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An extensive range of compounds in the La,_Sr FeO,_, (0 =
x =10 = § = 0.5) system have been synithicsized. When & ~
0 the system is composed of three erysiallographically different
regions; orthorhombic lor 0 = x =< 0.2, rhombohedral for 0.4 =
x = 1.7, and cubic for 0.8 = x = 1.0. Products were characterized
by thermogravimetric analysis and Mdssbauer spectroscopy yield-
ing information on oxygen stoichiometry and iron oxidation state.
At 4.2 K, Mossbauer spectra are composed ol magnetic sextet
components arising lrom different charge states of iron; in the
orthorhombic and rhombohedral phases the charge states Fe’* and
Fe** coexist, and Fe** and Fe'* are present in the cubic region.
Room temperature Mossbauer spectra show that samples in the
orthorhombic region are still magnetically ordered and the coexis-
tence of Fe** and Fe** remains, while between x = 0.4 and x =
1.0 the samples are paramagnetic; in the rhombohedral region the
spectra show the presence of Fe'* and Fe'*, and in the cubic region
both Fe'* and an intermediate valence state are assigned. High-
resolution powder neutron diffraction data were collected on sam-
ples annealed under high-pressure oxygen, and full structure re-
finements were carried out using the Rietveld method. Accurate
bond length data obtained for all phases show that the iron coordi-
nation geometry becomes more regular with increasing Sr, and
hence Fe'*, content. A phase diagram for the full range of lantha-
num/strontium and oxygen stoichiometry is proposed, © 1994 Aca-

demic Press, Inc.

INTRODUCTION

The perovskite series La;,Sr.FcO,_; (0 = x = 1) was
first studied by Waugh (1), who ubscerved complex phase
changes from orthorhombic at low x through rhombohe-
dral to cubic as the stoichiometry approached SrFeQ,
(6 = 0). Since the distortions were very small, no further
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structural information was obtained by Waugh aithough
the complex magnetic properties of these materials were
soon alter investigated by Kelly (2). Preliminary Moss-
baucr measurements were undertaken by Shimony and
Knudsen (3); at high values of x, characteristic Fe** lines
were obscrved with an isomer shift relative to that of ¥'Co
in stainless steel of 0.1 t0 0.2 mm sec™'. Lower values of
x, however, gave broad and varying linewidths which
were altributed to an intermediate Fe?*/Fe*t valence
state. ,

Previous Mossbauer studies have revealed complex be-
havior in the oxides of iron{I1V). SrFe0, (4) is a metallic
conductor with a Neel temperature of 134 K which re-
mains cubic down to 4.2 K, showing a single magnetic
hyperfine sextet with a flux density (B8) of 33.1 T and
an isomer shift (8;5) of 0.146 mm sec™'. The absence of
Jahn-Teller distortion in this high spin 3d* state was ex-
plained by the high electrical conductivity where the
eg orbitals are broadened into an itinerant electronic con-
duction band. The structurally related material CaFeO,
{5) however, exhibits very different Mossbauer behavior
with a pair of hyperfine split sextets of equal intensity at
4.2 K with the Mossbauer parameters B, = 41.6 T, 8,5 =
0.34 mm sec” ', and B, = 27.9 T, 85 = 0.00 mm sec™".
On heating, the two signal scts merge initially into two
singlcts of cqual intcnsity above 116 K and finally into a
singlct at 300 K. Thesc observations were interpreted as a
change [rom a paramagnetic Fe®* state to a mixed valence
Fe'*/Fe’* state as indicated in the charge disporportio-
nation

2Fe*t = Fe?t + Fe't.

Above the Neel temperature of 116 K, CaFeO, is a
paramagnetic mixed valence material which becomes
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antiferromagnetically ordered below 116 K, retaining
mixed valence. This behavior is not observed in SrFeQ,,
aithough the mean values of the Mdssbauer parameters
are very similar. No structural evidence to support this
ordering behavior in CaFe(; has been observed even at
low temperature.

Takano et al. (6, 7) studied the La,_ Sr FeO,_; and
Ca,_.Sr,FeO,_; systems using Mdssbauer spectroscopy.
Lattice constants were defined for x = 0.4, 0.5, 0.7, 0.8,
and 0.9 (0 < § < 0.03), but no further structural determina-
tion was attempted. Takano has proposed a nonintegral
oxidation state of iron in these materials following dispro-
portionation of the type

2Fe** = Fe*™* + Fe*** (0=x=1).
These compounds were shown to behave in a similar way
in the Mossbauer as CaFeO,.

The most recent study to be performed on a compound
in the La;_ Sr,FeQ;_; system was by Battle er al. (8).
This series of compounds LaSr;Fe;0,_ (0 <y = 1), equiv-
alent to x = 0.66 using our notation, was invesligated
using a variety of annealing techniques and characterized
by powder X-ray and neutron diffraction. Mossbauer
measurements showed the same disproportionation reac-
tion as that seen in CaFeO,. However, the expected re-
duction in symmetry due to this ordering was not observed
by either diffraction technique below the transition tem-
perature. Takano had already suggested an explanation
for this in his previous work on CaFeO, when he proposed
that the phenomenon was only a very short-range ordering
effect and therefore not monitorable by a bulk technique
such as diffraction.

This paper describes the preparation of a range of sam-
ples in the La,_ Sr,FeO;_sseries 0 = x = 1), (0 =85 <
0.5) using a variety of annealing techniques, and their
characterization by powder X-ray diffraction. Samples
annealed under high-pressure oxygen were also investi-
gated using powder neutron diffraction on HRPD at the
Rutherford Appleton Laboratory. Mdssbauer data were
collected on these samples 1o correlate the disproportion-
ation behavior with the structural changes observed. Oxy-
gen content was measured by thermogravimetric analysis.

EXPERIMENTAL

Samples in the series La,_ Sr,FeO, (0 = x =< 1) were
prepared by direct solid state reaction of SrCO, (99.9%),
Fe,0;(99.995%), and La,0, (99.99%) mixed in the correct
molar proportions in a pestle and mortar, and initially
fired at 1100°C in air. After regrinding, the samples were
reheated to 1300°C for another 24 hr and compounds were
then treated further to control the oxygen stoichiometry
as defined in Table 1.
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TABLE 1
Sample Annealing gas Treatment

A Air Quenched from 1300°C

B 196 Qu/N, Anncaled at 480°C overnight,
slow cooled to RT

C 0, Annealed at 480°C overnight,
slow cooled to RT

D 5%H,/ N, Annealed at 800°C overnight,
slow cooled to RT

E Ar Annealed at 480°C overnight,
slow cooled to RT

F High-pressure O, Annealed at 900°C/350 atm

flowing O,, slow cooled

X-ray powder diffraction data were collected using a
Siemens D5000 diffractometer fitted with primary mono-
chromator operating with CuKe, radiation. A stepped
scan using a step size of 0.002° and long collection times
were employed in an attempt to resolve the small struc-
tural distortions,

Oxygen content was measured by thermogravimetric
analysis using a Stanton Redcrofi TG 1000 thermobalance
operating up to 800°C under an atmosphere of 5% H,/N,
and platinum crucibles.

Mossbauer data were collected on the high-pressure
anneated samples between 4.2 K and room temperature
using a conventional transmission spectrometer using a
double ramp waveform to give a flat background. Absorb-
ers were prepared of finely ground samples, which were
weighed to give optimum signal to noise (9), mixed with
boron nitride to randomize the orientations of the micro-
crystals. Sources of up to 100 mCi of *’Co in Rh were
used and the spectrometers were calibrated using a-iron
at room temperature. Isomer shifts were determined rela-
tive to e-iron at 300 K.

Powder neutron diffraction data were obtained on
HRPD at the Rutherford Appleton Laboratory on the
high pressure oxygen annealed samples for all of x. Data
collection times varied from 3 to 4 hr. Full profile refine-
ments were carried out using a time of flight version of
the Rietveld method (10). Although the samples x = 0.0
to 0.3 are below their Neel temperature at 298 K, the
maximum ¢ spacing used for the refinement was 1.7 A
below which magnetic reflections are extremely weak and
could be ignored. Refinements were carried out in the
space group Pbum, x = 0.0-0.2, R3c for x = 0.4 to 0.7
and Pm3m for x = (.8 to 1.0 using the starting models of
GdFeQ, (11), LaCuQ, (12), and SrFeO; (13) for the three
space groups, respectively. Refinement included all
atomic positions, cell parameters, scale factors, back-
ground, and peak shapes. Oxygen stoichiometry was per-
mitted to vary for all samples initially but was finally fixed
for samples x = 0.0 to 0.7 as the stoichiomeiry varied
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only marginally from three and always within the ESD,
Final stages of the refinements included anisotropic tem-
perature factors. A typical fit to the HRPD data is shown
in Fig. 1.

RESULTS

Annealing Experiments

The annealing experiments revealed complex phase re-
lations in the La,_,Sr,FeO,_; system. As first observed
by Waugh (1), the system is composed of three regions
of different symmetry at low values of 8. However, as
demonstrated by Battle er al. (8) in the Sr;l.aFe;04_,
system, the purity and symmetry of this system shows
extreme sensitivity to oxygen stoichiometry and sample
preparation, especially at high values of x. A summary
of the annealing experiments, including refined lattice pa-
rameters, oxygen content determined by thermogravi-
metric analysis, and space group are included in Table 2.

Similar behavior is also apparent in the SrFeO,_g sys-
tem, where the value of 8 is very sensitive to both sample

preparation and annealing conditions. The SrFeO;_g sys-
tem has been studied extensively by many authors
{14-17}, and many different phases have been recognized
in the system; Machesney et al. reported the presence of
both a cubic (8 = 0) and tetragonal (8 = 0.14) phase. At
higher values of 8 several orthorhombic phases have been
reported; Greaves and co-workers (18) reported a phase
in which, when 8 = 0.25, every other oxygen site was
vacant in the 110 direction, and this is related to the pure
brownmillerite phase, Sr,Fe,0s (19), where all these sites
are vacant, :

Recent studies have further investigated the low sym-
metry phases, and a variety of conclusions have been
reached depending on the sample preparation methed.
Takeda et al. (20) produced a whole range of complex
phases from a preparation technique involving quenching
from high temperature. Lower temperature experiments
performed by Yamauchi and co-workers (21} produced
more ordered samples of higher symmetry. Location of
phase boundaries thus varied according to preparative
conditions.
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TABLE 2
Results from Annealing Experiments (x = 0.0-0.9)
Gas 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
A Pbnm Phnm Pbnm Ric Ric
5.5553(8) 5.556(3) 5.550(2) 5.5271(6) 5.519(3)
5.5663(8) 5.539(3) 5.508(2) Mixture 13.4209(18) 13.421(8) Mixture Mixture Mixture Mixture
7.8545(1) 7.856(9) 7.844(5) §=10 =10
=0 §=40 8§ =10
B Pbnm Pbam Ric
5.558(3)  5.551(4) 5.5286(4) 3.881(2) 3.8785(9)
5.538(3) 5.508(4) Mixture 13.4202(9) Mixture Mixture Mixture 3.861(2) 3,8581(10)
7.850(5) 7.844(4) 5=10 & =012 5§ =0.16
8§ =10 =10
C Pbnm Pbnm Ric Ric
5.566(2)  5.549(2) 5.5283(4) 5.516(2) 3,8688(2)
5.540(2) 5.514(2) Mixture 13.4206(8) 13.417(4) Mixture Mixture Mixture 3.8566(8)
7.858(2) 7.841(3) =0 5=10 & =012
5=0 8=10
D Phnm Pbam Pbnm Pmim Pmim
5.5752(8) 5.564(3) 5.557(3y  3.9175(2) 3.9151(4)
5.5640(8) 5.553(2) 55403 & =10.15 = 0.20 Mixture Mixture Mixture Mixture Mixture
T7.8563(12) T7.852(4) 7 .846(T)
& =00 §=005 35=010
E Pbnm Phnm Ric
5.556(6) 5.552(6) 5.5304(6) 3.8948(6) 3.8836(6)
5.540(2) 5.520(2) Mixture 13.4272(13) Mixture Mixture 3.8613(6) 3,8542(6) Mixture
7.855(3) 7.841(2) 5 0.08 5§ =0.12 8 =10.16
8§ =0 5 =40
F Pbam Phbnm R3¢ Ric R3e R3¢ Pm3m Pm3m
5.556(2) 5.550(2) 5.5269%(2) 5.5093(8) 5.4945(1) 5.4767(6) 3.8610(13) 3.8556(3)
5.535(2) 5.512(3) Mixture 13.4209(6) 13.4121(14) 13.4108(14) 13.4049(5) 5 =10.03 & =0.04
7.848(3) 7.844(4) 58=0 85 =20 8=10 =0
8=0 a=0
Described below is the effect of different annealing con- x =04 to 0.7. The rhombohedral region shows a

ditions on the La,_ Sr . FeO,_; system.

x=0.0t00.2. Attheselow values of strontium substi-
tution, full oxygen stoichiometry is maintained within the
limits of experimental error except during the reduction
experiment. The symmetry of the samples remained
Pbnm throughout the experiments although the ortho-
rhombic distortion decreased slightly on reduction. In the
high pressure oxygen annealed samples the orthorhombic
distortion increases from x = 0.0 to 0.2, and this is re-
flected in the changing bond distances around the iron
metal center, vide infra,

x = (.3, Initial examination of the x = 0.3 sample
by X-ray diffraction showed it to be multiphase for all
annealing experiments except the reduction. Close scru-
tiny of the XRD patterns showed a mixture of both rhom-
bohedral and ortherhombic phases. Reduction of the 0.3
phase in hydrogen gave a phase which showed sharp re-
flections and no peak splitting or additional reflections to
suggest a noncubic unit cell, and was hence indexed on
a primitive cubic unit with a cell parameter of 3.9175(4) A.

much wider range of oxygen nonstoichiometry and conse-
quently more complex phase relations. The high pressure
annealed samples exhibited the clearest distortions which
were clearly visible for samples x = 0.4 to 0.6 by X-ray
diffraction. The x = 0.7 sample at first appeared cubic,
although reflections were clearly broadened at high
angles. The neutron diffraction experiment showed the
sample to be rhombohedral with a very small aV6/c dis-
tortion of 1.0008. The other anncaling experiments gave
differing results depending on the value of x.

For x = 0.4 the system remained rhombohedral through
the entire range of annealing experiments except the re-
duction where a phase change to pseudo-cubic occurred.
d remained very small (0 = 0.03) when oxygen was present
but increased to 0.08 in the argon annealing experiment
with a corresponding increase in both cell parameters.
The reduction produced a similar phase to the reduced
x = (1.3 sample which was indexed as primitive cubic with
a cell parameter of 3.9151(4) A.

In the x = 0.5 sample, only high-pressure oxygen an-
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nealing and 100% oxygen of 1 atmosphere produced a
pure rhombohedral phase. The other experiments, ex-
cluding the reduction, produced a mixture of orthorhom-
bic and rhombohedral phases. The reduction experiment
produced a mixture of an orthorhombic (A,B);Fe 0,
phase, as first observed by Grenier e¢ al. (22) and also
observed by Battle er al. (23), and the cubic 0.4 phase.

A similar mixture of phases is observed when x = 0.6,
except the multiphase region extends to the tube furnace
oxygen annealed sample. The only pure rhombohedral
phase was produced by the high-pressure experiment.

For x = 0.7 a pure rhombohedral phase was only pro-
duced by the high pressure experiment. The other three
annpealing technigues employing oxygen produced a mix-
ture of orthorhombic and tetragonal phases as observed
for SrFeO;_g (8 = 0.27). However, argon annealing pro-
duced a pure tetragonal phase similar to that observed by
many authors in SrFe0, 54 5 4. The main phase from the
reduction experiment was Sr,LaFe;0, with a small
amount of the reduced 0.4 phase.

x = 0.8 to 0.9. The last region produced the most
complex systems of all due to the wide range of oxygen
nonstoichiometry. At x = 0.8 a cubic phase was produced
by the high-pressure experiment, with both the oxygen-
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FIG. 2. The diagram represents a phase diagram which describes
the full range of x and 5. The labeled regions are identificd in the key,
while the unlabeled regions are muitiphase.

annealed and the as-sintered samples being a mixture of
tetragonal and cubic phases. Both the oxygen in nitrogen
and the argon-annealed products were pure tetragonal
phases. The hydrogen reduction gave a complex mixture
of Sr,L.aFe 0, and Sr,Fe,Os.

For x = 0.9 very similar properties are observed to those
described above, except the oxygen annealed sample was
also tetragonal. Both the reduction and the argon experi-

TABLE 3
Refined Lattice Parameters and Bond Lengths for the Orthorhombic Region x = 0.0 to 0.2

Atomic parameters

Bond distances

Lattice Refinement
x parameters Atom xla yib e B, Occ La-0O Fe-O parameters
0 a=555T10X2) La 0.9923(4)  0.0292(1) 0.25 0.52(1) 1.0 O1* 3.059(2) > 1 O1® 2.009(1) x 2 R,=2.33
b = 5.56521(1) Fe 0 0 0 0.73(1) 1.0 O1® 2.581(2) x 1 02* 2.002(1) X 2
¢ = T.85426(2) 0l 0.0748(4)  0.4855(3) 0.25 0.37(2) 1.0 O1° 3.152(2) x 1 02" 2.010(1) x 2 R,,=3.37
02 0.7191(2)  0.2817(2) 0.03%4(1) 0.351) 1.0 Ol1* 2.421(3) x 1
02* 2.648(2) x 2 Rep=1.62
02° 2.805(1) x 2
022 3.277(1) x 2 x1=4.33
02X 2.450(2) % 2
0.1 g = 5.55561(2) La 0.9940(11)  0.0200(5) 0.25 0.45(5) 0.9 Ol1" 2.934(6) x 1 O1%® 2.004(1) x 2 Ry, =5.76
b = 5.53540(2) Sr 0.9940(11)  0.0200(5) 0.25 0.45(5) 0.1 O1* 2.66806) x 1 02* 2.026(3) x 2
¢ = 7.85609(6) Fe 0 0 0 0.154 1.0 01° 3.144(9) x 1 02* 1.961(3) x 2 R,,=923
01 0.0714(12) 0.4958(10) 0.25 0.57(9) 1.0 O1* 2.41909) x 1
02 0.7194(6)  0.2724(5) 0.0373(4) 0.32(6) 1.0 Q2% 2.6595) x 2 R, =2.64
02° 2.825(4) x 2
025 3.202(5) x 2 yi=12.24
028 2.465(5) x 2
0.2 g = 5.55002(12) La 0.9964(20) 0.0121(9 0.25 0.30(6) 0.8 01" 2.725(13) x T O1* 1.994(1) x 2 R,=1392
b = 5.51209(9) Sr 0.9964(20) 0.0121{%) 0.25 0.30(6) 0.2 O1% 2.840(13) x 1 Q2* 2.030(5) x 2
¢ = 7.84394(17) Fe 0 0 0 0.198) 1.0 O01°3.118(13) x 1 02* 1.930(5) x 2 R, = 18.6
o1 0.0653(13) 0.5016(21) 0.25 0.36(6) 1.0 O1* 2.433(13) x 1
02 0.7261(7) 0.2612(10) 0.0356(5) 0.26(8) 1.0 0O2* 2.63%08) x 2 Ry =559
02? 2.865(08) x 2
022 3.10907) x 2 x1=11.89

Q2% 250207y » 2
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TABLE 4
Refined Lattice Parameters and Bond Lengths for the Rhombohedral Region x = 0.4 to 0.7
Atomic parameters Bond distances
Lattice Refinement
x parameters Atom x/a ¥lb zle By, Occ La-0OX Fe-0OX parameters
0.4 a=5352728(1) La 0 0 0.25 0.31(3) 0.6 OX*® 2.997(2) x 3 0X*® 1.963(1) x 6 R,=7.34
c = 13.42116(4) Sr 0 0 0.25 0.31(3) 0.4 0OXE 2.530(1) X 3 R,, =886
Fe 0 0 0 0.12(4) 1.0 OX* 2.758(1) x 6 Rep =341
QX  0.4577(Q2) 0 0.25 0.68(3) 1.0 =10.16
0.5 a = 5.5110%1) La 0 0 0.25 0.28(3) 0.5 0X® 2.947(2) x 3 0OX*® 1.963(1) x 6 R,=5139
c = 13.41578(2) Sr 0 0 0.25 0.28(3) 0.5 OXY 2.564(1) X 3 Ry, =6.87
Fe 0 0 0 0.25(2) 1.0 OXt 2.751(1) x 6 Rop=2.89
0X  0.4651(1) 0 0.25 0.63(2) 1.0 x2=5.66
0.6 a = 5493671(1) La 0 0 0.25 1.26(4) 0.4 0X*® 2.894(2) x 3 0OX® 1.946(1) % 6 Ry, = 8.13
¢ = 13.41057(4) Sr 0 0 0.25 1.26(4) 0.6 OXY 2.600(1) x 3 R,,=10.75
Fe 0 0 0 1.08(1) 1.0 OX*t 2.745(1) X 6 Rexp =3.17
OX  0.4733(2) 0 0.25 1.47(4) 1.0 x?=10.73
0.7 a=35.47623(1) La 0 0 0.25 1.74(8) 0.3 OX® 2811(2) x 3 0X® 1.937(1) x 6 R,=645
¢ = 13.40551(4) Sr 0 0 0.25 1.74(8) 0.7 OXT 2.665(2) x 3 Ry, =9.30
Fe 0 0 0 1.54(2) 1.0 OX* 2.738(1) x 6 Rep =3.07
00X  0.4867(3) 0 0.25 1.89(7) 1.0 x1=921

ment gave a mixture of Sr,L.aFe,04 and Sr;Fe,0;. A sum-
mary of the phase behavior is shown in Fig. 2. The data
for the x = 1.0 series were taken from the results described
by Yamauchi and co-workers (21).

Neutron Diffraction Experiments

The neutron diffraction refinements of the orthorhom-
bic samples proceeded steadily in the space group Pbnm.
In the case of x = 0.0 and x = 0.1 some additional mag-
netic reflections just below 1.7 A had to be removed from
the refinement. The final sample in this group was the most
difficult to refine, and close examination of the diffraction
data showed misfitting on the low time of flight tail of
some of the reflections. This is probably due to the fact
that this sample lies on the border of the phase transition
from orthorhombic to rhombohedral, and that the likely
cause of the misfitting is the presence of a small amount

of the rhombohedral phase. Despite the impurity, for
which due to overlap exclusion of peaks was not possible,
both atomic positions and cell parameters were steady
and remained within the ESDS. Final refinement parame-
ters and important bond lengths and angles are listed in
Table 3.

A multiphase refinement program was not available at
the time of data collection and so the refinement of the
HRPD data for the x = 0.3 sample was not possible. The
rhombohedral phases refined rapidly in the space group
R3c although the peak shape parameters were very diffi-
cult to fit in the case of x = 0.6 and 0.7 due to the small
rhombohedral distortions giving rise to very small peak
splittings. Final refinement parameters and importiant
bond lengths are listed in Table 4.

The two cubic samples were refined in the space group
Pm3m. Although 0.8 proceeded smoothly, the 0.9 sample
showed significant peak broadening and was more difficult

TABLE 5
Refined Lattice Parameters and Bond Lengths for the Cubic Region x = 0.8 to 0.9

Atomic parameters

Bond distances

Latlice Refinement
X parameters Atom xla yib zle By Oce La-O Fe-0O parameters
0.8 3.86434(1) La 0 0 0 0.36(1) 0.2 0® 2.733(1) x 12 0® 1.93241) x & R,=8.4]
Sr 0 0 0 0.36(1) 0.8 R,,=9.64
Fe 0.5 0.5 0.5 0.10(1) 1.0 Rp =491
0 0 0.5 0.5 0.67(1) 1.00¢1} x? =3.86
0.9 3.85609(1}) La 0 0 0 0.27(4) 0.1 0% 0.727(1) x 12 0® 1.928(1) X 6 R,=1392
Sr 0 0 0 0.27(4) 0.9 R,, = 18.61
Fe 0.5 0.5 0.5 0.01(4) 1.0 R, =559
0 0 0.5 0.5 0.47(4) 0.99(3) x:=10.99
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TABLE 6
Maossbauer Parameters at 4.2 K

FeS+ FeH— FES+
Calculated

IS By QS Int IS By QS Int 1S By Qs Int oxygen

x  (mmsec™) (kG) (mm sec™ (%) (mm sec™) (kG) (mm sec”™") (%) (mm sec™) (kG) (mm sec™)) (%) content

0.0 0.47 562 —_ 100 3.00

0.1 0.45 560 (.09 57 0.06 264 -(.02 9 3.04
0.42 539 —0.06 34

0.2 0.47 560 -0.09 35 -0.05 264 ] 11 3.01
0.43 537 —0.05 54

0.3 0.48 555 —-0.04 16 -0.04 267 -0.02 16 3.01
0.43 528 —-0.06 68

0.4 0.41 534 —0.04 33 —-0.04 271 —-0.04 21 3.01
0.41 506 —-0.09 46

0.5 0.44 521 —0.05 22 -0.02 272 —0.05 27 3.02
0.40 492 —{.06 51

0.6 0.38 487 —0.02 26 —-0.03 262 ) 30 3.00
0.37 466 —0.05 44

0.7 0.37 466 —0.03 24 —0.01 266 -0.04 a5 3.00
0.35 452 —0.03 41

0.8 0.33 456 —0.06 11 0.18 337 — 71 2.96
0.32 430 —{0.06 18

0.9 0.39 447 0.06 12 0.17 333 —_— B8 2.99

1.0 0.07 326 100 3.00

to refine. However, no additional reflections were ob-
served to suggest a lower symmetry. Close scrutiny of
the neutron diffraction pattern shows a high-angle tail
which could be attributed to a SrFeO; impurity. Final
refinement parameters and important bond lengths are

listed in Table 5.

Experimentally determined Mdssbauer parameters for
the high-pressure annealed samples at 4.2 K and room
temperature are summarized in Tables 6 and 7. The calcu-
lated oxygen content determined from the relative propor-
tions of the integrated iron signals is included. An example

of the Méssbauer spectrum for all three crystallographi-

TABLE 7
Maossbauer Parameters at 298 K

Fe3+ Fc-ﬂ- Fei+
- Calculated

is By Qs Int IS By Qs Int IS B QS Int oxygen
x (mm sec”'} (kG) (mm sec™) (%) (mm sec™) (kG) (mm sec™) (%) (mm sec™ (kG) (mm sec™)) (%) content
0.0 0.37 523 -0.08 100 3.00
0.1 0.38 537 —0.08 45 -0.05 224 0.12 3.00

0.33 486 -0.03 50 5
0.2 0.37 512 —-0.06 36 -0.07 227 -0.02 3.02

0,37 421 -0.14 52 12
0.3 0.36 556 —0.04 5 —0.19 268 —-0.02 9 2.94

0.32 556 —-0.04 46.5

0.22 528 0.22 39.5
0.4 0.29 0.12 59 0.10 41 3.00
0.5 0.27 0.10 50 0.09 50 3.00
0.6 0.25 0.08 40 0.10 60 3.00
0.7 0.23 0.06 30 0.09 70 3.00
0.8 0.19 — 28 0.08 72 2.96
0.9 0.18 0.493 13 0.09 87 2.99
1.0 0.07 100 3.00
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FIG.3}. Exampie of the Mossbauer dataforthe three crystaliographic

regions of the high-pressure oxygen-annealed samples at room temper-
ature.

cally distinct regions for these high pressure annealed
samples at 4.2 K and room temperature are shown in
Figs. 3 and 4,

DISCUSSION

The results from the neutron refinements were in close
agreement with those first derived by X-ray diffraction.
Oxygen content determined by TGA and neutron diffrac-
tion, and those calculated from the relative proportions
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of iron"*, where n = 3%, 4%, and 5% determined by Moss-
bauer analysis, were also in very close agreement (£0.02).

Figures 5 and 6 show the variation in lattice parameter
with varying strontium content and a plot of the change in
volume with strontium substitution for the high-pressure
oxygen-anncaled samples. A comparison of the two
shows that although the overall volume is changing lin-
early with x, the local environment of the ions and, hence,
individual lattice parameters change significantly. Figure
5 shows that the variation in lattice parameter falls into
three distinct regions corresponding to the different crys-
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tal systems. Although the change in lattice parameter
within these systems is linear there is a discontinuity at
the phase boundaries. The most obvious of these is in
the region between (1.2 and 0.4, and perhaps gives an
indication as to why the 0.3 sample is multiphase and the
0.2 sample also shows signs of rhombohedral impurity.
A three-region graph is also observed in Figs. 7 and 8,
which show the variation in bond length around La/Sr
and Fe with strontium substitution for the high-pressure
oxygen-annealed samples. The noncontinuity is most ob-
vious between orthorhombic and rhombohedral, but is
also present between rhombohedral and cubic. If the La/

Volume (cubic :;\)
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240
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230 \
225 1 1 L L <L_!

0 01 02 03 04 05 06 07 08 09 L0

X

FIG, 6. Variation of cell volume with strontium level x in La,_ Sr,
FeO;.;. (For comparable values for the ¢ parameter, Pbrm V'3 and
Pm3m a 2V/3, and for the g parameter ¢, V2.)

Sr-0 distances are extrapolated by means of a curve to
a point where they coincide, i.e., all twelve A cation to
oxygen distances are equal as for a cubic system using
the rhombohedral region of Fig, 7. a phase change to
cubic at x = 0.8 is implied, but the rhombohedral distor-
tion graph (Fig. 9) suggests a slightly lower value between
0.72 and 0.73 by linear extrapolation, i.e., aV6/c¢ ratio
would equal one for a cubic phase. This would imply a
relaxation of the local structure around the La when the
structure becomes rhombohedral. The most likely expla-
nation of the observed structural changes is the effect of
the changing iron oxidation state as the series is trans-
versed. Clearly there is a change in both ionic size and
the oxygen ordering as iron moves from the tripositive to
the tetrapositive state. The replacement of lanthanum by
strontium is likely to have very little structural impact
since they are approximately the same size and prefer
similar coordination geometries. Considering the first
phase change between x = 0.2 and x = 0.4, the iron site
changes from being a very distorted to an almost regular

Dristance (1;.)
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23 1 1 1 1 s . | 1 L
¢ 0! 02 03 04 05 06 07 08 09 1

X

FIG.8. Variation of strontium/lanthanum—oxygen bond lengths with
x in La,_,Sr,FeQ;_;. The attributed symbols are consistent with those
given in Tables 3-5.
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octahedron with equal bond lengths and bond angles only
slightly distorted from the idealized 90°, O-Fe-0Q, of 89.3
and 90.7°. The former situation is a higher unusual envi-
ronment for both iron oxidation states.

A common way of describing bonding interactions in
solids is by the relationship developed by Brown and
Aldermatt (24), which relates the valence of a site to its
bond lengths. The calculated valence of each iron site is
summarized in Table 8. At high values of x the tabulated
values show very good agreement. However, at low val-
ues of x in the orthorhombic region, the site valence gradu-
ally deviates to a greater extent from the theoretical value
as x increases from 0.0 to 0.2. This behavior suggests that
the iron atom is getting progressively more overbonded.
Once the phase change has occurred to rhombohedral
symmetry, the good agreement between site valence and
expected iron oxidation state determined by TGA is re-
stored. This suggests that the first phase change is proba-
bly related to the preferred geometry of iron as its average
oxidation state increases. The second phase change from
rhombohedral to cubic is more difficult to explain since
the difference in the two coordination geometries in the
structure is minimal. However, considering the A cation

TABLE 8
Comparison of Calculated Bond Valence and Iron Oxidation
State Derived from Compound Stoichiometry

x Oxidation state Calculated bond valence
0.0 3.00 3.064
0.1 310 3.154
0.2 3.20 3.270
0.4 3.40 3.447
0.5 3.50 3.533
0.6 3.60 3.610
0.7 370 3.699
0.8 3.74 3.749
0.9 3.82 3.789
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there is a significant difference in the geometry of the 12-
fold site. In the cubic case all 12 bond distances are the
same, whereas the rhombohedral system has a distorted
site. This distortion gradually decreases in the rhombohe-
dral region until there is a changeover to cubic symmetry.
This changeover is also reflected in a large drop in the
temperature factors, suggesting conversion from a *‘rat-
tling” ion in an overly large cavity to a more accept-
able coordination.

The Mdssbauer measurements on the high-pressure ox-
ygen-annealed samples show a clear difference between
the rhombohedral/orthorhombic and cubic regions. The
rhombohedral region, which has previously been studied
using Mdssbauer spectroscopy by Takano et al. (6, 7)
and more recently by Battle ¢t al. (8) on the sample
Sr,LaFe 04 44, shows parameters which are most applica-
ble to Fe** and Fe’* valance states. At room temperature
the rhombohedral spectrum can be interpreted as a mixed
valence iron (II1) and iron (IV) state which undergoes
charge disproportionation at low temperature to give three
hyperfine split sextets which are relatively sharp. The
sharpness of the signal is indicative of an ordered spin
arrangement, and magnetic reflections are indeed ob-
served at low temperature using the POLARIS neutron
diffractometer at the Rutherford Appleton Laboratory.
However, examination of the nuclear reflections at low
temperature did not suggest a reduction in symmetry as
a consequence of the disproportionation reaction. The
low temperature behavior and magnetic reflections are
similar to those observed for Sr,LaFe,0;, (8); however,
both POLARIS and D1A have relatively poor resolution,
and tiny structural changes would probably not be re-
solved using these diffractometers. The Mdssbauer pa-
rameters observed for the rhombohedral and cubic re-
gions are similar to those observed by Takano et al. (6,
7)although in our case the best fit to the data was achieved
using three iron signals instead of two, which was used by
Takano for most of his assignments. Averaged Mossbauer
parameters in all cases are in very good agreement with
those observed by Takano.

The disproportionation behavior, producing Fe** and
Fe’*, clearly extends to the orthorhombic region although
these samples are magnetically ordered at room tempera-
ture, Comparison of the 4.2 K spectra with that of the
rhombohedral region shows obvious similarities. In con-
trast to this, the spectrum from the cubic region is very
different with Mgssbauer parameters characteristic of
iron (I1I) and iron (IV) at 4.2 K. At room temperature the
Fe!” component continues to have characteristic iron (1V)
parameters, i.e., & = 0.09 mm sec ! but the Fe*" compo-
nent has a very low isomer shift of § = 0.17 mm sec™'.
The low temperature spectra show similar behavior to
that noted for the slightly oxygen-deficient cubic region
of StFeQ,_, 8 < 0.05(20). The room temperature behavior
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can be most easily described by an averaged charge state
as first assigned by Takano et al. (6, 7).

Quadrupolar splitting, where there is Fe**/Fe’* dispro-
portionation, is in all cases very small or negligible, sug-
gesting that the crystallographic site is distorted from oc-
tahedral to a very small extent. This observation is in
good agreement with the neutron diffraction data which
show only a slightly distorted site with bond lengths typi-
cally in the range 1.93-2.03 A for the orthorhombic region
and bond angles enly slightly removed from 90° in both
rhombohedral and orthorhombic regions.
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