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The high-temperature behavior of Sr,Fe,Os has been well characterized by various techniques (DTA,
X-ray diffraction, magnetic measurements) paying particular attention to keep the nominal composi-
tion constant. The transition from the low-temperature ordered form (with brownmillerite structure) to
the high-temperature disordered form (of perovskite structure) has been explained in terms of micro-

domain formation. A structural model is proposed and discussed.

In previous works dealing with nonstoi-
chiometric perovskites AMO;._, it had been
shown that the anionic vacancy concentra-
tion y could reach or even exceed the value
y = 0.50 without apparent modification of
the structure. This is the case, for instance,
for SI'TiOzjo, SrV02_50, or BaFel_,
Zn,0, 5o_xn (I-4) which exhibit by X-ray
diffraction a cubic symmetry character-
istic of the perovskite structure. Although
the authors of these works did not appear to
be fully convinced, they generally con-
cluded that oxygen vacancies were ‘‘ran-
domly distributed’” within the network.

Recently, Shin et al. have given evidence
of a crystallographic transition at high tem-
perature (T > 700°C) in Sr,Fe,0s5 (5). They
assumed a transition from a vacancy or-
dered state (of brownmillerite-type struc-
ture) to a statistically disordered state (oxy-
gen deficient perovskite structure). On the
other hand no transition could be observed
in the case of Ca,Fe,0s which is brownmil-
lerite-type up to 1200°C (6). SrFe,Os
seemed to be the first example of an order-
ing-disordering transition in AMO;_,
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perovskite-type compounds at constant de-
fect concentration (y = 0.50).

Moreover in recent investigations Gre-
nier et al. have shown that in various ferrite
systems a long-range vacancy ordering usu-
ally occurs when y = 0.25 (7).

From this point of view, Sr,Fe,Os (y =
0.50) appears to be an anomaly in the struc-
tural model previously proposed (8).

This work is concerned with various
characterizations of the Sr,Fe,Os transi-
tion; a structural model will be proposed in
correlation with recent HRTEM observa-
tions of perovskite-related ferrites. Up to
now, this kind of transition has only been
studied in relation with a change of the de-
fect concentration y involving an oxidation
process (9, 10). Here particular attention is
paid to keeping the composition of material
constant.

Preparation and Characterization of
Sl'zF 0205

Strontium ferrite Sr,Fe,Os has been pre-
pared starting from a stoichiometric mix-
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FiG. 1. Idealized structures of perovskite and brownmillerite. Left: AMO; (SrTiO;), perovskite type.

Right: AMO, 4, (Sr,Fe;Os5), brownmillerite type.

ture of strontium carbonate SrCQO; and iron
nitrate Fe(NO;) - 9H,0 dissolved in a nitric
medium. Then the nitrates were decom-
posed at low temperature (=400°C) and
heated up to 900°C. After grinding the ma-
terial was annealed at 1350°C for 24 hr in
air, then quenched. At this stage, it was
black, somewhat oxidized and containing
about 16% Fe(+1V).

Stoichiometric strontium ferrite (without
oxygen excess) was obtained in a further
step by reduction at 1000°C either in a
stream of Ar + 2% H, (po, < 107% atm) for
12 hr or under dynmamic vacuum (1073
Torr). In any case the final material was
brown and a chemical analysis confirmed
the absence of Fe(+1V), i.e., the SrFe,0s
composition.

The X-ray pattern was indexed on the ba-
sis of the orthorhombic cell of the brown-
millerite structure with the following pa-
rameters:

a = 5.530 = 0.002 A
b = 15.540 = 0.005 A
¢ = 5.666 = 0.002 A
V = 486,9 = 0.5 A3

The indexation was in agreement with

the space group I»,.,(C2*) previously deter-
mined on a crystal (/7). The structure of
Sr,Fe,0s is closely related to that of Ca,
Fe,0s (space group Pnma, D¥). As previ-
ously shown (7), these structures derive di-
rectly from the AMO; perovskite-type
assuming that oxygen vacancies (¢ of the
oxygen atoms) are ordered along alternate
rows [101], = [100]z (Fig. 1). In this way
half-octahedral sites (Op) are transformed
into tetrahedral sites (7). The coordination
number of the biggest cations (Sr or Ca)
which was 12 in the perovskite decreases to
10 in the brownmillerite. The only signifi-
cant difference between both structures lies
in the orientation of (FeQOy,) tetrahedra and
more particularly in the positions of the tet-
rahedrally surrounded iron atoms (7,) and
of the Os-oxygen atoms sharing corners of
the tetrahedra. A neutron diffraction study
has shown that the Debye—Waller factors
of these atoms were anomalously large, es-
pecially those of the O; oxygens (/2).

High-Temperature Investigations

Three kinds of investigations have been
carried out at high temperature: DTA, X-
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Fi1G. 2. DTA thermograph for Sr;Fe;Os.

ray diffraction, and magnetic measure-
ments.

To keep constant the initial composition
during the measurements, the materials
were set in a sealed golden tube (DTA,
magnetic measurements), under high dy-
namic vacuum (10~* Torr) (X-ray diffrac-
tion, Guinier-Lenné technique), or under
controlled partial oxygen pressure (mixture
of N,-H; for X-ray diffraction with pg, =
10720 atm).

A. DTA Study

The micro-DTA thermograph of Sr;Fe,0s
is given in Fig. 2. Two transitions occur at
increasing as well as at decreasing tempera-
ture:

—around 350°C (7T}) an endothermic tran-
sition without hysteresis involving a low
energy;

—around 850°C (T) a second endother-
mic transition extending over about 150°C.
The involved energy is more important.

B. High Temperature X-Ray Diffraction

Experiments have been carried out be-
tween 20 and 1000°C either by conventional
X-ray diffractometer (CukK,) radiation) or
with a Guinier-Lenné camera. The crystal-
lographic data obtained from both tech-
niques were consistent. The thermal evolu-
tion of the main diffraction lines is shown in
Fig. 3. Three temperature ranges appear:

—At t < 350°C there is a brownmillerite-
type domain (B).

—For 350°C < t = 850°C we observe a
two-phase domain with coexistence of the
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spectra of the brownmillerite (B) and of a
tetragonal perovskite-type phase (Q) whose
concentration increases with the tempera-
ture.

—At ¢t > 850°C a cubic perovskite-type
domain (P) occurs. Figure 4 shows the vari-
ation vs temperature of the reduced param-
eter (a,) of Sr,Fe,Os calculated from the
above data. Clearly appear:

—a sharp transition of the cell param-
eters at 850°C which corresponds to a tran-
sition from the brownmillerite towards cu-
bic perovskite symmetry. The observed
temperature is in good agreement with the
DTA observation (T3).

—the presence of a tetragonal
perovskite-type phase (Q) above 350°C,
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FiG. 4. Thermal variation of the reduced parameters
(a,) of Sr,Fe,05.

temperature at which DTA reveals a slight
transition (7).

In the light of these results it might be
concluded that the ‘‘disordered state’ of
the vacancies appears suddenly at 850°C
following an ‘‘intermediate state’’ extend-
ing over 500°C which could correspond to a
progressive growth of a tetragonal
perovskite-type phase within an ordered
brownmillerite-type phase.

This assumption is corroborated by the
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increase at rising temperature of the inten-
sities of the diffraction lines corresponding
to the Q phase and the decrease of those of
the brownmillerite B in the same tempera-
ture range.

C. Magnetic Properties

The thermal evolution of the magnetic
susceptibility of Sr,Fe,O; (Fig. 5) charac-
terizes at low-temperature antiferromag-
netic interactions whose Néel temperature
is 715 K. We have plotted the susceptibility
values of the homologous compound Ca,
Fe,0Os by comparison (/3). Experimental
data are reported in Table 1.

The Néel temperatures for both ferrites
are very close. This can be explained by the
fact that in spite of increasing size of the
alkaline-earth cation and consequently of
the Fe—O-Fe distances (Table 1), the cova-
lency of w(Fe-0O) bonds in competition
with the o(Sr-0O) bonds also increases.
This explanation is consistent with the val-
ues of the covalency parameters of the Fe—
O bonds previously determined by neutron
diffraction (12).

The magnetic structure is similar to the
G-type arrangement of the orthoferrite se-
ries or of Ca,Fe;Os (13). This structure as-
sociated with the space group I, is rela-
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Fi1G. 5. Thermal variation of the inverse of the molar magnetic susceptibility for Sr,Fe,Os or

CazFezos (13)
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TABLE 1

MAGNETIC DATA FOR Sr;Fe;Os AND Ca,Fe,Os

Tn O Cum exp Vu Fe—O-Fe, Feo—Q—FeT FeT—(?—FeT [ A

(K) (K (£0.10) (&Y (A) (A) (A) (K) (K
Sr,Fe,0s 715 -3100 14.50 60.86 3.96 4.09 3.77 —-1871 —2.12.10*
Ca,Fe,O5 725 —2840 13.35 56.12 393 3.96 3.82 —1860 —1.85.10¢

tively symmetric and cannot give rise to
weak ferromagnetism as previously ob-
served in Ca,Fe,0s (I14). This has been con-
firmed by measuring the magnetization be-
low the Néel temperature: Sr,Fe,0s does
not show weak ferromagnetism but at very
low temperature a very small component
appears (g = 8.107* up), probably due to a
tiny distortion of the network.

The thermal evolution of the magnetic
susceptibility (Fig. 5) shows two accidents
which have not been observed for Ca,
F3205:

—in the antiferromagnetic domain at
630 K (=355°C);

—in the paramagnetic domain between
1125 and 1200 K (=850-930°C).

These temperatures are in very good
agreement with those observed by X-ray
diffraction and DTA (T, and T5).

The values of the Curie constant (Cy =
14.50 uem CGS for 720 < T < 1100 K) and
of the paramagnetic Curie temperature (0,
= 3100 K) are very high. This phenomenon
has been extensively explained by Grenier
et al. in a previous work relative to Ca,Fe,
Os (13). It results from the existence of
strong magnetic interactions which lead to
correcting the experimental data by a factor
(1 — A@py)) where Op, is the true paramag-
netic Curie temperature and A the coeffi-
cient of the thermal variation of the molecu-
lar field. From the data of Table I it appears
that the values of @y, for both compounds
are quite close, implying similar magnetic
interactions; on the other hand, the value of
|\| for Sr,Fe,Os is the highest, obviously in-
volving a drastic evolution of the magnetic

interactions at high temperature in relation
to a large expansion of the lattice.

Discussion of the Results

The results unambiguously show a struc-
tural transition at high temperature (7 =
850°C) which is characterized by:

-—a change of crystallographic symmetry
(orthorhombic and/or tetragonal to cubic)
(apparently whatever the quenching rate
may be the cubic phase cannot stand at
room temperature):

—a first-order endothermic reaction
showing a large temperature hysteresis;

—an anomaly of the magnetic suscepti-
bility;

—no composition change.

This point must be emphasized. As a
matter of fact the presence of strontium
could induce a slight oxidation leading to
either Sr;Fe;0s,, or SrFeO;_, (y < 0.50)
and thus giving rise in an easier way to the
cubic perovskite structure. In a previous
work, Shin er al. have observed such a
transition at 700°C, but their experiments
were carried out under nitrogen atmo-
sphere (i.e., with po, = 107*-1075 atm) (6),
which supposes partial oxidation. For sake
of clarification, we have followed by DTA
the evolution of the transition temperature
as a function of oxygen partial pressure
(Fig. 6). The temperature of the transition
becomes constant when po, is lowered
down to 10-2° atm. Hence, under such con-
ditions, i.e., those of our experimental
work, the stoichiometry of Sr;Fe,Os re-
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Fi1G. 6. Evolution of the transition temperature T,
for Sr,Fe,Os vs oxygen partial pressure.

mains perfectly constant as confirmed
moreover by chemical analysis.

Shin et al. concluded in their work that
the transition corresponded to ‘‘a complete
phase transition from a brownmillerite-type
structure to a cubic perovskite structure ac-
companying random displacement of the
oxygen atoms or the oxygen vacancies
throughout the oxygen lattice sites of the
latter structure.”

But in a recent investigation, Komornicki
et al. have shown that a statistical vacancy
disordering is quite impossible as it could
give rise to a too important local decrease
in the coordination of the largest cation
(15). In addition, vacancy distribution cal-
culations correlated to Mdgssbauer data
have shown that the oxygen vacancies can
only be arranged along rows of variable
lengths.

Moreover, Grenier et al., studying non-
stoichiometric perovskite-related ferrites
AMO;_, have generally found a long-range
vacancy ordering for y = 0.25 (7). If this is
so, how can such an important defect con-
centration (y = 0.50) exist, supposing that
one-sixth of the oxygen atoms are missing
and implying that drastic local perturba-
tions arise without apparent structural
modifications?

An answer can be found on the base of
HRTEM observations of Alario-Franco et
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al. of nonstoichiometric ferrites such as
Srg 30Ndg 20Fe024 (v = 0.40) (16) or La,_,
CaFeO;_, 23 = x < 1;0.25 = y =< 0.40)
(9, 17). Those phases were prepared at
high-temperature (¢ = 1350°C) and then
quenched. In each case the X-ray diffrac-
tion spectrum was similar to that of the cu-
bic perovskite but the microscopic diffrac-
tion patterns exhibited additional spots
beside the cubic symmetry reflections. The
corresponding images revealed a texture
formed by the intergrowth of three sets of
microdomains whose size was of 10° to 10°
A3. Their structure was analogous either to
that of brownmillerite or to that of the so-
called G-type structure (A;M30s, n = 3
term, y = 0.33). In a previous work we have
shown that the vacancy ordering in the mi-
crodomains can occur along rows in six dif-
ferent directions characterizing three types
of microdomains [the nomenclature is given
in Ref, (I8)].

In this connection a similar phenomenon
can be considered for the high-temperature
form of Sr,Fe;O5 and Fig. 7 shows a sche-
matic representation of this microdomain
texture as it can be imagined for this phase.

Nevertheless, as previously discussed
(18), it should be noticed that for the pre-
vious ferrites the formation of such micro-

Fic. 7. Supposed microdomain structure of the
high-temperature form of Sr.Fe,0;s.
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F1G. 8. Microdomain boundary in hypothesis 1 (infi-
nite rows).

domains results from an oxygen excess lo-
cated in the domain walls, hence this
excess is related to their size. For instance,
for Sr(),g(]Nd().z()FeOz,a) (y = 040) the stoichi-
ometry of the microdomains is that of the
brownmillerite (y = 0.50). For Ca,s;Las
FeQ, 145 too, y is 0.255 instead of y = 0.33
which corresponds to the stoichiometry of
the microdomains which are of the G type.

On the contrary, as just mentioned, the
transformation of Sr,Fe,Os at high tempera-
ture does not imply any composition
change. Two ways of structural changing
can then be assumed:

(1) the ratio between octahedra and tetra-
hedra (equal to 1 in Sr,Fe,0s) remains con-
stant but their arrangement becomes differ-
ent.

(2) Octahedra and tetrahedra disappear in
the same proportion leading simultaneously

o the formation of fivefold coordinated
sites to keep the stoichiometry constant.

This implicitly supposes that strontium
and iron atoms remain practically located in
the perovskite (or brownmillerite) posi-
tions; only the oxygen arrangement (and
consequently the vacancy arrangement) is
concerned.
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According to a previous work (15), the
first assumption implies that the length of
the vacancy rows is infinite, as any finite-
length row yields the formation of fivefold
coordinated sites. In fact the existence of a
microdomain texture implicates that these
infinite rows are broken in various direc-
tions. It appears (18) that, from the point of
view of electrostatic energy and in order to
obtain perpendicular tetrahedral sheets, the
most suitable angle is 120°C. Figure 8
shows the boundary between two microdo-
mains. Such a hypothesis necessarily leads
to a sequence (0, T, O, T, . . .) instead of
the brownmillerite sequence (O, Ty O, Ty
. . ., Fig. 1). This must reasonably be
ruled out as the structural rearrangement
would be too important.

In the second assumption we shall con-
sider the internal structure of the microdo-
mains to be of brownmillerite-type struc-
ture. Figure 9 shows the boundary between
two microdomains in this hypothesis, in
which it appears that only half of the va-
cancy files are infinite and half are finite
within each domain, ended by fivefold
coordinated sites. These sites can be
clearly viewed in Fig. 10 which represents a

fonie

FiG. 9. Microdomain boundary according to hypoth-
esis 2 (discontinuity of vacancy rows, creation of five-
fold coordinated sites).
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(0k0) plane. Although it is difficult to calcu-
late their proportion, it may be supposed
that they equally affect octahedra and tetra-
hedra to keep the oxygen stoichiometry
constant.

Conclusions

The previous investigations unambigu-
ously show the possibility of a structural
transformation of Sr,Fe,0;s at high tempera-
ture related to a vacancy ‘‘ordering—disor-
dering’’ transition without composition
change. Nevertheless, in view of recent
HRTEM observations, the apparent disor-
der is likely to be only partial, due to the
high vacancy concentration. As previously
observed, in other ferrites the formation of
microdomains is probable at high tempera-
ture. The hypothesis that octahedra and tet-
rahedra disappear simultaneously leading
to fivefold coordinated sites seems to be the
most credible.

First, this hypothesis supposes the
brownmillerite-type structure (i.e., the low-
temperature form) within the microdo-
mains; such a phenomenon has also been
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observed in the oxidized ferrites Ca,L.a;_,
FeO;_, (9, 17). Second, the instability of
the HT phase even after very fast quench-
ing may be explained by the fact that triva-
lent iron, whose electronic configuration is
3d7 is located in a fivefold coordinated site,
i.e., in a normally unstable situation.

The formation of the microdomains
would involve a migration of the vacancies
correlated to the high mobility of the O; ox-
ygen (/2). The mechanism could be the fol-
lowing: around 350°C, some vacancy files
are broken and tetragonal domains progres-
sively appear within the brownmilierite iat-
tice. Their number becomes greater and
greater as the thermal agitation increases
up to a point where a sharp transition oc-
curs leading to a macroscopicly ‘‘disor-
dered phase,” i.e., at 850°C.

Measurements of the oxygen-ion conduc-
tivity have been carried out on Sr,Fe,Os at
high temperature. The data are plotted in
Fig. 11. They actually show a conductivity
as low as that of stoichiometric perovskite
compounds such as LaAlO; or CaTiO; and
much lower than that of the nonstoichio-
metric CaTig7Aly 30,85 compound (79).
Moreover no transition has been observed
around 850°C. This result is confirmed by
the rather low oxygen-diffusion factor pre-
viously determined (Dosoc = 107 cm?/sec:
Digorc = 2.1071! cm?/sec (20).

In this way we can conclude that the mi-
gration of oxygen atoms in the lattice is very
small and that the vacancies are strongly
interacting. In fact, there is no fundamental
difference between the so-called ‘‘low-tem-
perature ordered phase’ and the ‘‘high-
temperature disordered phase.”” In other
words the ‘‘perovskite phase’’ is not really
disordered, as its ionic conductivity would
have been much larger than that of a stoi-
chiometric phase.

Further studies such as Mossbauer spec-
troscopy or HRTEM observations at high
temperature are in progress to confirm the
proposed hypothesis.
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Fig. 11. Thermal variation of the ionic conductivity for Sr,;Fe,O; and various perovskite-type
phases.
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