordered but still 
quenched as an orthorhombic phase. 

The model which emerges to describe the 
high-temperature cubic phase is of a macro- 
scopic perovskite lattice in which oxygen 
vacancies are partially ordered into alter- 
nate FeOz layers to form a coherent inter- 
growth of microdomains. Magnetic coher- 
ence persists throughout the lattice. This 
phase is thermodynamically unstable at 
lower temperatures with respect to the 
orthorhombic phase with vacancies or- 
dered into every third Fe02 layer, but for 
kinetic reasons this ordering is not always 
achieved. Additional oxygen can be incor- 
porated, but in the case of Sr2LaFe308+, 
this results in a phase separation into 
SrzLaFe30s and “tetragonal” Sr,La 
Fe308.5, analagous to the Sr2Fe205 and Sr 
Fe02.75 case (2). Rapid oxidation of the 
other Sr2MFejOs phases during cooling 
takes place along the microdomain bound- 

aries to produce magnetically isolated mi- 
crodomains of the cubic phase. 
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