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Crystal structure, redox, and magnetic properties for the
Pr12xSrxFeO32d solid-solution phase have been studied. Oxidized
samples (prepared in air at 9003C) crystallize in the GdFeO3-
type structure for 04x40.80, and probably in the Sr8Fe8O23-
type (unpublished) structure for x 5 0.90. Reduced samples (con-
taining virtually only Fe31) crystallize as the perovskite aristo-
type for x 5 0.50 and 0.67 with randomly distributed vacancies.
The Fe41 content increases linearly in the oxidized samples up to
x+0.70, whereupon it stabilizes at around 55%. Antiferromag-
netic ordering of the G type is observed for oxidized samples
(04x40.90) which show decreasing NeH el temperature and
ordered magnetic moment with increasing x, while the NeH el
temperature is nearly constant at &700 K for reduced samples.
Electronic transitions for iron from an average-valence state via
charge-separated to disproportionated states are proposed from
anomalies in magnetic susceptibility curves in the temperature
ranges 500}600 K and 150}185 K. ( 2000 Academic Press

Key Words: praseodymium strontium iron oxide; structure,
magnetism, redox; perovskite phases; charge disproportionation.

I. INTRODUCTION

The perovskite-type ferrites AFeO
3

have attracted atten-
tion owing to the interesting variation in their magnetic
properties which in many cases appear to be related to
changes in the average oxidation state and local coordina-
tion of iron. Such structure}property information has to
a large extent been derived from a combination of di!rac-
tion, magnetic susceptibility, and 57Fe MoK ssbauer spectro-
scopy studies (1}4).

The average, formal oxidation state of iron can be
monitored by replacing the rare earth element (RE) on the
ideally 12-coordinated A site with heterovalent substituents,
like the alkaline-earth elements (AE), RE

1~x
AE

x
FeO

3
.

However, large amounts of the thereby introduced higher-
valence Fe4` can hardly be obtained at normal synthesis
conditions, and for samples, e.g., annealed in air, an increas-
ing oxygen nonstoichiometry (d) develops with increasing
1To whom correspondence should be addressed. Fax: #47 22 85 55 65.
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AE content, RE
1~x

AE
x
FeO

3~d . The fully oxidized solid-
solution system covers samples with formally mixed-valent
Fe3` and Fe4` in octahedral coordination. For the par-
tially reduced samples (d'0), oxygen vacancies reduce the
coordination to square pyramidal or tetrahedral for some
of the iron atoms. These variations in#uence in turn the
electronic and magnetic properties. For example, for
La

1~x
Sr

x
FeO

3~d the NeH el temperature (¹
N
) decreases from

&720 to &70 K when the content of Fe4` increases from
0 to 68% (5).

At low temperatures, certain RE
1~x

AE
x
MnO

3
phases

exhibit (6) the interesting feature of spacial charge ordering
(CO). A recent study on Pr

1~x
Sr

x
CoO

3~d has revealed
a transformation from an orthorhombically deformed per-
ovskite structure for x40.30 to a monoclinic structure for
x'0.30, probably correlated with changes in the electronic
conductivity at x+0.3 (7). The occurrence of the mono-
clinic structure may be taken as an indication of CO on Co;
however, this could not be unambigously veri"ed.

Recent MoK ssbauer studies claim a charge disproportiona-
tion for iron(IV) in several perovskite-like phases at low
temperatures. Furthermore, the occurrence of the mono-
clinic structure for CaFeO

3
(8) is interpreted as evidence for

cooperative ordering of the charges in this material.
The "ndings by transmission electron microscopy on
La

1~x
Sr

x
FeO

3
also suggest CO on Fe (9). A powder neu-

tron di!raction study of La
0.333

Sr
0.667

FeO
2.98

(4) con"rms
charge ordering for the unpaired spin density on iron, but
not a concomitant ordering in the crystal structure. How-
ever, optical investigations of La

0.333
Sr

0.667
FeO

3
appear to

con"rm CO on iron below 198 K (10).
All REFeO

3
(RE"La}Lu) take the orthorhombic

GdFeO
3
-type structure (11). There is, however, limited in-

formation available for the mixed-valent solid-solution
phases RE

1~x
Sr

x
FeO

3~d , with the exception of RE"La
(5). Hence, there is little experimental evidence on how the
reduced size of RE a!ects the valence states for iron and the
possible ordering of oxygen vacancies.

The present study aims at providing an extensive des-
cription of the variation in crystal structure and magnetic
properties for the Pr

1~x
Sr

x
FeO

3~d solid-solution phase,
3
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TABLE 1
Relevant parameters for Rietveld re5nements of PND Data

(2400 points)

Space group Pnma R31 c Pm31 m P4/nnc

Bragg re#ections 207 68 20 366
Variables 27 16 16 29

Zero point 1 1 1 1
Scale factor 1 1 1 1
Background 6 4 6 6
Pro"le 6 4 4 6
Temperature factors 3 3 3 3
Unit-cell dimensions 3 2 1 2
Coordinates 7 1 0 10
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including also the e!ect of di!erent types of heat treatment.
There are large changes in the magnetic ordering temper-
ature as function of Sr content; ¹

N
is 711 K for PrFeO

3
(12),

whereas ¹
N
"134 K (13) for SrFeO

3
(d"0.00) and

¹
N
"700 K (1) for Sr

2
Fe

2
O

5
(d"0.50) are reported. Par-

ticular attention is presently payed to (i) the electronic state
of iron in fully oxidized samples, (ii) the possibility of oxy-
gen-vacancy ordering in strongly reduced samples, and (iii)
the possible existence of di!erent, closely related perov-
skite-like phases as a function of Sr content and oxygen
nonstoichiometry. The latter point is considered in relation
to the SrFeO

3~d end composition (x"1.00), which exhibits
four related structures, cubic simple perovskite for d"0.00,
tetragonal for d+0.125, orthorhombic for 0.254d40.32
(14), and orthorhombic brownmillerite type for d"0.50
(14).

II. EXPERIMENTAL

Synthesis

Pr
6
O

11
was dissolved in hot diluted nitric acid (99.9%,

Strem Chem.). Thereafter SrCO
3

(98%, Fluka),
Fe(NO

3
)
2
) 9H

2
O (99%, Fluka), and C

3
H

4
(OH)(COOH)

3
)

H
2
O (99.5%, Riedel de HaeK n) in excess (5}10 times the

amount of the cations) were added, and the solution was
heated at 1803C overnight. The resulting xerogel was X-ray
amorphous. The xerogel was "red at 3503C to remove the
major part of the carbonaceous species. This precursor was
then pressed into tablets and crystallization was carried out
at 9003C in air in an alumina container. Prior to the syn-
thesis, Pr

6
O

11
and SrCO

3
were treated at 4303C in air to

remove any water. The metal content of the iron nitrate
hydrate was determined gravimetrically by complete de-
composition to Fe

2
O

3
. All samples referred to in this report

were phase pure according to X-ray di!raction.
The samples synthesized according to the described

recipe are termed Type I. A second set of samples, Type II,
were obtained by treating Type I samples at 12003C for at
least 48 h in 99.99% N

2
atmosphere. Further details on the

treatment of the Type II samples are given in the text when
pertinent.

X-Ray Diwraction

Powder X-ray di!raction (PXD) data were collected on
a Siemens D5000 di!ractometer equipped with primary
monochromator and position-sensitive detector (PSD), and
using CuKa

1
radiation and Si as internal standard. Unit-cell

dimensions were determined by least-squares re"nements
using the UNITCELL program ([15]). Pattern simulation
of PXD data were carried out by means of the
FULLPROF98 program (16).

High-resolution synchrotron PXD data were collected
for Pr

0.50
Sr

0.50
FeO

3~d at the Swiss}Norwegian beam line
at ESRF, Grenoble, in capillary geometry using monochro-
matic photons with wavelength j"79.944 pm.

X-Ray Absorption Near-Edge Spectroscopy (XNES)

XANES was carried out at the Swiss}Norwegian beam
line at ESRF, Grenoble.

Neutron Diwraction

Powder neutron di!raction (PND) data were collected
with the high-resolution two-axis di!ractometer PUS at the
JEEP II reactor, Kjeller, Norway. Monochromatized neu-
trons of wavelengths around 155 pm (slightly di!erent in
di!erent experimental cycles) were obtained by re#ection
from Ge (511) and were detected by two PSD banks, each
covering 203 in 2h. Di!raction data were measured between
2h"103 and 1303 and were analyzed in steps of *2h"
0.053. The amount of sample was 1}1.5 g. A cylindrical
sample holder was used. Typical measurement time was
24 h. Wavelength calibration was done by measurement of
an Al

2
O

3
standard sample. Low temperatures were ob-

tained by means of a Displex cooling system.
Rietveld re"nements were performed using the FUL-

LPROF98 (16) program. Scattering lengths and form fac-
tors for Fe3` were taken from the library of the program.
A pseudo-Voigt pro"le function was used, for both PXD
and PND data. Di!erent isotropic temperature factors were
used for elements of di!erent types. The number of Bragg
re#ections and variables entering the least-squares re"ne-
ment are summarized in Table 1.

Magnetic Measurements

Magnetic susceptibility and magnetization studies were
performed with an MPMS (magnetic property measure-
ment system; Quantum Design) in the temperature range
54¹4300 K. Calibration was done by measurements of
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a Pd-standard sample (from NIST). The zero-"eld
cooled (ZFC) samples were measured on heating in a
magnetic "eld of 1 kOe. Gelatine capsules were used as
sample holders. Magnetic susceptibility was further-
more measured with a Faraday balance in the temperature
range 3004¹41000 K. Calibration was done by
measurement of an HgCo(SCN)

4
standard sample. The

samples were sealed under vacuum in spherical silica-glass
containers.

Thermal Analyses

Thermogravimetric (TG) analyses were carried out with
a Perkin}Elmer 7 series instrument. Silica-glass containers
were used as sample holders. Di!erential scanning calori-
metry (DSC) studies were carried out with a Mettler DSC
3000 system.

Oxygen Analyses

The oxidation state of iron was determined by cerimetric
titration after dissolution of the samples in hydrochloric
acid in closed, argon-#ushed glass containers. Mohrs salt
was used for reduction of Fe4` to Fe3` and for adjustment
of the Ce4` solution.

III. RESULTS

i. Solid Solubility; Ewect of Synthesis Conditions
on Sample Properties

Samples of Pr
1~x

Sr
x
FeO

3~d were synthesized with a per-
ovskite-like structure for the entire composition range
04x41.00. The sample quality, as judged from the half
widths (FWHM) of Bragg re#ections in the PXD patterns,
as well as the oxygen stoichiometry, depends strongly on the
synthesis conditions (temperature and oxygen partial pres-
sure).

The end composition PrFeO
3

takes the GdFeO
3
-type

structure (space group Pnma) with a"557.8(2) pm, b"
779.0(2) pm and c"548.8(2) pm. The metric is pseudocubic;

a/J2"394.4 pm, b/2"389.5 pm and c/J2"388.1 pm.
For Type I samples, the orthorhombic splitting of the re#ec-
tions in the PXD diagram diminishes considerably with
increasing Sr content. For x(0.20, the splitting is easily
evident, and unit-cell dimensions for a GdFeO

3
-type de-

scription could be extracted from the PXD data; cf. Fig. 1.
However, on the basis of PXD data for 0.204x40.30 only
approximate unit-cell dimensions could be extracted, and
for x'0.30 cubic unit-cell dimensions were determined as
an approximation of the true structure.

The PXD re#ections for Type I samples are broad
(Fig. 2). Their half widths are typically FWHM

(121)
"0.263

[at 2h"333; instrumental resolution from Si standard
FWHM
S*(111)

"0.063]. One may argue that the broadening
arises from the pseudocubicity of the material; however,
sharper line pro"les and indications for splitting would be
expected for well-crystalline samples. Hence, internal stress
or composition inhomogeneity are more probable causes.
Oxygen gradients are not likely to exist in all samples since
this type of defect oxides are well known to show consider-
able oxygen-ion conductivity at the temperatures chosen for
the annealing.

Type II samples exhibit extraordinary, sharp Bragg re-
#ections, comparable with the instrumental resolution
(Fig. 2, typically FWHM

(121)
"0.073). It appears likely that

the annealing at 12003C has stimulated cation di!usion,
thus providing materials with fully random distribution of
Sr and Pr over the A sublattice. Type I samples are hence
probably burdened by local variations in Sr/Pr contents,
giving rise to internal strain (which is not necessarily iso-
tropic in nature). For lower Sr levels, e.g., x"0.20, the
re#ections become sharper, but not completely sharp, upon
heat treatment. This indicates that tougher annealing condi-
tions are required for Pr-rich samples.

Type II samples with x"0.20 show superstructure re#ec-
tions in accordance with the GdFeO

3
-type structure. How-

ever, for x"0.50 and 0.67 the unit cell is cubic for as-
synthesized samples. On the other hand, these Type II
samples can not be directly compared with the correspond-
ing Type I samples since they represent di!erent oxygen
stoichiometries. Type II samples are obtained in a partly
reduced state, however, they can easily be reoxidized during
post treatments.

There are at least three possible structural transitions
which could be considered in more detail: (i) the crossover
from GdFeO

3
-type to cubic symmetry (space group Pm31 m)

as a function of d, (ii) the crossover to a tetragonal structure
in the vicinity of x"0.85, and (iii) the possibility of a
GdFeO

3
-type to LaAlO

3
-type (R31 c) transition as a function

of x and d. These variations would be similar to those
reported for La

1~x
Sr

x
FeO

3~d , which takes the GdFeO
3
-

type structure for low values of x, and trigonal, tetragonal,
and cubic symmetry for higher substitution levels, depend-
ing on the oxygen content (5, 20).

Figure 1 shows an almost linear reduction in the unit-cell
volume for 0.004x40.70 (Type I samples). Even though
Sr is larger than Pr, the introduction of Sr results in a re-
duced unit-cell volume. The volume can be considered con-
trolled by the network of corner-sharing octahedra, and
hence by the interatomic B}O distances as well as by the tilt
angles (a, b, c) and the deformations of the octahedra. For
a model with ideal octahedra in the a`b~b~ tilt system
[Glazer's (21) notation] with space group Pnma the volume
is given as

<"32d3B}O cos2a cos5bJ1#sin2b .



FIG. 1. Unit-cell dimensions (Pnma model) for Pr
1~x

Sr
x
FeO

3~d as a function of the composition parameter x for Type I samples: PXD, "lled symbols;
PND, open symbols. (Inset) Unit-cell volumes for Type I samples ("lled symbols) and Type II samples (open symbols) compared with literature data for
SrFeO

3.00
(17), Sr

8
Fe

8
O

23
(18), Sr

4
Fe

4
O

11
(18), and Sr

2
Fe

2
O

5
(19).
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The size of the A cation does not explicitly enter the expres-
sion. However, for A ions like Pr3` that are smaller than
oxygen in the ccp stacking of AO

3
layers, introduction of

a large cation like Sr2` will induce smaller tilts and thereby
a larger volume. On the other hand, in the case of hetero-
valent substitution, the valence of Fe will increase, and
consequently its size will decrease. Therefore, such solid-
solution systems will in general re#ect the competition be-
tween volume decreasing and increasing e!ects. In
Pr

1~x
Sr

x
FeO

3
the reduction in the Fe}O distance between

x"0 and x"0.50 is large (2.7%) and dominates the over-
all picture. In the closely related system Pr

1~x
Sr

x
CoO

3
, the

decrease in the Co}O distances is small (0.8% for x40.50)
(7) and does not compensate for the decrease in tilt angles
caused by the introduction of the larger Sr2` ion.

The leveling o! of the < (x) curve in Fig. 1 for x'0.70
is a result of considerable deviations in the oxygen
stoichiometry compared with the fully saturated case.
ii. Crystal Structure for Pr
1~x

Sr
x
FeO

3~d ,
0.004x40.50

The assignment of the type of deformation of the basic
perovskite-type structure was approached by examination
of the splitting of the main re#ections (PXD, high resolu-
tion) and the existence of superstructure re#ections (PND,
strong O-scattering contribution). The splitting of M222N
according to a 2]2]2 superstructure of the basic, cubic
perovskite unit cell indicates that bO903. This shows that
the actual tilt system contains at least two minus tilts (21).
The splitting of M400N in two re#ections with relative inten-
sities 2 :1 indicates two similar and one di!erent unit-cell
parameter in the superstructure cell, and hence two similar
and one di!erent tilt. Superstructure re#ections of the type
N"h2#k2#l2"4C#3 (C being an integer) imply that
minus tilt is present, while the presence of superstructure
re#ections with N"4C#1 shows that both plus and



FIG. 2. Representative sections of PXD patterns for Pr
0.50

Sr
0.50

FeO
3~d; Type I, thick line; Type II, dashed line; reoxidized Type II, dotted line.
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minus tilts are present. According to the Glazer (21) tilt
description, there are two possible models a`b~b~ and
a`a~b~, with space groups Pnma and P2

1
/m, respectively

*both having unit-cell relations a/J2+b/2+c/J2+a
1
.

No indication of any monoclinic splitting of this unit cell
was seen in the PXD data. Space group Pnma and hence the
GdFeO

3
-type structure description was con"rmed by

means of PND data for x"0.20 (7 and 298 K); see Fig.
3 and Table 2.

The GdFeO
3
-type description is fully appropriate at low

substitution levels of Sr. The splitting of the main re#ections
and the intensities of the superstructure re#ections decrease
with increased Sr content. Hence, the deviation from the
ideal perovskite-type structure becomes very small with
increasing x, which makes it di$cult to ascertain the true
symmetry. For Type I samples no splitting is observed for
x*0.20; however, superstructure re#ections of the types
N"4C#1 and N"4C#3 are incontestably present in
the di!raction patterns right up to x"0.80. PND data for
x"0.50 (10 and 298 K) show superstructure re#ections of
the types N"4C#2 (plus tilt) and N"4C#3 (minus
tilt), the latter with considerable intensity. The low intensity
of N"4C#2 for the x"0.50 sample compared to the
sample with x "0.20 is due to a reduced plus tilt. The third
tilt could be zero (a0b`c~/a0b`b~, re"nements in the com-
mon model given by Woodward (22) gave s2"3.20), plus
(a`b`c~/a`a`b~/a`b`b~/a`a`a~, s2"3.26), or minus
(a`b~b~/a`a~a~, s2"2.92, a`b~c~/a`a~b~, s2"2.82).
The PND data favors the model with two minus tilts and
one plus tilt. This conclusion turned out to be fully consis-
tent with PXD synchrotron-radiation data for a sample
annealed at 12003C in air and slowly cooled in the furnace
to improve crystallinity. The splitting of M222N indicates two
minus tilts, and the splitting of M400N into two re#ections
implies two equal tilts. This gives two possible tilt systems,
a`b~b~ and a`a~b~. The a`b~b~ model with space group



FIG. 3. Rietveld re"nements (upper line) of PND data (circles) for Pr
0.80

Sr
0.20

FeO
2.985

(Type I sample). Positions of Bragg re#ections are shown with
bars for nuclear (upper) and magnetic (bottom) contributions, respectively. The di!erence between observed and calculated intensity is shown by the
bottom line. (Inset) The magnetic contributions illustrated with the deviation of the simulated PND diagram from the observed intensities when only the
nuclear structure is taken into account.
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Pnma was again chosen, due to its higher symmetry; see
Fig. 4 and Table 2.

The samples x"0.50 Type I and reoxidized Type II, as
well as that measured by synchrotron-radiation PXD, have
the same unit-cell volume, but the splitting of the unit-cell
dimensions of the "rst are smaller than the samples which
were synthesized at higher temperature. Rietveld re"ne-
ments of PND data constrained to the synchrotron-radi-
ation unit-cell dimensions give a signi"cantly worse "t. This
phenomenon probably originates from strain on the Pr/Sr
site.

Figure 5 shows the variation of a parameter S which
measures the deviation from pseudocubic metric. S de-
creases strongly with x and reaches a constant non-zero
level around x"0.30. One may speculate whether the exist-
ence of two ranges with quite di!erent deformation para-
meters S can be taken as a sign of two di!erent structural
arrangements. However, S is not an order parameter, since
it does not couple directly to the atomic displacements like
the shifts of the oxygen atoms which facilitate the octahedral
tilts. In conclusion, the present results indicate a GdFeO

3
-

type structure for 0.00)x)0.50.

iii. Crystal Structure for Pr
1~x

Sr
x
FeO

3~d, x"0.67

For Type I samples, superstructure re#ections of the types
N"4C#1 and N"4C#3 are present in the di!raction
patterns up to x"0.80. This may suggest that the
GdFeO

3
-type structure is retained up to x"0.80. However,

in order to evaluate the structural aspects in more detail, it
was required that we turned to the Type II samples with
much better sample quality.

The composition x"0.67 corresponds to that of the
possibly ordered superstructure PrSr

2
Fe

3
O

8
. Such a va-

cancy-ordered superstructure (corresponding to n"3 in the
series A

n
B

n
O

3n~1
with ordered octahedra and tetrahedra)



TABLE 2
Structural and Magnetic Parameters for Pr12xSrxFeO3 (Type I)

According to Rietveld Re5nements of PND Data

x, ¹ (K) 0.20, 7 0.20, 295 0.50, 10 0.50, 295

a (pm) 551.92(4) 552.29(5) 546.24(7) 547.62(7)
b (pm) 775.57(6) 777.76(7) 771.74(11) 774.38(13)
c (pm) 548.58(5) 549.56(5) 547.28(7) 548.92(7)
x
P3@S3

0.4731(10) 0.4726(11) 0.4856(13) 0.4856(13)
z
P3@S3

!0.0036(25) !0.0040(26) !0.0011(21) !0.0041(21)
x
O(1)

0.0134(11) 0.0145(12) 0.0050(20) 0.0015(18)
z
O(1)

0.0640(13) 0.0718(16) 0.0735(11) 0.0687(12)
x
O(2)

0.2870(7) 0.2834(8) 0.2638(17) 0.2638(18)
y
O(2)

!0.0433(6) !0.0383(7) !0.0193(5) !0.0163(5)
z
O(2)

0.2127(8) 0.2157(8) 0.2342(16) 0.2342(17)
k
AF

(k
B
) 3.35(3) 2.98(3) 2.32(3) 1.86(4)

R
1

0.0636 0.0645 0.0594 0.0600
s2 1.55 1.28 3.13 2.83

Note. Space group Pnma with Pr/Sr in 4c, Fe in 4a, O(1) in 4c, and O(2)
in 8d. Calculated standard deviations in parentheses.
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has been observed for RESr
2
Fe

3
O

8
with RE"La, Dy, Y,

Er, Yb, but not for other REs (2). The required synthesis
conditions for possibly obtaining such a 3,3,8 phase have to
be rather reductive since all the iron has to be trivalent. This
condition seems to be ful"lled for Type II samples.

For x"0.67 (Type II) a cubic perovskite-type phase with
a"389.280(8) pm is obtained. FWHM of the re#ections
corresponded to the instrumental resolution of the di!rac-
tometer. PND data showed no additional re#ections of
structural origin, and excellent "t was achieved by re"ne-
ment of the crystal structure according to space group
Pm31 m. This description implies that there are no tilts of the
octahedra. Based on the re"ned occupation number for
oxygen, the composition is Pr

0.33
Sr

0.67
FeO

2.68
. The oxygen

vacancies are randomly distributed over the O sublattice.
Results of the re"nements are shown in Table 3.

In order to promote vacancy ordering, the sample was
subjected to a second annealing at 8003C in an evacuated,
closed silica-glass ampoule (to facilitate approximately the
same oxygen content). Some oxygen was released from the
sample as seen by the loss of the vacuum condition. How-
ever, the sample remained simple cubic, a"389.586(8) pm,
and re"nement of PND data gave the oxygen content
2.67(2).

On oxygen saturation in air at 9003C for 24 h and slow
cooling, the sample absorbed oxygen, and splitting de-
veloped for the still very sharp Bragg re#ections. The PND
data show additional re#ections of the type N"4C#3.
However, it was not possible on the basis of Rietveld re"ne-
ments alone to unambiguously decide whether the crystal
structure remained of the GdFeO

3
type, as would be ex-

pected from concentration extrapolation from the interval
x40.50. The additional re#ections could be consistent with
both rhombohedral (R31 c, LaAlO
3

type) and orthorhombic
distortions. Actually, it has recently been reported ([23])
that PrSr

2
Fe

3
O

9~d (d(0.1) takes the LaAlO
3
-type struc-

ture. By closer consideration of FWHM for the high-resolu-
tion PXD data, the variations in the peak widths were
analyzed in relation to possible splittings induced by rhom-
bohedral or orthorhombic distortions. The analysis clearly
suggests a rhombohedral deformation, e.g., the observed
FWHM

(220) ; #6"*#
"0.2063, whereas expected widths are

0.1943 (rhombohedral case) and 0.1283 (orthorhombic case).
Results from the re"nement of Pr

0.33
Sr

0.67
FeO

2.94
are

given in Table 4, and di!raction pro"les are given in Fig. 6.
Note that the re"ned rhombohedral distortion is very small,
a"60.0843.

iv. Crystal Structure for Pr
1~x

Sr
x
FeO

3~d, x"0.90

The PXD diagram for x"0.90 indicates a cubic pattern
with no superstructure re#ections exceeding the detection
limit (estimated to be 0.35% of the strongest re#ection). On
the other hand, PND shows a number of additional weak
re#ections which could be indexed on the tetragonal unit
cell with a"1090.12(4) pm and c"767.92(4) pm, which is
related by a"2J2a

1
, c"2a

1
to the basic cubic perovskite

unit cell.
The unit cell suggests a close relationship to the recently

described superstructure for Sr
8
Fe

8
O

23
(SrFeO

2.875
)

(18, 24) and also to the so-called 8,8,20 superstructures (25).
The present powder di!raction pattern did not allow an
unambiguous determination of the space group, but the
absent re#ections are consistent with, e.g., the highly sym-
metric space group P4/nnc.

The Rietveld re"nement converged, but nevertheless, the
description should be considered as approximate. The
model prescribes random oxygen vacancies around the
nonequivalent Fe atoms; furthermore some Fe}O distances
become rather short [173 pm, which gives a too large bond
valence for Fe(3)], which either indicates shortening owing
to unsatisfactory modeling of "lled and empty O sites, or
wrong symmetry. Superior data are required to solve these
open questions. Atomic coordinates are given in Table 5.

Throughout the Pr
1~x

Sr
x
FeO

3~d solid-solution domain,
there exist four related phases with di!erent tilting of the
octahedra and/or with oxygen vacancy ordering. Increasing
Sr content decreases the structural deviation from the per-
ovskite aristotype and a transition to tetragonal symmetry
is observed. Larger d results in the perovskite aristotype.
There are indications of a strain stabilization of the Pnma
structure model, which is transformed to R31 c when heat
treatment at higher temperatures is applied (for x"0.67).

In Pr
0.10

Sr
0.90

FeO
2.80

there is, assuming that the struc-
ture model is correct, a mixture of six-, "ve-, and fourfold
coordination. For comparison, Sr

2
Mn

2
O

5
is reported (26)

to have an ordered arrangement of square pyramids and



FIG. 4. Rietveld re"nements (upper line) of PND data (circles) for Pr
0.50

Sr
0.50

FeO
2.940

(Type I samples). Positions of Bragg re#ections are shown
with bars for nuclear (upper) and magnetic (lower) contributions, respectively. The di!erence between observed and calculated intensity is shown by the
bottom line.
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SrFeO
3~d to have square pyramids as well, while

LaSr
2
Fe

3
O

8
contains ordering of octahedra and tetrahedra

(3).
In principle, the samples with GdFeO

3
type, LaAlO

3
type, and the 8,8,23 superstructure represent distinct phases
and should be separated in the phase diagram by solubility
gaps, while the Pm31 m variant can be visualized as reached
by a second-order phase transition from the other phases.
Owing to the slight di!erences in the di!raction patterns,
any such two-phase region may easily escape detection.

The Type II samples gave a slightly better "t by Rietveld
re"nement than Type I samples (cf. Figs. 4 and 6). This
could be due to strains around the Pr/Sr site, which in turn
could give rise to larger uncertainties than expected in the
structural parameters. Nevertheless, the presently obtained
parameters values for Type I samples are expected to be
reliable. Systematic discrepancies between observed and
calculated intensities are observed for the groups of re#ec-
tions with N"20 and 24 for both types of samples. The
reason for this is not understood.
v. Bond Distances and Valence Considerations

Selected interatomic distances and bond angles are given
for the Pnma and R31 c variants in Table 6. The listed coord-
ination numbers for Pr/Sr refer to bond distances corre-
sponding to bond valences larger than 0.038 ) l

P3@S3
, where

l denotes valence (27). On increasing x, the average
Pr/Sr coordination is altered, from a square antiprism
(CN "8) for x"0.20 via a cuboctahedron with one
empty corner (CN"11) for x"0.50 to a cubocta-
hedron (CN"12) for x"0.67 (Type II, oxidized in air at
9003C and slowly cooled) and 0.90. This is in conformity
with the size di!erence between Pr3` (117.9 pm) and Sr2`
(131 pm).

When the average size of the Pr/Sr atoms at the A site
increases and approaches the size of O2~ (140 pm), the
(Pr,Sr)O

3
close-packed layers become less deformed, and

the size mismatch results in decreasing octahedral tilts. The
average Fe}O}Fe angle increases from 1573 for x"0.20 via
1663 for x"0.50 to 1763 for x"0.90, approaching the



FIG. 5. Relative standard deviation (S"+3
i/1

(k
i
!kM )/2) of the pseudocubic unit-cell dimensions k

i
for PXD (circles) and PND (triangles) data.
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value of 1803 observed for the cubic phase of the reduced
samples of Type II.

Bond valence calculations give a lower value for the Pr/Sr
position than prescribed by the formal counting of charges
(Table 6). Correspondingly, a too-high valence is calculated
for the Fe atoms. On the other hand, the relative change in
calculated valence between x"0.20 and 0.67 "ts fairly well
the expected variation in formal oxidation state for Fe.

vi. Redox Properties

The oxygen nonstoichiometry can be monitored by con-
trolling the temperature and oxygen partial pressure, and
TABLE 3
Structural and Magnetic Parameters for PrSr2Fe3O81d Type

II (a, Annealing at 12003C in N2; b, Subsequently Annealed at
8003C in Sealed Silica-Glass Container) According to Rietveld
Re5nements of PND Data

Type IIa Type IIb

¹ (K) 295 295
a (pm) 389.264(3) 389.671(14)
d 0.04(5) 0.01(6)
k
AF

(k
B
) 3.13(4) 3.32(4)

R
1

0.0767 0.0770
s2 2.46 2.25

Note. Space group Pm31 m with Pr/Sr in 1a, Fe in 1b, and O in 3c.
Calculated standard deviations in parentheses.
can be assessed by redox titrations. This implies that the
formal oxidation state of iron can be monitored within the
quite broad limits of current interest. For Type I samples
prepared in air at p (O

2
)"0.21 bar, the Fe4` content in-

creases linearly up to x+0.70 whereupon it stabilizes at
around 55% (Fig. 7). There is no major di!erence in behav-
ior between Type I samples of Pr

1~x
Sr

x
FeO

3~d and
Pr

1~x
Sr

x
CoO

3~d (7).
On turning to high oxygen pressures, p(O

2
)"180 bar at

6503C, the Fe4` content can be increased as, e.g., evidenced
by decreased unit-cell dimensions. Under such oxidizing
conditions only a small nonstoichiometry prevails for
x40.90.
TABLE 4
Structural Parameters for PrSr2Fe3O81d (Type II, Oxidized in

Air at 9003C and Slowly Cooled) According to Rietveld Re5ne-
ments of PND Data

¹ (K) 295
a
H

(pm) 547.65(4)
c
H

(pm) 1338.92(8)
a
R

(pm) 546.96
a
R

(3) 60.084
x
O

0.5219(3)
d 0.83(5)
R

1
0.0608

s2 1.51

Note. Space group R31 c (hexagonal setting) with Pr/Sr in 6a, Fe in 6b,
and O in 18e. Calculated standard deviations in parentheses.



FIG. 6. Rietveld re"nements (upper line) of PND data (circles) for Pr
0.33

Sr
0.67

FeO
2.94

(Type II). Positions of Bragg re#ections are shown with bars for
nuclear (upper) and magnetic (lower) contributions, respectively. The di!erence between observed and calculated intensity is shown by the bottom line.
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In N
2

atmosphere at 12003C, an oxygen partial pressure
of around 10~4 bar appears to be about right for obtaining
(mainly) trivalent iron in Sr-rich samples. The ideal chemical
formula for such Fe3` samples is Pr

1~x
Sr

x
FeO

3~x@2
. For

more Pr-rich samples, e.g., x"0.50, the derived unit-cell
volume is far lower than that expected from a Vegard law
relationship between PrFeO

3
and Sr

2
Fe

2
O

5
(see inset to

Fig. 1). This may result from attractive interactions between
strontium and oxygen vacancies or from improved packing
e$ciency of FeO

5
-square pyramids relative to the packing

of FeO
4
tetrahedra. However, it is not likely that the Pr-rich

samples can be reduced entirely to the Fe3` state in
N

2
atmosphere.

TG experiments show a lower oxygen loss on heating for
Pr

1~x
Sr

x
FeO

3~d than for Pr
1~x

Sr
x
CoO

3~d (7), and a sub-
stantial amount of Fe4` prevails in air at 10003C. Accord-
ing to TG, the minimum temperature at which oxygen
transport into the sample can be observed at a cooling rate
of 2 K/min, decreases with x and equals 1503C for x"0.67.
vii. Electronic and Magnetic Properties

The electronic properties of the Pr
1~x

Sr
x
FeO

3~d solid-
solution phase will mirror variations in the formal iron
valence (between Fe3` and Fe4`) and the local iron coord-
ination (tetrahedral FeO

4
, square pyramidal FeO

5
, oc-

tahedral FeO
6
).

A change in the Fe 3d con"guration and its local coord-
ination could be expected to in#uence the XANES spectra.
However, for the solid-solution samples with x40.90 and
virtually no oxygen nonstoichiometry, there are no major
distinctions in the spectra (Fig. 8). For the analogous La
phase a corresponding lack of changes has been ascribed
(28) to a situation in which the formal Fe oxidation state
does not a!ect 3d, but is brought about by the introduction
of holes in bands of primarily oxygen character at the Fermi
level.

The magnetic properties of Pr
1~x

Sr
x
FeO

3~d are rather
complex. Magnetic order prevails for all x and d at low



TABLE 5
Structural and Magnetic Parameters for Pr0.10Sr0.90FeO2.80

according to Rietveld Re5nements of PND Data at 8 K

a (pm) 1090.12(4)
c (pm) 767.92(4)
x
P3@S3

0.9945(5)
y
P3@S3

0.7444(4)
z
P3@S3

0.0153(6)
x
F%(4)

!0.0026(4)
z
O(2)

!0.025(2)
x
O(4)

0.1254(11)
x
O(5)

0.877(2)
x
O(6)

0.8623(9)
y
O(6)

0.1143(8)
z
O(6)

0.7643(8)
k
AF

(k
B
) 0.84(9)

R
1

0.068
s2 4.3

Note. Space group P4/nnc with Pr/Sr in 16k, Fe(1)}Fe(4) in 2a, 2b, 4c,
and 8h, as well as O(1)}O(6) in 4d, 4e, 8f, 8h, 8h, and 16k, respectively.
Calculated standard deviations in parentheses.
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temperatures. The ordered moment and the ordering tem-
perature, as well as the paramagnetic properties, depend
strongly on the formal Fe oxidation state and short- and
long-range crystallographic order of the oxygen vacancies
TABL
Selected Bond Distances (in pm) and Angles (Degrees) from Rietv

(x 5 0

x, ¹ (K) 0.20, 7 0.20, 295 0.50, 10

dFe}O(1) 197 199 197
dFe}O(2) 200 199 195
dFe}O(2) 200 199 193
dPr/Sr}O 238 242 258

238 242 258
242 239 234
256 256 266
265 266 267
265 266 267
276 275 273
276 275 273
301 302 287
308 313 313
328 324 296
328 324 296

LFe,O(1),Fe 159.0 156.6 156.4
LFe,O(2),Fe 154.3 156.9 168.9
LFe,O(2),Fe 154.3 156.9 168.9

CN
P3@S3

8 8 11
dPr/Sr}O 257 258 270
dFe}O 198.8 198.7 195.2
Valence Pr/Sr 2.65a 2.57 2.58a
Valence Fe 3.24a 3.24 3.57a

Note. Typical estimated standard deviations for the bond lengths are 2 p
aBond valences are, strictly spoken, only relevant at room temperature.
(i.e., local coordination). The available data (5) for the La
analog inspire us to regard this as a consequence of the
atomic size of the RE component. For Pr

1~x
Sr

x
FeO

3~d we
focus on the e!ect of the increased Fe valence while the
octahedral FeO

6
coordination is maintained, and on the

e!ect of changed local coordination while the Fe oxidation
state is retained at Fe3`.

For all samples, antiferromagnetic order of G type was
observed. The additional re#ections of magnetic origin in
the PND patterns were in several cases rather weak. How-
ever, their existence was easily veri"ed by the Rietveld
re"nements which revealed additional, nonnuclear scatter-
ing contributions at low angles for re#ections of the type
N"4C#3. Re"ned magnetic parameters are given in
Table 2, and relevant di!raction data are presented in Fig. 3.
The moment direction could not be unequivocally deter-
mined owing to the pseudocubic structure and overlapping
of re#ections; however, a G

z
mode appears probable for

x"0.20 and 0.50. This is in accordance with the "ndings for
PrFeO

3
([29]).

¹
N

is certainly a function of both x and d. For the related
La

1~x
Sr

x
FeO

3~d phase, ¹
N

is reported (5) to be mainly
dependent on the Fe3` content. However, the determina-
tion of ¹

N
by nondi!raction methods is not simple in such

phases. For PrFeO
3
, ¹

N
"690 K was detected by
E 6
eld Re5nements of PND Data for Pr12xSrxFeO32d Type I and II
.667)

0.50, 295 0.667, 295, II 0.667, 295, IIb

197 194 195
195 194 195
194 194 195
260 262 276
260 262 276
239 262 276
268 274 276
268 274 276
268 274 276
273 274 276
273 274 276
285 274 276
310 286 276
296 286 276
296 286 276
157.9 172.9 180
169.9 172.9 180
169.9 172.9 180

11 12 12
271 274 276
195.5 193.9 194.8

2.46 2.37 2.20
3.54 3.69 3.60

m in Fe}O and 6 pm in Pr/Sr}O.



FIG. 7. Oxygen content of Pr
1~x

Sr
x
FeO

3~d as determined by redox titrations. (Inset) Calculated Fe4` content as a function of x.
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means of DSC as a small endothermic peak. A similar
observation was made for LaFeO

3
(30). The lack of corre-

sponding observations for the substituted samples is prob-
ably caused by compositional smearing. For x"0.20 and
0.50, ¹

N
is above 295 K and could be estimated from the

decay of the re"ned magnetic moment (assuming that
k
AF

follows a Brillouin function) to 590 and 440 K, respec-
tively. For other compositions we had to rely on magnetic
susceptibility data (vide infra).

Inverse magnetic susceptibility data are shown in Fig. 9
for the temperature range 5 to 1000 K. Field scans at 5 K
gave, except for x"0, straight lines con"rming that the the
samples are in the assumed antiferromagnetic state without
a ferromagnetic contribution. For PrFeO

3
the small hyster-

esis is most probably caused by a small intrinsic ferromag-
netism. In the paramagnetic regime, these curves represent
the sum of independent magnetic contributions from pra-
seodymium and iron. Assuming an 3H

4
spectroscopic

ground state for Pr3` the paramagnetic moment
k
1
(Pr3`)"3.58 l

B
. This causes a substantial paramagnetic

background, contributions which prevail down toward
5 K and may blur the detection of ¹

N
for the iron sublattice.

The decrease in ¹
N

with increasing amounts of Fe4`
resembles the situation for La

1~x
Sr

x
FeO

3~d , where
¹

N
drops below room temperature when the Fe valence

increases above #3.35 (5).
For x"0.80, "eld-dependent susceptibility developed as

function of holding time during measurements at around
750 K (Fig. 10). More detailed studies revealed that this
phenomenon correlates with ¹

C
for the strongly ferrimag-

netic SrFe
12

O
19

phase. Judged from the saturation magnet-
ization, the amount of segregated SrFe

12
O

19
has to be

extremely small, around 30 ppm. The formation of
SrFe

12
O

19
could indicate that Pr

1~x
Sr

x
FeO

3~d is meta-
stable in the relevant composition}temperature interval.
However, it appears more likely that the minor degrading is
induced by a slow reaction between the Sr component of the
sample and the silica-glass container. No such problems



FIG. 8. XANES spectra for selected samples of Pr
1~x

Sr
x
FeO

3~d for d corresponding to the appropriate x values in Fig. 7.
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were detected for other compositions, and the measured
s (¹ ) curves for these are therefore believed to represent the
intrinsic properties of Pr

1~x
Sr

x
FeO

3~d .
For the almost fully oxidized samples of

Pr
1~x

Sr
x
FeO

3~d, (i.e., d+0) the ordering temperature was
estimated as the temperature with onset of substantial devi-
ation from the Curie}Weiss law behavior. For these samples
¹

N
drops from 711 K (x"0.00) (12) via 190$10 K

(x"0.50) and 175$10 K for x"0.75 to 140$10 K for
0.90 and 134 K for SrFeO

3
(13).

For the reduced samples (Type II) with d+x/2, a con-
siderably higher ordering temperature is observed; e.g., for
x"0.67, ¹

N
+700 K; see inset to Fig. 10. Compared with

¹
N
"711 K for x"0.00 and 700 K for x"1.00 (1), it is

seen that ¹
N

remains virtually unchanged as long as the iron
valence stays around three.

Interpretation of the paramagnetic susceptibility data in
terms of the Curie}Weiss law is possible in certain temper-
ature intervals for all studied samples. However, most of the
samples show anomalies in s (¹). For the oxidized samples
(either in air or under high oxygen partial pressure, vide
infra) a transition appears to occur around 500}600 K (Fig.
9). For these samples, the e!ective paramagnetic moment
usually decreases from the low- to high-temperature side of
this &&transition.'' The derived paramagnetic moments above
600 K are compared with calculated values for di!erent
possible iron-spin states in Table 7 (assuming constant Pr3`
contributions). The transition can not easily be linked to
one particular structural phase transition, since x"0.50
and 0.67 may have di!erent crystallographic states at 295 K
(vide supra).

A quite di!erent trend is observed for the reduced sam-
ples, see, e.g., the data for Pr

0.33
Sr

0.67
FeO

2.68
in the inset

to Fig. 10. Two linear s~1 (¹) ranges are observed above
and below around 700 K. For 100(¹(700 K, k

1
"

5.82(3) k
B
, whereas for ¹'700 K, k

1
"8.2(3) k

B
. The data

refer to a reduced sample measured in an evacuated sample
holder, and no structural transition is likely to occur since
the structure is of the simple, cubic perovskite type. Hence,
the s~1 (¹) anomaly indicates an electronic transition.

IV. DISCUSSION

i. Magnetic Order

The substantial di!erence in magnetic properties between
oxidized and reduced samples of Pr

1~x
Sr

x
FeO

3~d is related
to changes in the e!ective charge of iron, to bond overlap
between oxygen p orbitals and iron d orbitals, and further-
more to the local iron coordination. There is further a strik-
ing variation in the magnetic ordering between the closely
related Pr

1~x
Sr

x
FeO

3~d and Pr
1~x

Sr
x
CoO

3~d phases, the
former exhibits antiferromagnetic order with high ¹

N
, the

latter ferromagnetic order with low Curie temperatures.
These variations can be rationalized in terms of dominant

superexchange interactions ([31]), communicated via the
Fe}O}Fe or Co}O}Co pathway of the corner-sharing poly-
hedra. This superexchange interaction depends both on the
electronic con"guration of the cations involved and on the



FIG. 9. Inverse magnetic susceptibility for selected samples of Pr
1~x

Sr
x
FeO

3~d in the temperature range 5 to 1000 K, determined by SQUID (open
symbols) and the Faraday ("lled symbols) methods. For the oxygen content of the samples see Fig. 7. (Right inset) SQUID measurements of inverse
susceptibility below room temperature for Pr

1~x
Sr

x
FeO

3~d . (Left inset) SQUID measurements of inverse susceptiblity below room temperature for some
Pr

1~x
Sr

x
FeO

3~d with probable temperature of charge disproportionation (CD) marked with arrows.
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deviation of LFe}O}Fe and LCo}O}Co from 1803
(ideal value) as de"ned through the crystallographic distor-
tions.

Increased Sr-substitution level implies increased amounts
of formal Fe4` in the case of the fully oxidized samples of
Pr

1~x
Sr

x
FeO

3
. On the other hand, for reduced samples

with d"x/2, the percentage of Fe3` remains at 100%. The
Fe3`}O}Fe3` interaction is strongly antiferromagnetic,
and ¹

N
for Pr

1~x
Sr

x
FeO

3~x@2
remains high and almost

unchanged between PrFeO
3

and Sr
2
Fe

2
O

5
. For the formal-

ly mixed-valent oxidized samples, there are strong indica-
tions for a charge disproportionation (CD) of Fe4` into
Fe3` and Fe5` at low temperatures (vide infra). The super-
exchange mechanism predicts moderate ferromagnetic
interactions between Fe5` (t3

2g) and HS Fe3` (t3
2ge2g )

via oxygen (eg}pp}t
2g), whereas Fe4`}O}Fe3` and

Fe5`}O}Fe5` are weakly antiferromagnetic in character
(31). As a whole, ¹
N

is predicted to decrease as the formal
Fe4` content increases subject to Sr substitution.

For Pr
1~x

Sr
x
CoO

3~d it is not possible to provide a
straightforward explanation for the ferromagnetism by
means of superexchange; LS Co3` is diamagnetic, and fur-
thermore the interactions between two LS Co4` are negli-
gible and those between two HS Co4` are strongly
antiferromagnetic. According to Ref. (7), the spin states at
low temperatures and low substitution levels are LS Co3`

and HS Co4`, which ought to induce antiferromagnetism.
Hence, one must either invoke doubleexchange or the more
complex superexchange approach suggested by Good-
enough for La

1~x
Sr

x
CoO

3~d (32).
For the related Fe perovskites, magnetic susceptibility

measurements for the paramagnetic state and MoK ssbauer
and PND studies have proved Fe3` to be in the HS state
(3, 4, 33}35). The same appears to be the case for Fe4`.



FIG. 10. Inverse magnetic susceptibility of Pr
0.20

Sr
0.80

FeO
2.886

as a function of temperature and heat treatment. ¹
C

for SrFe
12

O
19

is indicated.
(Inset) Inverse magnetic susceptibility of Pr

0.33
Sr

0.67
FeO

2.68
as a function of temperature, ¹

N
+700 K.
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The observed antiferromagnetic moment for Pr
0.50

Sr
0.50
}

FeO
2.94

is far below the value expected for localized HS
iron (2.35 vs 4.62 k

B
, assuming spin only) or other possible

localized spin-only values. The assumption of localized elec-
trons seems, however, reasonable since the related systems
Dy

1~x
Sr

x
FeO

3~d and La
1~x

Sr
x
FeO

3~d are reported to be
semiconducting, except for the end-composition SrFeO

3.00
(17, 33, 36, 37).

For the related phase La
0.50

Ba
0.50

FeO
2.955

MoK ssbauer
data indicate HS Fe3` and Fe5`; however, the ordered
antiferromagnetic moment of 1.89 k

B
observed by PND is

much smaller than the expected spin-only value of 4.59 k
B

(35). Three e!ects were considered important to account for
this observation, reduction of the moments owing to
covalency (3.9}4.5 k

B
for Fe3` and 2.0}2.3 k

B
for Fe5`),

possible formation of Mattis spin glass, and misalignments
of spins (35).

For Pr
1~x

Sr
x
FeO

3
the deviation of the ordered moment

from a localized spin-only value for HS iron increases from
Pr
0.80

Sr
0.20

FeO
2.985

(3.35 vs 4.83 k
B
) to x"0.50 (2.35 vs

4.62 k
B
). The observed reduction in k

AF
from x"0.00

[k
AF

"4.57 k
B

for NdFeO
3

(38)] to 0.50 "ts well the expec-
tations for a Mattis spin-glass system with varying amounts
of frustrated spins. In these simple considerations the inter-
action between Fe3` and Fe5` (which is assumed to be
equally distributed on both sublattices) is assumed to be
positive, whereas that between irons in the same oxidation
states is assumed to be negative in nature.

ii. Low-Temperature Charge Disproportionation (CD)

There are several independent pieces of evidence for
charge disproportionation (CD) of Fe4` in perovskite-type
oxides at low temperatures. For CaFeO

3
, CD into Fe3`

and Fe5` is reported below 290 K, well above ¹
N
"115 K

(34). Convincing MoK ssbauer spectroscopy data has recently
been provided by Nowik et al. (23) for PrSr

2
Fe

3
O

9~d ,
d(0.1. The variations in the hyper"ne "eld and the isomer



TABLE 7
Paramagnetic Moment (lp) and Curie Temperature (hp) for

Pr12xSrxFeO32d in the Indicated Temperature Regions

I II III
x ¹ (K) k

1
(k

B
) h

1
(K) k

1
(k

B
) k

1
(k

B
) k

1
(k

B
)

0.20 685}930 6.20(14) !404(41) 6.575 6.376 6.586
0.50 632}659 5.28(4) !139(11) 6.085 5.590 6.104
0.67 586}962 4.80(4) !70(13) 5.787 5.069 5.808
0.80 579}955 4.02(4) 34(16) 5.570 4.702 5.592

Note. Standard deviations in parentheses. Moments for three spin mod-
els (assuming spin-only for iron) are given: I, Fe with a uniform averaged
valence in HS state; II HS Fe3` and LS Fe4`; III, HS Fe3` and HS Fe4`.
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shift reveal clearly a transition associated with changes in
the Fe valences at around 170 K, i.e., slightly below
¹

N
"190 K. Convincing results have furthermore been

published by Battle et al. (34) for LaSr
2
Fe

3
O

8.94
, with

a "rst-order electronic transition around 220 K. The hyper-
"ne parameters for the di!erent MoK ssbauer resonances
strongly support the CD equation Fe4`"Fe3`#Fe5`.

A di!erent situation dominates at and above room tem-
perature, i.e., above the temperature for the onset of CD.
For PrSr

2
Fe

3
O

9~d the 57Fe MoK ssbauer data could best be
modeled by assuming the local existence of two distinct Fe
valences (23), i.e., Fe3` and Fe4`, and not an average
valence. In contrast, Battle et al. (34) observed an average-
valent Fe for LaSr

2
Fe

3
O

9~d . This discrepancy could be due
to di!erent interpretations of the MoK ssbauer data or to
a real di!erence between La and Pr. The present XANES
data are in accordance with the soft X-ray absorption spec-
troscopy data (28) for the La phase, which indicated that
tetravalent iron remains mainly as d5 ions, however, accom-
panied by holes in electron bands of predominantly oxygen
character. The di!erences revealed by MoK ssbauer and mag-
netization data around the CD transitions are believed to be
related to changes in the 3d electron distribution.

No cooperative Jahn}Teller deformation is described for
Fe4` in this type of perovskite-type oxides (13, 34, 37). For
metallic SrFeO

3.00
this may be caused by itinerant behavior

of the eg electron (34), whereas for CaFeO
3

(34), the Jahn}
Teller ion is obviously unstable and CD occurs. On the
other hand, the existence of square-pyramidal FeO

5
poly-

hedra in SrFeO
3~d (1) could be indicative of static

Jahn}Teller deformations for Fe4` (d4)*by analogy with
Sr

2
Mn

2
O

5
(26). However, on the basis of the documented,

rather general appearance of CD in these Fe4` systems, one
is tempted to ascribe the presence of the type of oxygen-
vacancy ordering to a reluctance to stabilize the structure
with FeO

4
tetrahedra.

For PrSr
2
Fe

3
O

9~d the temperature of CD is determined
by MoK ssbauer spectroscopy to be 170 K (23). In the present
study an altered slope in the s~1 (¹) curve is observed at
185 K for Pr

0.33
Sr

0.67
FeO

2.918
(inset to Fig. 9), which may

be ascribed to this phenomenon. A similar change is seen in
s~1(¹) for x"0.50 and 0.80 at 185 and 150 K, respectively,
but no evidence of a transition is revealed in the DSC
curves. For x(0.50 and x"0.90 no signs of CD were
observed in the s~1 (¹) curves. A considerable amount of
Fe4` is evidently needed to observe the CD transition.

iii. High-¹emperature Magnetic Susceptibility

The anomalies in s (¹) observed around 600 K (Fig. 9),
indicate electronic changes, possibly connected with struc-
tural changes. On the basis of parallel syntheses of samples
using SrCO

3
in excess, it can be ruled out that the anomalies

are caused by impurities like SrFe
12

O
19

. They are hence
considered intrinsic. Furthermore, they most probably do
not re#ect CD since this phenomenon is restricted to rela-
tively low temperatures.

At temperatures above the CD range either a transforma-
tion in a uniform average-valence state or a charge-separ-
ated state with Fe3` and Fe4` takes place (4, 23, 34, 35). The
MoK ssbauer data indicate that iron in PrSr

2
Fe

3
O

9~d adopts
a state with two distinct iron valences (23). In the average-
valence case the paramagnetic moment can be estimated for
the probable HS state to be 2[S (S#1)]1@2, with S"
1/2(8!l

F%
) where l denotes valence. This was shown to be

a good approximation for La
0.33

Sr
0.67

FeO
2.98

(5.55 vs
5.24 k

B
) (34). For the present samples of Pr

1~x
Sr

x
FeO

3~d
the average-valence model "ts reasonably well only at low
x (Table 7).

At higher Sr-substitution levels (Pr
1~x

Sr
x
FeO

3~d) it is
reasonable to assume existence of a charge-separated state
with Fe3` and Fe4` at room temperature (vide supra). It is
proposed that on further increase in temperature,
a transition from this charge-separated state to an average-
valence state occurs and that it is this change which is
re#ected in the s~1(¹) anomalies at 500}600 K.
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