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Perovskite type oxides of the Sr,Ho,_,FeQ,_, system with compositions of x=0.00, 0.25, 0.50, 0.75, and 1.00 have
been prepared at 1200C in air. X-ray powder diffraction assigns the compositions with x=0.00 and 0.25 to the ortho-
rhombic crystal system and those with x=0.50, 0.75, and 1.00 to the cubic one. The unit cell volumes of solid solutions
increase with x in the system. Nonstoichiometric chemical formulas were determined by Mohr salt titration. The
mole ratio of Fe!* ions to total iron ions and the concentration of oxygen ion vacancies increase with x. Mossbauer
spectra for the compositions of x=0.00, 0.25, and 0.50 show six lines indicating the presence of Fe’* ions in the
octahedral site. However, the presence of Fe** ions may also be detected in the spectra for the compositions with
x=025 and x=0.50. In the compositions with x=0.75 and 1.00, single line patterns show also the mixed valence
state of Fe®* and Fe** ions. The electrical conductivity in the temperature range of —100C to 100C under atmosphe-
ric air pressure increases sharply with x but the activation energy decreases with the mole ratio of Fe** ion. The
conduction mechanism of the perovskite system seems to be hopping of the conduction electrons between the mixed

valence iron ions.

Introduction

The atomic arrangement in the perovskite ABO; structure
was first found for the mineral perovskite, CaTiOs'. The unit
cell of CaTiO3 could be represented by calcium ions at the
corners of a cube with titanium ions at the body center and
oxygen ions at the center of the faces. In the perovskite
structure, the A cation is coordinated with twelve oxygen
ions and the B cation with six oxygen ions. Thus, the A
cation is normally found to be somewhat larger than the
B cation. In order to have contact between the A, B, and
O ions, K4+Ry should equal to \/ 2Rz +Ry), where Ry, Rp,
and Rp are the ionic radii.

The orthoferrites with the formulae RFeQ,; where R is
a rare earth metal, have the space group Pum(Dux). Their
structure may be viewed as a distorted perovskite structure
with four equivalent iron ions per unit cell. The Mossbauer
spectra of various orthoferrites have been studied between
room temperataure and the Néel temperature(Ty) by Eibs-
chutz et al’, giving six-line spectra below Ty and single-line
spectra above Ty. The Mossbauer spectra of the SrFeQ2(x=

250, 2.60, 2.86, and 3.00) have been analyzed at 4°K, 78°K,
and 300°K. Yamamura and Kiriyama® have studied the
Mossbauer spectra and X-ray diffraction patterns of the
Sr;-,La,FeO;s5+.» system. Their results showed the existence
of a five coordinated iron site surrounded by a trigonal bipy-
ramid of oxygen at 0.2<x<0.7.

LaFeQ; shows the orthorhombic crystal system with four
LaFeQ, perovskite units® and its neutron-diffraction spectra
indicate that it has a G-type®, spin-ordered antiferromagnetic
structure below its Néel temperature of 750 K.

Mossbauer spectra of the Sr.Dy,_,FeQs;., ferrite system
have also been analyzed’. The Néel temperature of antiferro-
magnetic LaFeQ; decreases with increasing Sr2* ion concent-
ration. Nonstoichiometric perovskite-related ferrites of com-
position La;_,Sr,Fel’ Fe''10;.,(0<xr<0.95) have been studi-
ed by Wattiaux et al®. Due to the mixed valence state of
Fe** and Fe'* ions®, the electrical conductivity of the perovs-
kite annealed in oxygen is higher than that annealed in va-
cuo. Electrical conductivity of LaFeO; and La,_,Sr,FeO; (x=0.
1, 0.25) was studied by Mizusaki ef a/® !'. They found that
the electronic conduction appeared to be n-type in the lower
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Table 1. Lattice parameters, reduced unit cell volume, and crystal phase of the Sr,Ho;_,FeO;-, system

Lattice Parameter (A)

x a b

V(reduced) Phase
¢

0.00 5275 (+3.295)* 5.581 (+3.002)
0.25 5.285 (£ 4.488) 5.587 (+3.933)
0.50 3.856 (£ 1.535) -
0.75 3.867 (£ 0.305) -
1.00 3.872 (£1.201) -

7.585 (*5.229) 55.82
7.603 ( 7.654) 56.12

orthorhombic

orthorhombic
57.33 cubic

- 57.83 cubic

- 58.07 cubic

*standard deviation unit=10"*

P(0,) range and p-type in a higher P(0O,) range, and occured
by a hopping-type conduction mechanism.

The Sr,La,-,FeO;_, system and a number of typical perov-
skites in which the A site of the ABQO; is occupied by Sr,
Ca, Ba, and La have been studied. However, no systematic
study on HoFeO; has been carried out so far. In the present
study, solid solutions of the Sr,Ho,_.FeQs;_, system (x=0.00,
0.25, 0.50, 0.75, and 1.00) have been prepared. The cell para-
meters and the crystal system were determined by X-ray
powder diffraction method and the mixed valence state was
analyzed and identified by Mohr salt titration and Mossbauer
spectroscopy, respectively. The electrical conductivity of the
system was also studied as it relates to the x value, the
mixed valence state, and the oxygen nonstoichiometry,

Experimental

The starting materials such as Ho0,03(99.99%), Fe 0(99.99
%), and SrCO05(99.9%) were weighed in the desired propor-
tions and thoroughly mixed in an agate mortar. The mixture
was heated at 1200 for 48 hrs and then quenched in the
air. The weighing, grinding, and heating processes were re-
peated three times in order to obtain homogeneous solid
solutions. Each powder product was pressed into a pellet
under a pressure of 2 ton/cm® for 5 min.

X-ray diffraction was carried out using monochromated
Cu K a (A=15418 A) radiation in a range of 15°<20<75°
by scanning at 0.04 degree per second. Fe*" ions in a Mohr
salt solution are oxidized to Fe®* ions by electron transfer
to the Fe** ions in the sample. The remaining Fe?* ions
in the solution are titrated with 0.1 N K,Cr.0;. The concent-
ration of Fe*" ions or the t value in the formulae La;_,Sr,-
Fe}'tFe**10s.,, could be obtained by the titration. The con-
centration of oxygen vacances, y = (x —1)/2, is calculated from
the x and t values. Knowing the values of x, t, and y, the
nonstoichiometric chemical formulas are determined.

The Maossbauer spectra were recorded by a spectrometer
equipped with a 308-channel pulse-height analyzer. The ra-
diation source was Co®(Rh) with 14.4 KeV Y-radiation. Ab-
sorbers with a diameter of 254 mm and a thickness of 0.5
mm were prepared from the highly ground oxide samples
and a-Fe was used as the velocity reference. The Mdssbauer
spectra of all samples were measured at room temperature.

The electrical conductivity was measured by the D. C. four
probe” method in a temperature range of —100 to 100T
under an atmospheric pressure of He gas. The inner two
probes, connected to the potentiometer, and the outer two,
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Figure 1. Plot of reduced unit cell volume vs. x value for the
Sr.Ho,_,FeO;_, system.

connected to the electrometer, were used to measure the
voltage and the current, respectively. The temperature was
raised at the rate of 1T /min for maintaining thermal equili-
brium. The electrical conductivity was calculated by Laplume’
s equation'? and the activation energy was estimated from
the slope of the Arhenius plot of the conductivity.

Results and Discussion

The X-ray diffraction results indicate that the structure
of the compositions with x=0.00 and 0.25 belongs to the
orthorhombic crystal system, corresponding to a distorted
perovskite structure, and those with x=0.50, 0.75, and 1.00
show the undistorted cubic structure as listed in Table 1.
In general, when an alkaline earth metal ion is substituted
for a rare earth ion in this structure, either an Fe®' ion
must be oxidized to Fe'" or half an oxygen vacancy must
be formed in order to satisfy the electroneutrality condition.
Table 2 indicates that Fe'* ions and oxygen vacancies occur
in nearly equal concentrations to maintain electroneutrality
with the substitution of Sr** ions for Ho** ions over the
entire range of concentrations 0.255x<1.00. The reduced lat-
tice volume increases with x in accordance with Vegard’s
law as shown in Figure 1.

The unit cell volume of a sample is affected by the metal
ions, ligands and their sizes, ionic radii, and vacancy concent-
rations™ " **. Among these, the major factors are classified
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Table 2. The t value, y value, nonstoichiometric chemical for-
mulae, and activation energy for the Sr.Ho, ,FeO;_, system

B - y Nonstoichiometric activation energy
chemical formulae (eV)
0.00 0.00 0.00 HeFeO;00 0.76
025 009 008  SrosHoysFedsFelgOne 0.40
050 0.14 018  SroxHoysFelzFelOne 0.34
075 023 026  SrosHopssFeshFefs:0574 0.27
100 032 034  SrFeliFesn0nes 0.10

*Maximum deviation of t value=1= 0.002
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Figure 2. Plots of t and y values vs. x value for the Sr,Ho,_,-
FeO;-, system.

into two: first, the increase in ionic bond length due to the
substitution of Sr** for Ho’*, thus increasing the unit cell
volume; second, the formation of Fe!* and oxygen vacancies
to fulfill the electroneutrality condition. When the Fe'*,
which has a smaller ionic radius than Fe®*, is formed, the
bond length between Fe and O decreases, and thus the unit
cell volume decreases. The structure and the physical pro-
perties of solid solutions are affected by the temperature
and the oxygen partial pressure during sample preparation.
For solid solutions sintered at 1200C under atmospheric
pressure, the first factor is predominant in these samples;
the more Sr is substituted, the larger the unit cell volume.

The t value, y value, and nonstoichiometric chemical for-
mula as a function of x are listed in Table 2. The t and
y values increase linearly with x as shown in Figure. 2. The
results show that HoFeO; (x=0.00) is a stoichiometric com-
pound and the other samples corresponding to the composi-
tions of 0.25<x<1.00 are nonstoichiometric compounds. The
concentration of oxygen vacancies, y, depends on x as well
as the temperature and oxygen pressure during sample prep-
aration. Thus the SrFeQ,e (x=1.00) is formed under these
preparation conditions. .

At room temperature, Mossbauer spectra for the composi-
tions of x=0.00, 0.25, and 0.50 and the compositions of x=
0.75 and 1.00 are shown in Figure 3 and Figure 4, respecti-
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Figure 3. Mossbauer spectra of the compositions of x=0.00,
0.25, and 0.50 for the Sr,Ho,_.FeO;_, system.
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Figure 4. Mossbauer spectra of the compositions of x=0.75 and
1.00 for the Sr,Ho,.FeO;_, system.

vely. The spectra for x=0.00, 0.25, and 0.50 compositions
are split into six lines by the antiferromagnetic interaction
between neighboring iron ions at room temperature, and the
Fe** ion is known to be located in the octahedral site? from
the internal magnetic field value, Hi. The spectra for the
x=0.75 and 1.00 compositions are not split at room tempera-
ture, indicating that these compositions are paramagnetic.
The spectra for x=0.25 is very similar to that of x=0.00
but the symmetry of the six lines is less distinguishable.
The six lines in the spectra for x=0050 are beginning to
merge into a single line, which means that the Néel tempe-
rature is only slightly above room temperature. The spectra
for the compositions of x=0.75 and 1.00 are single line patte-
rns, which means that the Neéel temperature is below room
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Table 3. Mossbauer parameters for compositions of the Sr,-
Ho,_,FeO;_, system

Composition(x) Fe type &(mm/sec) AEq(mm/sec) H,,(KOe)

0.00 Fe3* 0.237 —0.032 499.8
0.25 Fe’* 0.249 —0.017 499.6
0.50 Fe¥* 0.266 0.014 4982
Fe** —0.214 - -
0.75 Fe¥* 0.437 - -
Fet* —0.216 - -
1.00 Fe¥* 0.431 - -
Fet* —0.219 - -

d: isomer shift, AEq: quadrupole splitting, H,.;: internal magnetic
field

temperature.

Mossbauer parameters for all the compositions of the
Sr.Hoi_.FeO,_, system are listed in Table 3. The isomer
shift, LS., of the Fe®* ion increases with the x value up
to the composition of x=0.75 and then decreases until x=1.
00. The sudden increase between the compositions of x=10.50
and 0.75 is ascribed to the magnetic transition form the anti-
ferromagnetic to the paramagnetic state, agreeing with the
result of Shimony et al's. The LS. of the Fe** ion reflects
the s orbital electron density at the nucleus of the system.
Menil" suggested that the LS. should decrease with increa-
sing oxidation number of the iron ion, decreasing coordina-
tion number, and increasing electronegativity of the ligand.
Since the Fe'* ion is smaller in size and larger in positive
electronic charge than the Fe3* ion, the Fe!' ion causes
polarization of the electron in the oxygen ion. This polariza-
tion increases the covalency in the bond between the Fe'*
ion and the oxygen ion. As the covalent character increases
and the shielding of the s electron by the 3d electrons in
the nucleus decreases, the s electron density at the nucleus
increases and thus the LS. goes down.

For x=0.00, 0.25, 0.50, quadrupole splitting occurs since
the electric field acting on Fe nucleus is not constant due
to distortion along the b axis in the octahedrally coordinated
site. The magnitude of the hyperfine internal magnetic field
is closely related to the concentration of Fe'* but shows
no relation to the nonstoichiometry of oxygen. The magnetic
interaction of Fe’*-O-Fe*' is antiferromagnetic. But when
Fe3* is oxidized to Fe'*, the number of unpaired electrons
decreases and the antiferromagnetic structure is destroyed
because of the ferromagnetic Fe**-O-Fe** interaction. There-
fore, as the concentration of Fe'” increases, the hyperfine
internal magnetic field decreases.

The investigation of the temperature dependence of the
electrical conductivity provided insight into the physical pro-
perties of the perovskite system. The electrical conductivity
of the Sr,Ho,-,FeO;_, system increases with increasing tem-
perature as shown in Figure 5. The activation energies calcu-
lated from the slopes of plots of log conductivity vs. 1000/T
are listed in Table 2, and the activation energy is dependent
on t values as shown in Figure 6. The composition of x=
0.00, which has a zero t value, has a conductivity between
semiconductor and insulator. If the Sr?* ion is substituted
for the Ho®* ion in the orthoferrite with low electrical con-
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Figure 5. Plots of log conductivity »s. 1000/T for the Sr,Ho,-,-
FeO,_, system.
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Figure 6. Plot of activation energy vs. t value for the Sr,Ho;-,-
FeQ;., system.

ductivity, some Fe3* jons are oxidized to Fe*" ions and oxygen
vacancies are formed to preserve electroneutrality. The elec-
trical conductivity of the compositions with x>0.00 would
increase due to the hopping of conduction electrons between
Fe3* and Fe** ions.

Generally, since RFeQ; is pictured as the localized model
suggested by Goodenough', the valence electrons do not
form a band and the electrical conductivity is small. But
as Fe'* ions begin to form in the solid solution, the electrical
conductivity rapidly increases. This is explained by the col-
lective model. It shows that the Fe** ion is the main factor
causing the electrical conductivity of the compound. The ele-
ctrical conductivity in orthoferrites with mixed cation val-
ences has been studied by many researchers®®, and all have
come to the conclusion that the high electrical conductivity
is due to the hopping of electrons from Fe’" to Fe'*. As
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the concentration of Fe** ions or the Fe'*/Fe?* ratio increa-
ses, electrical conductivity is increased in the solid solutions
studied in this work. Therefore, the hopping of conduction
electrons can be suggested as the electrical conduction me-
chanism in solid solutions of the system.
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