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A series of samples in the Sr,Dy,_,FeO;_, system (x = 0.00, 0.25, 0.50, 0.75, and 1.00) have been
produced by heating the reactants to 1200°C in air under atmospheric pressure. Mohr salt analysis
shows that DyFeQ; is a stoichiometric compound and that Fe** ions and oxygen deficiency compen-
sate for the cation charge deficiency which is caused by substitution of Sr>* at Dy?* sites. X-ray
powder diffraction assigns the compositions x = 0.00 and 0.25 to the orthorhombic system and the
compositions x = 0.50, 0.75, and 1.00 to the cubic system. The electrical conductivity sharply in-
creases and the activation energy decreases with the presence of mixed iron valency. The Méssbauer
spectra of the samples with x = 0.25 and 0.50 are composed of two sets of six lines and a single broad

peak for x = 0.75. © 1988 Academic Press, Inc.

Introduction

Perovskite-type compounds have been
extensively studied (/-5) because of their
unique and interesting properties. These
compounds are useful in many fields as la-
ser host materials, thermisters, semicon-
ductors, superconductors, etc. The ortho-
ferrites with the formula RFeO;, where R is
a rare earth element, have the space group
Pbnm (D) (I, 2). The crystal structure is a
distorted perovskite with four equivalent
iron ions per cell. The Mossbauer spectra
of various orthoferrites have been studied
between room temperature and Néel tem-
perature (Tx) by Eibschutz et al. (1), giving
six-line spectra below Ty and an unsplit sin-
gle line above Ty.
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Among the ferrites with perovskite struc-
tures, the (L.a, Sr)FeQ, system has been
widely investigated. The conductivity after
annealing in oxygen is higher than after an-
nealing in vacuo due to the mixed-valence
state of iron with both Fe?** and Fe** (3). In
the system La,_,Sr,FeO; (4, 5) the valence
state of the Fe atoms changes from the tri-
valent to the tetravalent state due to the
substitution of Sr atoms at La sites. The
change in the valence state and oxygen con-
tent may cause magnetic disordering. Ac-
cordingly, the Néel temperature of LaFeQ;
(750 K) decreases as the x value is in-
creased. This effect has been demonstrated
by the study of the Mdssbauer spectra (5).
X-ray data and Mossbauer spectra for the
system Sr;_,L.a,Fe0; 5+, (0.00 = x = 1.00)
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prepared by firing at 1000°C in vacuum
have been reported by Yamamura and Ki-
riyama (6). In that study, the Brownmil-
lerite-type structure at x = 0.30 and the
existence of a five-coordinated iron site
surrounded by trigonal dipyramid of oxy-
gen was suggested.

In the present study, solid solutions of
the Sr,.Dy,_,FeO;_, system (x = 0.00, 0.25,
0.50, 0.75, and 1.00) were prepared and the
cell parameters were ensured by powder X-
ray diffraction. The mixed valence state
was characterized by Mohr salt analysis
and Mdssbauer spectroscopy. Nonstoi-
chiometric compositions were calculated
from the chemical formula Sr,Dy,_.Fel’,
Fet*0;-, (where y = (x — 7)/2). The electri-
cal conductivity was found to increase with
the formation of the mixed-valence state.
This and the mechanism are discussed.

Experimental Procedures

(1) Sample Preparation

All the samples were prepared as fol-
lows: The starting materials were Dy,03,
SrCO,, and Fe(NOs); - 9H,0, each of high
purity. They were weighed in the desired
proportions and dissolved in nitric acid.
The solution was evaporated over a burner
flame and then fired at 800°C for 4 hr in a
platinum crucible. After being ground,
mixed, heated at 1200°C in air for 10 hr and
air quenched, the samples were weighed
and studied by X-ray diffraction. This pro-
cess was repeated three times in order to
obtain homogeneous solid solutions.

Each powder sample was pressed into a
peliet under a pressure of 2 ton/cm? for 2
min and all the pellets were sintered under
the same conditions for study of the rela-
tionship between the nonstoichiometric for-
mula and electric conductijvity.

(2) X-ray Powder Patterns

X-ray diffraction studies of the samples
were carried out using monochromatized
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CuKa radiation. Comparing the d., value
from least-squares calculation with the dp
value from X-ray measurements, we con-
firmed the indices of each line and then de-
termined the crystal system, lattice param-
eters, and volume of the unit cell (Table I).

(3) Chemical Analysis

Titration of residual Fe?* and 0.1 N
K,Cr,0; using Mohr salt gave the amount
of Fe** and, from this value, the oxygen
content of each sample.

(4) Electrical Conductivity

Electrical conductivities of the samples
have been measured by the four probe
method in the temperature range 173 ~
473 K. Independent measurements of volt-
age and current were performed with the
inner two probes connected to the potenti-
ometer and the outer two probes to the
electrometer. We used liquid nitrogen for
the low temperature measurements. For
the purpose of maintaining thermal equilib-
rium, the temperature was raised at the rate
of 1°C/min. The electrical conductivities
were calculated using Laplume’s equation

(7).

(5) Mossbauer Measurements

The Mossbauer spectra were accumu-
lated using a spectrometer equipped with a

TABLE I

LATTICE PARAMETERS, VOLUME, AND CRYSTAL
SysTEM FoR Sr.Dy,_,FeO,_,

Lattice

Composition parameters

(x) A) Volume (A’  Symmetry
a 5.3040

0.00 b 5.5871 56.47 Orthorhombic
¢ 7.6219
a 5.3165

0.25 b 5.5920 56.69 Orthorhombic
¢ 7.6255

0.50 a 3.8636 56.67 Cubic

0.75 a3.8718 58.04 Cubic

1.00 a 3.8659 57.78 Cubic
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308-channel pulse-height analyzer. The
source was cobalt-57 (dispersed in Rh) with
14.4 KeV vy-radiation. Absorbers with a di-
ameter of 25.4 mm and a thickness of 0.5
mm were prepared from the highly ground
oxide samples. We used a-Fe as the veloc-
ity reference.

Discussion

We confirmed that Dy3t could be re-
placed by Sr?* over the whole range of x =
0.00 to 1.00 and that each sample was ho-
mogeneous. The X-ray powder patterns of
the samples with x = 0.00 and 0.25 were
indexed on the basis of a distorted
perovskite-type structure with orthorhom-
bic symmetry, and for x = 0.50, 0.75, and
1.00 the symmetry changed to cubic. For
the system SrFeO,, Watanabe (3) obtained
mixtures of SrFeO,s and SrFeO; in the
range of x = 2.56-2.73, but the sample Sr
FeO, 73 prepared in this study was found to
be homogeneous and cubic. The unit cell
volume is plotted versus the composition in
Fig. 1. Three main factors affect the cell
volume: (a) substitution of Sr2* at Dy?*
sites, (b) oxygen vacancies, and (c) forma-
tion of the mixed-valence state of Fe3* and
Fe*". Over the compositional range x =
0.00-0.75, the unit cell volume increases
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F1G. 1. Volume change with the increase in x value
in the system Sr,Dy;_,FeOs_,.

413

TABLE I

NONSTOICHIOMETRIC CHEMICAL FORMULAS OF THE
3
St.Dy;_,Felt Fe!*0;_, SYSTEM (y = (x — 7)/2)

Composition (x) 7 value y value Chemical formula

0.00 0.00 0.00 DyFe0Os

0.25 0.10 0.075 Sro_zsnyo_uFeé}oFesEooms
0.50 0.16 0.17 STO,SODYO.ergdeeg.l602,830
0.75 0.30 0.225 Sro_vsglzyo.zgl:eo.mFeo,zoOzJu
1.00 0.46 0.27 SrFeq s4Fep.4602.73%0

with x. Thus, we concluded the factor a is
predominant in this x range because the
ionic radius of Sr** (132 pm) is larger than
that of Dy3* (105.2 pm). On the other hand,
when x = 1.00 a reduction in unit celi vol-
ume occurs probably due to factors band c.
It is known that the charge deficiency
caused by the substitution of Sr?* for Dy3*
can be compensated for by a change in the
oxidation state of Fe, and by the formation
of oxygen vacancies. As the samples were
prepared in air at atmospheric pressure, a
mixture of Fe3* and Fe** valencies and ox-
ygen vacancies have both been observed.

Mohr salt analysis shows that DyFeO;
(x = 0) is a stoichiometric compound and
the rest of the samples are nonstoichio-
metric compounds. The quantity of Fe** in-
creases with increase in x. Table II shows
that the sample with x = 1 has the nonstoi-
chiometric formula  SrFed%Fed’ic0.73.
MacChesney et al. (8, 9) produced a series
of strontium ferrate compositions ranging
from SrFeO,; to SrFe0sy, and the speci-
men SrFe0, 34 was obtained by slow cool-
ing from 1400°C to room temperature in 0.2
atm of oxygen. As we prepared the sample
by air quenching from 1200°C to room tem-
perature, SrFeQ, ,; was obtained. In order
to make a stoichiometric solid solution Sr
FeO;, the sample must be annealed under
high oxygen pressure. The concentration of
oxygen vacancies is dependent upon the
oxygen pressure and temperature at which
samples are equilibrated and upon the cool-
ing condition (3-10).
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FiG. 2. Plot of log conductivity vs 1000/T in the
system Sr,Dy,_,FeO,_,.

Electrical conductivity as a function of
temperature is shown in Fig. 2. The con-
ductivity of the ferrites containing Sr?* is
considerably higher than that of DyFeO;
due to the mixed valency of Fe. With in-
crease in x value, the electrical conduc-
tivity at a constant temperature tends to
increase, and the activation energy is
decreased (5, 9, 11) (Table III). Such a
change in electrical conductivity is due to
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TABLE III

ACTIVATION ENERGIES OF THE SYSTEM
Sr.Dy,_.FeO;_, As A FUNCTION OF x VALUES

Composition (x) Activation energy (eV)

0.00 0.54
0.25 0.39
0.50 0.35
0.75 0.16
1.00 0.07

electron hopping between Fe’* and Fe#*
ions.

The Mossbauer spectrum of DyFeO; is a
six-line pattern characteristic of antiferro-
magnetic compounds below its Néel tem-
perature. The reported values of isomer
shift (1.S.), quadrupole splitting (Eq), and
internal magnetic field (Hi,) at 296 K are
0.54 (mm/sec), 0.25 (mm/sec), and 498
(KO,), respectively (I, 2) (Table 1V). The
samples with x = 0.25 and 0.50 yielded 12-
line spectra. The intensities of the six new
peaks are larger for x = 0.50 than for x =
0.25. However, Fe** in x = 0.25 and 0.50
could not be detected by Mdssbauer effect,
supposedly because the Mossbauer spec-
troscopy cannot always detect separately
the mixed valencies on account of the rapid
electronic exchange between them. As dis-

TABLE IV

MOSSBAUER PARAMETERS FOR COMPOSITIONS IN THE SYSTEM Sr.Dy;_,FeO;_,
(x = 0.25, 0.50, AND 0.75)

Composition (x) Temperature (K) CN LS. (mm/sec) Eq(mm/sec) Hi, (KO,)

0.25 95 6 0.36 -0.07 520
4 0.38 0.03 416

0.50 95 6 0.45 —0.01 547
4 0.36 0.03 453

0.75 295 6 0.32 0.39 —_
4 0.35 1.19 —_

Fe#* 0.09 — —

95 6 0.33 0.59 —

4 0.29 1.21 —

Fett 0.12 — —
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Fi1G. 3. Plot of Ea vs 7 values for the system Sr,
Dy,_,FeO;_,. (v: amount of Fe** ion.)

cussed by Yamamura (6, 12), the new six-
line pattern was attributed to Fe3* in a tet-
rahedral site.

In the case of x = 0.75, a broad peak
appears ranging from 0 to 0.9 mm/sec. As
there are at least three distinct species of
iron, the assignment of the spectra is com-
plex (10, 11, 13) with two doublets from
Fe’* at octahedral and tetrahedral sites and
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possibly a peak from Fe** (11). The idea of
average valence state suggested by Takano
et al. (4) may also be applicable to this sys-
tem. Figure 6 shows that the Néel tempera-
ture of the sample x = 0.75 is lower than 95
K, because the six-line pattern has disap-
peared. In the case of DyFeO,, the stability
of the magnetic structure is ensured by
eg—Py—e; and t,—P .1, antiferromagnetic
superexchange interaction. The partial sub-
stitution of Fe** by Fe** introduces ferro-
magnetic Fe3*—O-Fe** and Fe*t-O-Fe**
interactions. So, with increasing x, Ty de-
creases due to the competition of the anti-
ferromagnetic couplings with ferromagnetic
superexchange interaction.

Results

The X-ray patterns after heat treatment
confirmed that each sample was single
phase. The cell parameters show that a
change from orthorhombic to cubic symme-
try occurs for a value of x intermediates
between (.25 and 0.50. The volume of the
cell increases with x up to x = 0.75, then
contract slightly for x = 1.00. Table II
shows that both the amount of Fe** and of
oxygen deficiency increases with Sr con-
tent. Figure 2 shows the electrical conduc-
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Fi1G. 4. Méssbauer spectrum of Sry 25Dy, 7sFe0,.05 at 95 K.
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tivity for temperatures within the range
173 ~ 473 K. Activation energies (E,), cal-
culated from the slope of each line using the
relations for the various temperature re-
gions, decrease with an increase in 7 value
(Fig. 3). Mossbauer spectra of the system
(x = 0.25, 0.50,and 0.75) are shown in Figs.
4-6.
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