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Abstract

Bi,_,Sr,FeO, compounds were studied by X-ray diffraction, Mosshauer effect, and magnetic measurements. The replacement of
trivalent Bi by divalent Sr leads to a change of the lattice symmetry from the rhombohedrally distorted perovskite of BiFeO, to the cubic
one of SrFe0, 4, and results in oxygen deficiency in the lattice. The oxygen-deficient Bi, _, Sr,FeO, compounds have two different crystal
sites for iron ions, i.e., the octahedral sites and the oxygen-deficient tetrahedral sites. However, the iron ions both on the octahedral sites
and the tetrahedral sites are in the trivalent state. Bi, , Sr,FeO, exhibits the presence of both antiferromagnetic and weak ferromagnetic
interactions simultaneously. As the Sr content increases, the susceptibility and magnetization of Bi,_,Sr,FeO, decrease. [ 2001
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1. Introduction

Since the discovery of high temperature superconduc-
tivity in the perovskite-related copper oxide and colossa
magnetoresi stance effect in the perovskite-type manganates
[1], there has been renewed interest in intermediate valence
or mixed valence perovskite compounds. In order to obtain
new materials with specia electronic structures and special
properties as well as to understand physical mechanisms of
the family of perovskite-related transition metal oxide
functional materials, perovskite-type iron oxides
R,_,M,FeO, were composed by partially substituting the
trivalent rare earths R** in RFeO, by the divalent metals
M?** with ionic radii near those of the rare earths.

Depending mainly on the ionic radius difference be-
tween R** and M*" and the synthesis processes, the
substitution of R** in RFeO, by M*" may have at least
three possible consequences: (1) R, _,M,FeO, can consist
of two or more phases, as in the case of La,_,BaFeO,
[2,3]. (2) Iron in R,_,M,FeO; has an intermediate val-
ence, which increases gradually from trivalent iron to
tetravalent iron with increasing x, as in the case of
La,_,CaFeO, [4,9]. (3) Iron in R,_ ,M,FeO; remains in
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the trivalent state, and as a result, oxygen deficiency occurs
in the lattice to electrically neutralize the compounds, asin
Sm,_,Ca FeO, [6,7].

Bismuth ferrite, BiFeO,, has been an attractive mag-
netoelectric material, since it is ferroelectric (Curie tem-
perature T, about 1123 K) [8] and has a cycloidal spiral
magnetic ordering [9]. BiFeO, is reported to have a
rhombohedrally distorted perovskite structure with a=3.96
A and «=89°28" belonging to the space group R3c
[8,10,11]. BiFeO, yields a six-line Mosshauer spectrum at
room temperature with a hyperfine field of 49.3 T [12]. Its
Néel temperature T,, was determined to be about 640 K
[12]. Strontium ferrite, SrFeO,, prepared in oxygen at high
pressure was well known for containing only tetravalent
iron [13]. Its crystal structure was accurately determined
recently. SrFeO, (2.90=x=3.00) has a cubic perovskite
structure belonging to the space group Pm3m and a lattice
constant of 3.8553 A when x=2.97 [14]. SrFeO; is an
antiferromagnet having a screw spin structure and T, =134
K [15,16]. However, no systematic study on the system
BiFeO,—SrFeO,, i.e, the bismuth-strontium ferrites
Bi, ,Sr,FeO,, has been reported so far. As BiFeO,
possesses the special magnetoelectric properties, it is of
interest to study structures and properties of Bi,_,Sr,FeO,.

Our present paper reports the synthesis of Bi,_ Sr,FeO,
samples, the crystal structure and lattice constant determi-
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nation, and electronic structures of the compounds as well
as the magnetic measurement results on the Bi,_, Sr,FeO,
samples.

2. Experimental procedure

Bi,_,Sr,FeO, samples were prepared in air for x=0.20,
0.33, 0.40, 0.50, 0.60, and 0.67 by solid state reaction. Dry
Bi,O,, SrCO;,, and Fe,O, powders with purities of 99.5%
or better were mixed in the atomic ratios of Bi:Sr:Fe=(1—
X):x:1 by grinding and then pre-heated in air to 900°C for
30 h. The X-ray diffraction patterns of the pre-heated
samples revealed that the starting substances had reacted.
The pre-heated mixtures were ground again and pressed
into pellets. The pellets of x=0.20, 0.33, and 0.40 were
heated in air at 930°C for 72 h, followed by a slow cooling
at arate of 60°C/h down to 720°C. The pellets of x=0.50,
0.60, and 0.67 were heated in air at 1000°C for 72 h and
cooled at a rate of 60°C/h down to 720°C. The samples
were then tempered in air a 720°C for 100 h and cooled
slowly at a rate of 60°C/h down to room temperature. The
samples were heated at different temperatures to avoid
melting but to ensure a complete reaction. The slow
cooling and tempering at 720°C were thought to decrease
oxygen deficiency in the samples and to let the samples
approach their equilibrium state at room temperature. The
samples were finally pulverized for the X-ray powder
diffraction, Mossbauer effect, and magnetic measurements.

X-ray powder diffraction measurements were under-
taken at room temperature (298 K) on a Rigaku D/max-
2400 diffractometer with the standard goniometer of a
radius of 185 mm. The Cu Ka radiation (40 kV, 40 mA), a
divergence dit of 0.5° a scatter dlit of 0.5°, areceiving dlit
of 0.15 mm (0.046°), 20 scan steps of 0.02°, and a
curved-crystal graphite monochromator for the diffracted
beam were used. The goniometer has been verified current-
ly to have a 26 precision of =0.01° and a reproducibility
of £0.001° at 298 K. The measured data were recorded
and analyzed with the help of a HP Apollo 9000 work
station. The Ko, diffraction peaks were eliminated by the
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Rachinger's method [17]. The integra intensities of the
Ka, diffraction peaks were obtained by least-square fitting
of the Ka; pesks with Gaussian profiles. The backgrounds
were removed in the intensity determination. The positions
of the Ke, diffraction peaks were determined by a center-
of-gravity method. The wave length of 1.54056 A was
employed in al calculations. In order to eliminate the
systematic errors the silicon powder of a purity of
99.9999% was used as an external standard reference
material. The lattice constant a=5.43094 A of silicon
(standard reference material 640b) recommended by the
International Center for Diffraction Data was used in the
calibrations. The diffraction peak positions of silicon
caculated from its lattice constant were employed to
calibrate the measured diffraction peak positions of silicon
and further to calibrate the diffraction peak positions of the
Bi,_,Sr,FeO, samples.

Mossbauer effect measurements were performed at room
temperature in the standard transmission geometry using a
source of *>’Co in a Rh matrix. The spectra were collected
by a Wissel CMCA-2000 multichannel analyzer and fitted
using a least-square refinement program. The velocity of
the Mosshauer spectrometer was calibrated using a pure
a-Fe absorber.

AC susceptibility and magnetization measurements were
carried out using an AC+DC magnetometer of the Quan-
tum Design Physical Property Measurement System
(Model 6000). The measurements were made on the
powder samples with x=0.2, 0.4, and 0.6. The zero field
AC susceptibility was measured over the temperature
range from 4.2 to 295 K at 300 Hz in a driving field of 1
Oe.

3. Results and discussion
31 Crystal structure
The measured X-ray powder diffraction data on

Bi,_,Sr,FeO, with x between 0.20 and 0.67 are listed in
Table 1. The samples yield the diffractograms having the

Table 1
Powder diffraction data for Bi,_,Sr,FeO,
hkl x=0.2 x=0.33 x=04 x=0.5 x=0.6 x=0.67

Qops B)  dege B) 1) dope(B)  deac (B) 10%)  dop(B) deac B) 1) dype(B) dege B) 1) dype (B)  degc (B) 1) e (B) e (B) 1(%)
100 3.9533 3.9524 27 3.9464 3.9465 20 3.9429 3.9401 20 3.9673 3.9466 16 3.9395 3.9357 14 3.9326 3.9317 11
110 2.7940 2.7948 100 2.7906 2.7906 100 2.7890 2.7861 100 2.7991 2.7907 100 2.7839 2.7830 100 2.7822 2.7801 100
111 2.2805 2.2819 17 2.2794 2.2785 18 2.2772 2.2748 18 2.2827 2.2786 15 2.2728 2.2723 17 2.2717 2.2700 15
200 1.9755 1.9762 23 1.9682 1.9733 15 1.9682 1.9700 15 1.9755 1.9733 23 1.9682 1.9679 24 1.9658 1.9659 30
210 1.7681 1.7676 6 1.7624 1.7649 4 1.7617 1.7621 6 1.7649 1.7650 5 1.7598 1.7601 5 1.7579 1.7583 5
211 16135 1.6136 26 1.6099 1.6112 20 1.6099 1.6085 26 16119 1.6112 31 1.6068 1.6068 30 1.6057 1.6051 30
220 1.3973 1.3974 9 1.3969 1.3953 6 1.3955 1.3930 9 1.3955 1.3953 10 1.3914 1.3915 11 1.3903 1.3901 10
310 1.2500 1.2499 6 1.2447 1.2480 3 1.2450 1.2460 7 1.2470 1.2480 8 1.2436 1.2446 7 1.2431 1.2433 8
222 1.1402 1.1410 2 1.1395 1.1393 2 1.1393 11374 2 1.1385 1.1393 3 1.1363 1.1362 3 1.1355 1.1350 3
321  1.0566 1.0563 5 1.0557 1.0548 2 1.0521 1.0530 4 1.0538 1.0548 5 1.0516 1.0519 6 1.0509 1.0508 7
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Table 2
Crystallographic parameter of Bi,_, Sr,FeO,

1-x~"x

X 0.2 0.33 0.4 0.5 0.6 0.67
a (A) 3.9524  3.9465 3.9401 39466  3.9357 3.9317

same patterns as that of SrFeO, o, [14]. All of the observed
diffraction pesks from the Bi,_,Sr,FeO, samples with x
ranging from 0.20 to 0.67 were reasonably indexed on the
basis of a cubic perovskite unit cell of SrFeO,4,. No
additional peaks were found, indicating that the samples
synthesized are the single-phased cubic perovskite
Bi,_,Sr,FeO, compounds with the same symmetry as
SrFe0, 4,. BiFeO, has a rhombohedrally distorted perov-
skite structure. Our results show, however, that the partial
substitution of Bi in BiFeO, by Sr changes the symmetry
from rhombohedral to cubic and that the symmetry is
unchanged while further substitution of Bi by Sr in
Bi,_,Sr,FeO; from x=0.20 to 0.67.

In genera, the increasing substitution of Bi by Sr in
Bi,_,Sr,FeO, shifts al the diffraction pesks to higher
angle, which is indicative of the decrease in the unit cell
dimension. The lattice constants of the cubic perovskite
Bi,_,Sr,FeO; compounds with x between 0.20 and 0.67
were calculated from the observed diffraction peaks by a
program based on the Cohen's analytical least-squares
method [18,19]. The lattice constant a of Bi,_,Sr,FeO, in
variation with x is given in Table 2 and pictured in Fig. 1.

In the diffractometric measurements, the man sys
tematic errors include source spot profile, flat-specimen
error, specimen transparency, axial divergence, and receiv-
ing dlit, and other errors include zero point setting,
specimen-surface displacement, precision and reproducibil-
ity of the goniometer, and temperature alteration [20]. The

3.975
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3.925
3.900
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Fig. 1. The lattice constant a of Bi,_,Sr,FeO, as a function of the Sr
content X.

calibration through the external standard reference material
should mainly eliminate the systematic errors. The diffrac-
tometer could align its zero point automatically through an
optical adjustment mechanism. To ensure specimen flat-
ness and minimize specimen-surface displacement, the
grooved glass sample holders were filled with the sample
powders. The temperature ateration during the measure-
ments was about =1 K.

The calculated interplanar distances d,. are listed
together with the measured data in Table 1. As shown in
Fig. 1, in general, the lattice constant a of Bi,_,Sr,FeO,
decreases almost linearly as x increases from 0.2 to 0.67,
indicating that the substitution of Bi by Sr results in the
decrease of the unit cell dimension.

The linear decrease of the lattice constant with increas-
ing X in general can be understood by considering the
effective ionic radius difference between Sr** and Bi®",
the decreasing ionic radius of iron with increasing valence,
and the oxygen deficiency.

The effective ionic radius of oSr“ under the anion
coordination number of 6 is 1.18 A which is aimost same
as the effective ionic radius of 1.17 A for Bi®" [21]. This
means that the ionic radius difference between Sr** and
Bi®" is very small and would hardly influence the lattice
dimension. However, the increasing oxygen deficiency
with increasing x would lead to the reduction of the unit
cell dimension.

The deviation of the lattice constants for the x=0.4 and
0.5 samples from the genera linear trend (Fig. 1) may
arise from the synthesis condition. In our experiments, it
was found that the melting point of Bi,_,Sr,FeO, in-
creases with the increasing x. For simplicity and in order to
avoid melting and reaction with the corundum crucibles,
the samples with x=0.2, 0.33, and 0.4 were heated at
930°C; the samples with x=0.5, 0.6, and 0.67 were heated
at 1000°C. However, 930°C may be relatively low for
x=0.4, whereas 1000°C may be relatively high for x=0.5.

3.2, Electronic structure

Mossbauer spectra of Bi,_,Sr,FeO, for various x are
reproduced in Fig. 2. Their Mossbauer parameter values
are tabulated in Table 3. The Bi,_,Sr,FeO, compounds
with different x show magnetic hyperfine splitting spectra.
The magnetic hyperfine splitting spectra are indicative of
magnetic ordering, most probably a screwed or dlightly
canted antiferromagnetic ordering as in SrFeO, or ortho-
ferrites RFeO, [16,22]. The magnetic hyperfine splitting
spectra measured at room temperature indicate that the
Néel temperatures of Bi,_,Sr,FeO, are above room tem-
perature. The Bi, ,Sr,FeO, compound of the x=0.2
composition yields a six-line spectrum with an isomer shift
(1S) of 0.38 mm/s and a hyperfine field (H) of 50.0 T
(Table 3). The isomer shift and hyperfine field of our
x=0.2 sample are aimost same as those of BiFeO, [12,23].
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Fig. 2. The Mossbauer spectra of Bi,_,Sr,FeO, with various x measured

1-x>"x

at room temperature.

This implies that the iron in Bi, ¢Sr, ,FeO, has amost the
same valence state as in BiFeO,. However, the zero
quadrupole splitting of Bi, ¢Sr, ,FeO; supports the high
symmetry of a cubic crystal structure as determined by our
X-ray diffraction studies, whereas the rhombohedra
BiFeO, yields a quadrupole splitting as high as 0.37 mm/s
[12]. Theoretically, the x=0.2 substitution of Sr for Bi
should force the trivalent iron into an intermediate valence
state between trivalence and tetravalence or to tetravalent

ones. Unfortunately, this was not observed in our
Mossbauer studies.

The Maossbauer spectra of the samples other than that of
x=0.2 could be fitted with two six-line subspectra. Since
only one phase exists in the Bi,_,Sr,FeO, samples, these
two subspectra would come either from iron ions on two
different lattice sites or from iron ions with different
valence states. The substitution of divalent Sr for trivalent
Bi in the single-phased Bi,_, Sr,FeO; may result in a
change in valence state of iron or oxygen deficiency in
lattice. The Mossbauer parameters of the one six-line
subspectrum, i.e., the isomer shift around 0.22 mm/s, the
quadrupole splitting around 0.34 mm/s, and the hyperfine
field around 41 T, are those usualy found for asymmetri-
cally tetrahedrally surrounded trivalent iron in oxides [24].
The tetrahedral sites result from the oxygen deficiency.
This indicates that the substitution of divalent Sr for
trivalent Bi in Bi,_,Sr,FeO, leads to oxygen deficiency.
The percentage of the subspectrum for iron on the tetra-
hedral sites increase with increasing x. This means that the
increasing substitution leads to an increase of oxygen
deficiency.

The other six-line subspectrum with the hyperfine field
of about 50 T can be attributed to the iron ions on the
octahedral sites. As x increases from 0.3 to 0.67, the
isomer shift of this subspectrum decreases dlightly from
0.38 to 0.35 mm/s. However, these isomer shift values still
lie in the range for trivalent iron. The magnitude of the
negative quadrupole splitting increases with increasing Sr
content. The increasing substitution of Sr for Bi leads to an
increase of oxygen deficiency. The increasing oxygen
deficiency results in an increasing number of the tetra
hedra sites of iron. The increasing number of the tetra
hedra sites in the vicinity of the octahedral sites would
make the octahedral sites electrically asymmetrical. Hence
the magnitude of the negative quadrupole splitting in-
creases with increasing Sr content.

3.3 Magnetic properties

Fig. 3 shows the temperature dependence of the AC
susceptibility y for Bi,_,Sr,FeO, of x=0.2, 0.4, and 0.6
from 295 to 4.2 K. The AC susceptibility increases slightly
first with decreasing temperature, attains a maximum at T,
(temperature where y is maximum), and then decreases.
The dlight rise in y with decreasing temperature is a
signature of weak ferromagnetic interactions setting in.
The decrease of y with decreasing temperature in the low
temperature range indicates antiferromagnetic behavior. As
the Sr content x increases from 0.2 to 0.6, the magnitude of
x decreases. The temperature for the maximum of x, T,
decreases from 140 to about 65 K as x increases from 0.2
to 0.4. T,, remains almost unchanged as x increases from
0.4 to 0.6.

Fig. 4 shows the magnetization curves for Bi, _,Sr,FeO,
with x=0.2, 0.4 and 0.6 measured at 4.2 K. The mag-
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Table 3
Mossbauer parameters of Bi,_,Sr,FeO,
X Fe (octahedral) Fe (tetrahedral)
IS (mm/s) QS (mm/s) H (T) % IS (mm/s) QS (mm/s) H (T) %
0.2 0.39 0 50.0 100
0.33 0.38 -0.09 50.6 87 0.22 0.34 416 13
0.4 0.37 -0.11 50.7 81 0.22 0.34 422 19
0.5 0.37 -0.12 50.7 76 0.21 0.34 424 24
0.6 0.36 -0.22 49.8 73 0.22 0.35 40.9 27
0.67 0.35 -0.30 49.1 71 0.22 0.34 40.8 29
0.0004 netization curves reveal a marked nonlinearity which is not
povoos -_ expected from a pure antiferromagnet. However, such a
.,.0"’ 0 o behavior has been observed in many orthoferrites such as
S LaFeO,. The curvature in the magnetization curves is
> R understandable in terms of the presence of wesak ferromag-
o 0.0003 S netic interactions. A weak ferromagnetic order could arise
8 ..’ from the non-collinear (canted) arrangement of spins in
= o two sublattices [25]. In canted spin systems the anti-
g ferromagnetic ordering is observed along one axis and the
~ 0.0002 x=0.4 ferromagnetic order along another axis. The magnetization
X AMAAAMALL Aa Maaas —— curves show that the magnetization is unsaturated even at
s a4 Ml 80 000 Oe field. The increase in the divalent Sr content
poeeees® ™ ——— results in reduction of the magnetization.
x=0.6 According to the X-ray diffraction and Mossbauer effect
0.0001 study results, the increasing substitution of divalent Sr for
0 50 100 150 200 250 300 Bl in 'Bll,XerFeO'3 Ieadg to a decreqsg in the lattice
dimensions and the increasing oxygen deficiency. All these
T (K) will in turn influence magnetic interactions between Fe

Fig. 3. The temperature dependence of
Bi,_,Sr,FeO, with x=0.2, 0.4, and 0.6.
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Fig. 4. The magnetization curves of Bi, ,Sr

0.6 measured at 4.2 K.

1-x~"x

FeO, with x=0.2, 0.4, and

80000

ions. As x increases, the number of the oxygen vacancies
increases. Some octahedral coordinations of iron become
the tetrahedral co-ordinations. When the coordination
number of iron decreases from 6 to 4, the number of
magnetic couplings decreases. Therefore, as X increases,
the susceptibility and magnetization of Bi,_,Sr,FeO,
decrease.

4. Conclusions

The Bi,_,Sr,FeO, samples for x ranging from 0.20 to
0.67 are the single-phased cubic perovskite compounds
having the same symmetry as SrFeO, o,. In general, the
lattice constant of Bi,_,Sr,FeO, decreases aimost linearly
with x increasing from 0.20 to 0.67. This can be explained
in terms of the increasing oxygen deficiency.

The iron ions in Bi,_,Sr,FeO, are located on the
octahedral sites and tetrahedral sites. The substitution of
Sr** for Bi®" mainly results in oxygen deficiency in the
lattice. The oxygen deficiency increases with the Sr
content. The iron ions on the octahedral sites and on the
tetrahedral sites are all in the trivalent state.

Bi,_,Sr,FeO; behaves like an antiferromagnet and a
weak ferromagnet simultaneously. The presence of the
antiferromagnetic  and  ferromagnetic  order  in
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Bi,_,Sr,FeO; may be due to the presence of non-linear
spin arrangement. As the Sr content increases, the suscep-
tibility and magnetization of Bi,_,Sr,FeO, decrease. This
can be explained by considering the increasing oxygen
deficiency, which decreases the magnetic coupling number
of some iron ions.
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