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Chapter 1. INTRODUCTION

In the oxides containing the tetravalent state of
the first row transition metal ions, M’4+02 (M: Ti;Av; Cr,
and Mn) oxides with rutil structure are well known and
their physical properties are also systematically examined.
In the oxides containing Fe, Co and Ni ions; however;
these ions are normally in di- or tri-valent state; but
a tetravalent state of Fe; Co and Ni ions only exists in
the oxides with perovskite structure in SrFe4+O3 (l);
SrCo4+O3 (2) and BaNi4+O3 (3); whose chemical formula
are generally presented as A2+B4+O3 (A: alkaline earth
metai, B: transition metal). |

Since Yakel synthesized SrFe4+0 and SrCo4+O3 (4),

3 |
the magnetic and electrical properties of oxides containing
the tetravalent state ions such as Fe*t, co** anda mift

ions have been investigated by many investigators (1,2;3,
4,5,6,7)

The perovskite strﬁcture (ABO3)‘has the cubic unit
cell with the space group Pm3m. Large A cation and oxygen
ions are packed with f.c.c. (face centered cubic) and
small B cation locates at the spaces. Large A cation is
surrounded by twelve oxygen ioné and B cation is surrounded
by six-oxygen ions as shown in Fig. 1. The octahedron
containing B cations are connected at the cornérs each
other and the angle of B-0-B is 180. Considering the
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Pig. 1

Structure of cubic perovskite (ABO3).
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ideal packing between these three ions in the perovskite
structure (ABO3), Goldshmidt defined the,tolerable'limits
on the size of A cation via a tolerance factor (%),

| t=(r,+ry) /N2 (rg+ry) --- (1)
where Tpsr Tg and Ty are empirical radii of the respective
ions. Although the ideal cubic perovskite structure should
have t=l; the perovskite structure often occurs only
within the value between 0.75 and 1.0.

Table 1 shows the crystallographic; magnetic and
electrical properties of the perovskite type oxides
containing the tetravalent state of the first row transition
metals such as Ti4+, V4+; Cr4+ Mn4+; Fe‘_‘+ and Co4+ ions.

Ti4+ ion has no 3d electrons (3d0). The titanates
such as BaTiO3 and Sr‘l‘iO3 exhibit paramagnetism (8).
These oxides are used as the end-member of solid solution
systems to investigate the dilution effects on the
physical properties of another kihd of tetravalent
state transition metal ions such aSTthe-system SrTi93—
Sri?eo3 (9). - |

Perovskite type metavanadates, CaVO3 and SrVO3,
were prepared under high pressures by Chamberland et al.
(10). CaVO3 has anforthorhqmbic:distorted‘perovskite‘ '
structure with a=0.5422 nm, b=0.5335 nm and ¢=0.7541 nm.
| CaVO3 shows Pauli paramagnetic behavior and exhibits
metallic conductivity. SrVO3 has a-cubic structure with
a=0.3842 nm, SrVO3 2lso shows Pauli paramagnetic behavior

1
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Table 1  Cell constants, magnetic and electrical
properties of verovskite type oxides.
magnetic electrical
oxide cell constant property property ref.
BaiTiO3 a=0.3994 nm, ¢=0.4038 nm para. 8
SrTiO3 a=0.3905 nm para. 8
CaVO3 a=0.5422 nm, b=0.5335 nm | Pauli metallic 10
c=0.7541 nm para.
SrVO3 a=0.3842 nm Pauli metallic 10
para.
CaCrO3 a=0.5287 nm, b=0.5316 nm | weak semicon. 12
c=0.7486 nm ferro.
SrCrO3 a=0.3818 nm Pauli metallic 13
para.
CaMnO3 a=0.5270 nm, b=0.5275 nm weak semicon. 14
c=0.7464 nm -ferro.
SrMnO3 a=0.3802 nm antiferro.|insulator 14
CaFeO3 a=0.3770 nm antiferro. 16
SrFeO3 2=0.3850 nm antiferro.|metallic 18
SrCoO3 2=0.3860 nm ferro. metallic 19

para.: paramegnetic

ferro.: ferromagnetic

antiferro.:‘antiferromagnetic



and exhibits metallic conductivity. Magnetic and electrical
properties of CaVO3 and SrVO3 are well explained by the de-

localized model proposed by Goodenough for the perovskite

3+

type compounds having one electron system such as Ti
and Re6+ ions (11).
Metachromates,'CaCrO3 (12) and SI‘CrO3 (13), were

vrepared under high pressures. CaCr0, has an orthorhombic

3

distorted perovskite structure with a=0.5287 nm, ¢=0.5316 nn
and c¢=0.7486 nm. It exhibits a weak ferromagnetism with

TN=9OK and is semiconductor. CaCr0., is characteristic as

3

a spontenious collective electron magnetism. On the other
hand, SrCrO3 has a cubic perovskite structure with a-=
0.3818 nm and shows metallic and Pauvli paramagnetic
behaviors.'Magnetic and electrical provnerties of SrCrQ3
are introduced by collective or delocalized t2g electrons.

lletamanganates, CaI-JnO3 and Srin0 were prepared

3’
under high oxygen pressures (14). CaMnO3 has an orthorhombic

distorted perovskite structure with a=0.5270 nm, b=0.5275 nm
end ¢=0.7464 nm, CaN_«'nO3 exhibits a weak ferromagnetism

with TN=123K' Electrical resistivities of_1.6xzcm at

| 298K and 3.2x10° nem at 78K were obtained. SrinO, has

-a cubic perovskite structure with 2=0.3802 nm and exhibits

an antiferromagnetism with T,=260K,

N
From the results of the neutron diffraction study

of Srmn03 (15), SrMnO3 is a G-type antiferromagnetic
4+ 4+

ordering where each Iin ion is surrounded by six In
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ions whose spins are antiparallel to the given ion. The
magnetic moment of Mn4+ ion was found to be 2-5i0-2,ﬂB
at 77K. The electrical resistivity of SrMnO3 is-very
high.

CanO3 was first prepared at high femperature under
high oxygen pressure by Kanamaru et al. (16) and_is
indexed as a cubic perovskite structure_with a=0.3770 nm.
The value of isomershift corresponding to the tetravalent
state of iron is obtained from Mdéssbauer effect measurement
at room temperature. CaFeO3 is an antiferromagnetism
with TN=120K. The effective magnetic moment is 2'20-ﬂ§f
Recently Takeda et al. measured the Mdssbauer spectra
of CaFeO3 at 4.2K (17). MBSsbaﬁer spectrum consisting
of two sets magnetic hyperfine patterns with nearly the
same intensities is explained assuming a charge displacement,

Fe4++Fe3++Fe5+.

SrFeO3 was prepared at high oxygen pressures (above
30 MPa at 823K) by MacChesney (1). Application of high
oxygen‘pressures are required to prepare both SrFeO3 and
CaFeO3, because SrzFeZO5 and Ca Fe205 with a brownmillerite

2

structure is stable under low oxygen pressures (P, =0.2 MPa) .
5 -5
SrFeO3 is indexed as a cubic perovskite structure with

a=0.3850 nm. SrFeO3 is a good conductor (P%10_3rLcm) and

shows a metallic behavior. SrFeO3 is antiferromagnetic
below 130K. From the results of neutron diffraction study
of SrFeO3 (18); the magnetic structure';s helical one

!
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with a helical vector k: K/<111). The magnetic moment of
Fe4+ ion is 2.7i0.4}JB at liquid nitrogen temperature.
.SrCoO3 was prepared under high oxygen pressures

above 30 MPa by Watanabe et al. (19). SrCoO3 has a cubic
perovskite structure with a=0.3836 nm and exhibits
ferromagnetism below ca. 200K and shows a metallic
conductivity in the temperature range from 77 to 300K.
The results of magnetic measurement indicate that the

4+

electron configuration of Co ions of SerO3 is the low

spin state with the (d€)’(ar)°.

The perovskite type oxides are favourable oxides to
investigate the magnetic interaction of Me4+-O-Me4+,
especially the superexchange magnetic intgraction; because
no other competing interaction is present.

Many solid solutions of A(Me(I),Me(]I))O3 were, therefore,
prepared and their magnetic and electrical properties
were examined. |

Clevenger (9) synthesized the system of Sr(Til_XFeX)O3
and studied the crystallographic, magnetic and electrical _
properties to examine the magnetic interaction of Ti4+—O-Fe4+;
These solid solution were indexed as the cubic perovskite
‘structure. From the results of magnetic measurement,
Sr(Til_XFeX)O3 was antiferromagnet in the range of 0.1%
X41.0 with Neel temperature below 60K. The electrical

conductivity decreases linearly with increasing Fe4+ ion
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content. Since T14+

ion has no 3d electron (3do), the
increase of TN and electrical conductivity is caused by
Fe** ion (3d4).

Takeda et al. prepared the system of Sr(Col_XFeX)O3
under various oxygen pressures and temperatures and _
studied crystallographic and magﬁetic properties (20).
All samples were indexed as the cubic perovskite structure.
From the result of magnetic measurement, samples were .
ferromagnetic in the range of 04X£0.95. The saturation
magnetization () and the paramagnetic Curie temperature
(Te) increased in.the'range of 0£X20.5 and then decreased
iﬂrthe range of 0.58X£1.0.

Sr(Crl_XFex)03_y with X>0.75 were prepared by Bank
et al. (21). Mdossbauer spectra of X=0.2 and X=0.3 show
that these specimens are magnetically ordered at room
temperature. Two sets of six peaks at room temperaturev
may be attributable to Fe3+ and Fe4+ ions respectively.

3+

The solid solution series between ILnMe O3 (In: rare

earth metal Me: the first transition metal) and MMe4+O3
(M: Ca, Sr.or Ba) were also prenared to examine the
magnetic 1nteract10n of Me3 -O-Me4f.

Jonker reported the magnetlc properties of (La Ca)M’nO3
(La Sr)M‘nO3 and (La, Ba)MnO3 (5). In (La1 XCaX)M'nO system,

the manganite is indexed as an orthorhombic perovsk;te

structure in the range of 04X£0.16 and as the cubic
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perovskite structure in the range of 0.16{X40.65. The unit
cell volume monotonously decreases with increasing X. In
the cubic structure region, the manganite is ferromagnetic
and the saturationvmagnetization at 20.4K is nearly equal
to that calculgted. In the system of (Lal_XSrX)M'nO3 and
(Lal_XBaX)MnO3, these manganites are 2lso indexed as the
cubic perovskite structures and show ferromagnetism.
The values of the magnetic superexchange interaction of
Mn3+—O—Mn3+; Mn3+—0--Mn4+ and Mn4+-0-Mn4+ were calculated
using the compositional dependence of Te in these system.
The following results were obtained.

m3t-o-m3t  ~ 180k

m3too-mt ~ 760K

m*-0-m*t  ~ 225K
Since the Mn>t-0-Mn** magnetic interaction is positive
and is very strong, the manganites exhibit ferromagnetism
in the range of 0.15¢X¢0.4 fqr (Lal_XCaX)M'nO3 and 0.15£X<0.45
for (LaleXpr)MnO3.

In the case of cobaltites, (Lal_XSIjx)CoO3 were

synthesized in the range of 0£X<0.5 and their crystallographic,
magnetic and electrical properties (22,23,24,25) were
studied. LaCoO3 (26) shows a small rhombohedral deviation
from the cubic form, with 2=0.382 nm and %=90°42. This
deviation decreases with increasing Sr content and at about
50 % Sr the X;ray diffraction pattern no longer\show a ~:

splitting up of the lines, Though LaCoO3 ig antiferromagnetic,
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the cobaltite having X=ca. 0.05 were ferromagnetic. The
temperature dependence of paramagnetic susceptibility
obeyed the Curie-Weiss law and the paramagnetib Curie
temperature (Te) chaﬁged from a negative to a positive

value aropnd X=0,05. The compositional dependence of Tc
changed discontiniously in the range of 0.14X<0.15, and
there is a large temperature interval between Te and Tc

for 0.15£X<0.3. Goodenough assumed that the covalent

mixing between the transition metal d orbital and the
oxygen 2P orbitals may enhance the superexchange interaction
to break down the condition for localized d electrons (23).
Bhide et al. measured the temperature dependenée of
M&ssbauer spectra of (Lal_XSrX)CoO3 in the ferromagnetic
region (27). Sr-rich ion cluster coexists with the
paramagnetic La-rich ion region in the same crystallographic
vhase. The 3d hole created by Sr ion substitution are
itinerant above and below Tc and all the experimental

data of (Lal_XSrX)CoO3 (0$X<0.5) were explained on the basis

of itinerant-electron magnetization.

Much interest has been paid to the nonstoichiometric

3+ 4+

perovskite oxides (ABO3_5), because both Me~" and Me

ions coexist at the octahedral site of oxides. Anion
deficient nonstoichiometry has been reported on SfFeO3_6,

SrMn0 etc..

3-3

MacChesney et al. extensively examined electrical
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and magnetic vproverties of SrFel (1). A series of -

3-§

strontium ferrate with a compositional range from SrFeOZ.7
to SrFeOB.o have been produced under oxygen pressures
ranging from 0.2 to 85.5 MPa. Stoichiometric SrFeOB.O

has a cubic perovskite structure and shows a metallic
conductivity. The results of magnetic measurement indicated
that SrFeOB.O is antiferromagnetic below i3OK. With
increasing oxygen deficiency, cell constants of samples
increase and eventually tetragonal distortion occurs.
Besides the Neel temperature decreases and the electrical
registivity increases with increasing oxygen deficiency.

The Mdossbauer spectra of SrFe0 were measured by

3-8
Gallagher et al. (28) in various temperature regions.

The results of isomershift indicate an electron charge

at nucleus much smaller than that predicafed.by theoretical
calculation assuming a purely ionic model. From these
results, the conduction in SrIi‘eO3‘.o must involve the

oxygen ions which are separeted b& only 0.193 nm from the
iron ions, and might be thoughf to arise from covalent 7U
bonding via mixing of iron t2g and oxygen Pm(orbitals.

As anion deficiency is reduced leading to higher Fe4+
ion content and decreased lattice spacing, the energy

spacing between the iron % and oxygen Py orbitals is

2g
reduced giving a reduced activation energy. At the
composition SrFeO3 0’ there is a sufficient mixing

of these orbitals to form a band of collective electron
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states. The narrow conduction band thus formed would exhibit
metallic conductivity, in which mobility was iow. Anion
vacancies would tend to decouple the system and weaken
the magnetic exchange interaction, resulting in lowering Néel
temperature.

The magnetic and electrical properties of perovskite
oxides are strongly affected by the valence state of

3+ 4+

transition metal ion such as Me and Me . In order to

discusse the magnetic interaction of Me3+-O-Me3+, Me3t-0-me#*

4+-O—Me4+,'it is important to examine the electron

and MNe
configuration of transition metal ion located at the
octahedral site in perovskite oxide of which the oxygen

deficiency is controlled.

From the above view-point, studies on the synthesis
and the characterization of ferromagnetic cubic perovskite
oxides containing Co ions were initiated by the author.
In the first stage,-research has been performed on the
nonstoichiometric perovskite type SrCoO3_5, in which the
ratio of Co3+/Co4+ is systematically changed. Annealing
of SrCoO3_5.under various oxygen pressures was performed,
in order to obtain the best samples with the controlled
oxygen deficiencj and the magnetic properties were
measured to investigate both the electron configuration
of Co3+ and Co4+ ions and the magnetic superexchange

interaction of Co3+—O—Co3+, Co3*-0-Co?* ana Co4+~O-Co4+.
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In the second course of the present research,
perovskite type (Lal_XSrX)CoO3 was synthesized in the
range of 0.54X€1.0 under high oxygen pressures, and the
magnetic properties were measured to study the electron
configuration of Co ions and the magnetic superexchange
interaction between CoS' and Co?* ions.

Then, perovskite type Sr(Col_XMnX)O3 was synthesized
under high oxygen pressures and the magnetic properties
were measured to examine the electron configuration of
Co ions and the magnetic superexchange interaction between
Co4+ ion and another'tetravalent transition metal ion
at the octahedral site.

Electrical conductivity of perovskite type oxides,
SfCoO3_5 and (Lal_xSrX)CoO3 were measured to discusse
the behavior of 3d electrons of Co ions on the basis
of the results of the magnetic and metallic properties.
MSssbauver effect of ° ' Fe doped in SrCoO3 was examined
to clear up the sign of magnetic hyperfine field of Fe4+
in ferromagnetic oxides.

These results are presented in this paper and

general discussion was made.

~13-



Chapter 2 EXPERIMENTAL PROCEDURE

2-1) High oxygen pressure apparatus (29)

The schematic diagram of the high oxygen pressure
apparatus is shown in Fig. 2. For safty, water was chosen
as a pressure transmitting medium. Oxygen gas compressed by
high pressure water was led into the reactor made of stellite
No.25. For annealing under high oxygen pressures, sample
was charged in a gold capsule with an open end and was
placed in a reactor. After the reactor was filled with
oxygen gas at a desired pressure at room temperature, it
was heated by an electric furnace set outside.

Using this apparatus, the present experiment was
performed under high oxygen pressures of 5-260 MPa at

523-673K for 24-170 hours. °

2=2) X-ray diffraction
| The products were identified by X-ray powder diffraction
with filtered CuKRA or CoKo radiations. Cell constantsfoff?"-
products were recorded at a slow scan rate of 1/4 ¥/min
using silicon powder as an internal standard material,

The isotropic temperature factor (B) of-powdered
samples was calculated as follows: The intensity of each
reflection in the range of 26226élOd’was measured with
Ni-filtered CuKA radiation.. After appling Lorentz and

polarization correction, the observed structure factor

-14-
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Pig. 2 Diagrammatic arrangements of high pressure
apparatus.

A: 0il pump unit; B: intenéifier, C: water tank, D: oxygen ..

- gas compressor, E: piston, F: oxygen reservoir, G: pressure

cell, H: furnace; I: pressure indicator; J¢ rupture cylinder,

K: pressure fecorder, L: temperature controller;-H: vaccum

pump, N: reactpr,“O:ﬁthermocouple,?P:nwater;pump;“Q:SStop

valve, R: stop valve, S: electron motor
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lFobs.l was calculated from the intensities. A least-square
refinement was performed by“A Fortran]v Computer Program
for Structure Factor Calculation and Least—Squares
Refinement of Crystal Structure.” system on the temperature

factor (30).

2-3) Chemical analysis
The oxygen content in each sample.was determined by
chemical analysis (31). The total amount of cobalt (Co3+ and

Co4+

ions) was determined as follows: The samples (about
0.2-0.5g) was dissolved in hydrochloric acid‘and K-nitroso-
8 —-naphthol was added to this solution. The precipitation
was filtered off and burnt in a crucible at 923-1023K. The
cobalt content was weighed as 00304. The ratio Co3+/Co4+
was determined by the oxidatiorn~reduction (redox) method.
After KI solution and hydrochlorié acid were added to
dissolve the sample (100-200mg) in a flask, the solution

was titrated with a standard sodium thiosulfate solution

(1/20N) using the soluble starch as an indicator.

2-4) Magnetic measurement

Magnetic susceptibility was measured using an
automatic recording magnetic balance in the temperature
range from 77 to 300K in a field of-8 kOe. The magnetic
field was measured by the Gauss meter. The magnetic field

gradient was calibrated relative to Mohr’ s salt (FeSO4(NH4)

=16~



SOASHZO). The temperature was measured with AuCo-Cu
thermocouple. The thermocouple was located on the sample
chamber made by Cu metal. The thermocouple was calibrated
by using the values of the magnetic susceptibility of Mohr s
salt at various temveratures. The Néel temperature (TN) was
determined from the maximum in the susceptibility curve.
The paramagnetic Curie temperature (Te) and the mole Curie
constant (Cm) were determined by the application of Curie-
Weiss law in the paramagnetic region.

The value of saturatibn magnetization per gram (@)
calculated using Ni powder as a standard «TNf=54.39 emu/g
at 288K) is given as follows,

@ =54.39(wy; /wg) (Fy; /Fg) --- (2)

where Wi is the weight of Ni powder, w_ is the weight of

s
sample, FNi_is the force caused by the magnetic field for
Ni and Fq is the force caused by the magnetic field for the
sample. The spontenious magnetization'at OK (GB) was
determined from the g--T.curvesz.

th*Curie temperature (Tc) was determined from the
¢2-T cﬁrve (32) and the magnetic moment per molecule (T)
was calculated using the following equation.

n=(Ma;)/ (N M5) (3)

where M is the mole weight of the sample, N is Avogadro
~number and M; is the Bohr magneton.(FB=9.28x10-21,N=6.02x1023).
The blank tests from 77 to 300K were carried out before

and after the measurements.

~17-



2-5) Electrical conductivity measurement

The powdered samples were compressed into a pellet -
form (15x5x5mm) under a pressure of about 100 MPa and
then the pellets were sintered at 1273-1573K for 24 hours
in a flow of pure oxygen gas. The oxygen-deficient samples
obtained in this way were annealed under high oxygenA
pressures at 573K for 1 week. Electrical conductivity
was measured by a standard four probes method in the

temperature range from 77 to 300K.

2-6) Mdssbauer effect measurement

Néssbauer effect measurement was carried out using
a 1024 multichannel analyzer at liquid helium temperature
and room temperature. The source (5700) was always kept
at room temperature. For the calibration of velocity
scale of absorption spectra, Fe metal was used as a
standard absorption. A Westinghouse superconductor
solenoid was used for the Mossbauer measurement in the
present}of an external field. The field direction was
parallel with the incident gamma ray beam. The strength
of the applied field was 45 kOe and the temperature of

the sample was 4.2K.

<18~



Chapter 3 EXPERIMENTAL RESULTS

3-1) SrCoO3_§ system

Powders of SrCO3 and CoCO3 were weighed in an equimole
proportion and milled for 24 hours with aceton. After
drying the mixed powders at 373K, the mixture was pre-fired
in air at 1073K for 24 hours, then ground and fired at
1273K in a flow of pure oxygen gas for 24 hours. The
product was indexed as a tetragonal perovskite type structure
from the X-ray powder. diffraction (19); 2=0.3838 nm,
c=0.3852 nm, The oxygen-deficient products obtained in
this way were annealed under high oxygen pressures of
5f260 IPa at 523-673K for 24-T72 hours (33).

The X-ray vowder diffraction patterns of the annealed
samples were completely indexed as the cubic perovskite
structure. The oxygen deficiency (§) in each vroduct was
determined by chemical analysis. Tablé 2 shows the values

of § in SrCo0 prepared under different annealing

3-3
conditions. Cell constants were calculated from X-ray powder

diffraction method. The relation between cell constants

4+

and Co ion content is shown in Fig. 3. The cell constants

4+

decrease linearly with increasing Co ion content. It

is expected that the decrease of a-axis is caused by

3+ 4+

the difference of ionic radius between Co and Co ions

at octahedral site. From the extrapolation of the present

results, the cell constant of SrCo0, without oxygen deficiency

3
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Table 2 § values in SrCo03_¢

Annealing Conditions

4Specimen Temp., Oxygen pressure Time Co4+/:Co 5:,
number (Kg (MPa) (hr): ¥ (%) N
1 623 5 24 49 0.26
2 523 8 T2 53 0.24
3 623 20 72 © 61 0.20
4 623 50 72 62 0.19
5 573 50 72 70 0.15
6 673 260 72 80 0.10
T 573 100 T2 84 0.08
8 573 | 200 72 g0 0.05

=20-
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was determined to be a=0.3836 nm as shown in Fig. 3.

Magnetic properties of all samples were measured
by én aubtomatic recording magnetic balance in the temperature
range froh 77 to 300K. It is known that SrCoO3 ig a
ferromagqet with the Curié temperature of 200K (19),
and SrCo0, - whose structure is brownmillerite is an
antiferromagnet with the Néel temperature of 570K (34).

All samples of SrCo0 under the present investigation

3-
exhibited ferromagnetig; below 215K. The spontenious
magnetization (¢) per gram and the reciprocal susceptibility
per gram (1/xX)of SrCoOz.S5 as a function of the temperature
are shown in Fig. 4. The Curie temperature (Tc) determined
from the QZ—T curve ig shown as a function of Co4+ ion
content in Fig. 5. Tc increases linearly with increasing
Co4+ ion content. By extrapolation from the present results,
Tec of SrCoO3 without_oxygen deficiency was estimated to be
about 222K.

The values of spontenious magnetization at OK «Tb)
of SrCoO3_S were egtimated from the ¢-T curves. Gb

4+

increases linearly with increasing Co ion content and

the value of N for SrCoO3 is estimated to be 45.9 emﬁ/g,

which is relatively larger than that expected, assuming

4+

that the electron configuration of Co ion is the low

spin state with the (d8)5(dY)o. The magnetic moment (%)
at OK was calculated from the values of Ty and is shown

4+

as a function of Co ion content in Fig. 6. As well as

-20-
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Gor I 1lncreases linearly with increasing Co4

ion content
and n for SrCoO3 is estimated to be 1.60.

In the paramagnetic region, the relation between the
reciprocal susceptibility (1/X) and the temperature (T)
was linegr. The effective magnetic moment was calculated
from the linear portion of this curve according to the
usual relation. ».

Bopgm2-82f4(T-15) - (4)
where M is the moment ver molecule in Bohr magneton,
Xm is the molar susceptibility, T is the temperaturé in
erlvin and Te is the paramagnetic Curie temperature.

The variation of Ty and K .. are shown in Figs. 7 and 8
as a function of the Co4+ ion content. In Fig. 8, open
circles indicate the observed values and a broken line

igs drawn for the theoretical values calculated under the

following assumptions of the spin state of Co4+ and 003+

ions. One is the high spin state of Co3+ ion with the
(dE)4(dY)2 and the low spin state of cott ion with the
(d€)5(dY)O, and the other is the low spin state of co3*
ion with the (d€)°(dY)? and the low spin state of Co**

ion with the (d€)’(av)®. From these results, it is expected
that the electron configuration of Co3+ and Co4+ ions

are low spin state. As seen in Fig. 8, Popg for SrCoO3

at Co4+/Cototal=lOO % is extrapolated to be approximately
HApg=3+0.

The electrical conductivity of SrCoO3_8'waSVmeasured
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in the temperature range from 77 to 300K (35).

X-ray powder diffraction patterns of all pellet samples
under high oxygen pressures were completely indexed as the
cubic perovskite gstructure. Table 3 shows the ratio of
C°4+/C°total and the value of § in SrCoO3_5 prepared
under different annealing conditions. Electrical
resistivity data in the temperature range from 77 to 300K
are shown in Fig. 9; A1l éamples with different oxygen

deficiencies of SrCo0 show metallic behavior. In Fig. 9,

3-
the arrows indicate thegCurie temperature of each samples.
It is found that the magnetic transitions are indépendent
of the electrical conductivity in SrCoOBﬂ;. In Fig. 10,
the values of logf at 80K and 300K are plotted against
the Co4+ ion content. As seen in this figure, log f
decreases monotonously with increasing the oxygen
deficiency; _

The Mossbauer spectra of SrCoO3 dopped 5Tpe were

measured at 300K and 4.2K (36). Both Sr((7"’0.9957

57

Fep.01)03
and Sr((;'oo.5 Feo.5)03 were prepared as follows. Powders
of STC0,, CoCO, and 57Fe203 were weighed in desired
proportions and milled. They were pre-fired at 1073K
for 24 hours, then ground and fired at 1273K in a flow
of pure oxygen gas for 24 hours. The products were
annealed under high oxygen pressure.of 100 NMPa at 573K
for 72 hours. '

57

Fig. 11 shows the Mossbauer spectra of Sr(CoO.99 Feo.01)03-
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Table 3

o -values in SrCoO3_

)
Annealing Conditions
; 4+,

Specimen Temp., Oxygen pressure Time Te Co " /Co §
number (KSJ (MPa) (week) (K) (%) '

1 573 130 1 218 92 0.04

2 573 60 1 212 86 0.07

3 573 30 1 198. 70 0.15 |

4 573 10 1l 170 40 0.30
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At 300K, the spectra is single absorption line whose
isomershift is 0.05 mm/sec (vs. Fe) due to the typical
Pe?* state. The line width at half maximum is 0.67 mm/sec.
At 4.2K, a magnetic hyperfine field of 296 kOe was observed.
All Fe ions are confirmed to be a single Fe4+ state.
When an external magnetic field (45 kOe) was applied
in parallel to the gamma ray direction, No.2 and No.5
lines disappeared completely and the effective field was
decreased. |

Fig. 12 shows the Mossbauer spectra of_Sr(Coo.557Feo.5)O3.
At 300K, the single absorption spectra certified the

whole Fe atom being in a Fe4+

state. The isomershift
is nearly +0.05+0.02 mm/sec. At 4.2K, a rather sharp
six-line spectrum was observed and the hyperfine field

was derived to be 302 kOe.
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3-2) (Lal_XSrX)CoO3 system (0.5%£%¥41.0)

Powders of La203, SrCO3 and CoCO3 were weighed in
the desired proportions and milled for 24 hours with aceton.
After drying the mixture at 373K, they were pre-fired in
air at 1073K for 24 hours. The products obtained were
reground and fired again for 24 hours at 1373-1573K in a
flow of pure oxygen gas. The firing was repeated three
times. The oxygen-deficient samples obtained in this way
were annealed under the high oxygen pressure of7140 MPa
at 573K for 72 hours (37). .

X-ray powder diffraction patterns of all samples were
completely indexed as the cubic perovskite structure. The
relation between the composition and the cell constants is
shown in Fig. 13. In the range of 0¢X40.5, Askham et al..
(26) found that LaCoO3 showed a small rhombohedral distortion
from the cubic form and had the cell constants of a=0.382 nm

and o=90" 42, The distortion decreased with increasihg Sr2+

2+

ion contents and at about 50 % substitution of Sr°" ion,

(Lal_XSrX)CoO3 was perfectly cubic with a=0.3832 nm.
Since those cobaltites containing higher Sr2+ ion
contents have a tendency to involve the oxygen-deficiency
as (Lal_XSpX)CoO315,>it is necessary to anneal them under
high oxygen pressures to extinguish the oxygen vacancies.
From the results of Section 3-1, the cell constant of

SrCoO3 was determined to be 0.3836 nm. By chemical analysis

of Co4+ ion contents of these cobaltites, it was found
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that the sample of X=0.9 annealed under high oxygen
pressures had an oxygen-deficiency and the cell constant
of the sample without oxygen-deficiency was also determined
by the same method adopted in the case of SrCoOB. In
the range of 0.5¢X£0.8, however, the oxygen-deficiency
was not recongnized for all samples by means of the chemical
analysis. The cell constants decreased monotonously with
decreasing X from 1.0 to 0.7, and then increased linearly
with decreasing X as shown in Fig. 13.

In the system (La

l_XSr.X)CoO3, it was found that these
cobaltites exhibit ferromagnetism in the range of 0.05£X<0.5
(24) and X=1.0. From the result of Section 3-1l, the Curie
temperature (Tc) and the paramagnetic Curie temperature

(Te) of SrCo0, were 222K and 280K resvectively. In the

3
range of 0.5$X<1.0, all cobaltites exhibited ferromagnetism
below 300K and Tc determined. from the ®2-T curves is

shown in Fig. 14 as a function of X. Tec inéreases
monotonously with increasing X and reaches a maximum
value of 280K at X=0.7, and then decreases linearly with
increasing X in the range of 0.84X£1.0. The spontenious
magnetization () per gram and the reciprocal susceptibility
per gram (1/X) of (Lao.3SrO.7)Co_03 as a function of
temperature (T) in cobaltites are shown in Fig. 15.

The values of the spontenious magnetization at OK (GB)

were estimated from the ¢C-T curve and arevshown in Fig. 16

as a function of X. GB shows the same tendency for Te, and
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Gy reaches the maximum value of 55 emu/g at X=0.8. The
paramagnetic Curie temperature (Te) is shown in Fig. 17
as a function of X. In Figg. 14, 16 and 17, open circules
indicate the observed valués in the present inﬁestigation
and the filled circules indicate the values reported by
Raccah aﬁa Goodenough (24).

The temperature dependence of the paramagnetic
susceptibility of cobaltites was determined in the
paramagnetic region. The curve 1/X vs. temperature (T)
was linear. The values of effective magnetic moment (Feff)
‘calculated frqm the linear portion of the curve afe shown
in Pig. 18 as a function of X. Open circules indicate
the observed values and the filled circules indicate the
values reported by Jonker (22). The broken lines are
drawn for the theoretical values calculated in each case

4+ 3+ ions located

of the following spin states of Co and Co
at the octahedral site; the high spin state of Co3+ ion
with the (d€)?(ar)2 and the low spin state of Co** ion
with the (d£)°(ar)°, the low spin state of CoSt ion
with the (d&)6(dr)o and the low spin state of co*t ion
with the (a€)?(ar)°, the high spin state of Co>' ion
with the (dE)4(dY)2 and the high spin state of co?t ion
with the (dg)3(dr)2, and the low spin state of Co>™ ion
with the (d€)6(dY)O and the high spin state of cot* ion
with fhe (de)3(dr)2: As seen in Fig. 18, it is assumed
4+

that.Co3+ ion is in the high spin state and Co ion is
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the low spin state.

The electrical conductivity of (Lal_XSrX)CoO3 was
measured in the temperature range from 77 to 300K. The
phases of the pellet samples were identified by X-ray
powder diffraction with the filtered CoXM radiation. The
electrical conductivity were measured by the standard
four probes method (38). |

X-ray powder diffraction patterns of all pellet form-
samples were dompletely indexed as the cubic perovskite
structure, and the cell constants agreed with thqge of
powdered samples of (L'al_XSrX)CoO3 as shown in Fig. 13.
The Curie temperature (Tc) of the pellet form samples
were measured and agreed with the data of the powdered
samples., The electrical resistivity data in the temperature
range from 77 to 300K are shown in Fig. 19. All samples
are good conductors and have metallic temperature
coefficient. In Fig; 19, the arrows are the Curie
temperature (Tc) of each sample, It is found ‘that the«
magnetic transition is independent of the electrical
conductivities in (Lal_XSrX)CoO3. In Fig. 20, the values
of logf at 80K and 290K were plotted against X. As seen
in this figure, logp monotonously increases with increasing X.
Since the samples annealed under‘ﬁigh‘oxygen pressures
have a little porosity, the measured values of electrical

resistivity of samples are still higher.
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3-3) Sr(Col_XMnX)O3 system
Powders of SrC0j, CoCO, and InCO, were weighed in the

desired proportions and milled for 24 hours with aceton.
After drying the mixtures at 373K, they were pre-fired in
air at 1073K for 24 hours. The products obtained in the range
of 08X¢0.5 were ground and then fired at 1273;1623K in a
flow of pure oxygen gas for 24 hours. The products obtained
in the range of 0.64X<1.0 were fired at 1623K in a flow of
argon gas for 24 hours. The firing was repeated three times.
The oxygen-deficient samples obtained in this way were
annealed under the high oiygen pressures of 140 MPa at

573K for 24 hours (39).

X~-ray powder diffraction patterns of all samples were
completely indexed as a cubic perovskite structure. The
relation between the cell constants and the composition
(X) is shown iﬁ Fig. 21. The cell constant linearly increased
with increasing;X in the range of 0£X£0.3, and it decreased
monotonously with increasing X in the range of 0.3¢X<1.0.
From this result, it was understood that the distance of
0.1904 nm for Mn**-0 was shorter than that of 0.1918 nm
for Co4+-0.

Magnetic properties were measured in the temperature
raﬁge from 77 to 300K. In Sr(Col_XMnx)O3 system, it is
known that SrCoO3 is a ferromagnet with the Curie temperature
(Te) of 222K and SrMnO3 is an antiferromagnet with the
Néel temperature (TN) of 260K (15,40). In the rangevof
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0¢X£0.3, the samples exhibited ferromagnetism whose
varamagnetic Curie temnerature (Te) was nearly equal to
Tc, and in the range of 0,34X€1.0, the samvles exhibited

antiferromagnetism whose Te were below OK. In Fig. 22,

2—T curve and TN determined from

the maximum of X-T turve are shown as a function of X.

Tec determined from the G

Tc decreased linearly with increasing X in the range of
0¢X4£0.3 and TN increased monotonously with increasing X
in the range of 0.35X£1.0. The spontaneous magnetization
(¢-) per gram as a function of temperature (T) of
ferromagnetic Sr(Col_XMnX)O3 are shown in Fig. 23. The
temperature dependence of the molar susceptibility of
antiferromagnetic Sr(Col_XMnX)O3 is also shown in Fig. 24.
The values of the spontaneous magnetization at OK (GB)
were estimated from the ¢--T curve in the range of 0%£X£0.3.
GB decreased monotonously with increasing X, and Tc and
&, for Sr(CoO.9MnO.1)O3 were about 140K and 27.1 emu/g
respectively. In Fig. 25, the paramagnetic Curie temperature
(Te) was shown as a function of X in Sr(Col_XMnX)O3.
In the range of 0£X£0.3, Tq decreased monotonously
with increasing X. In the range of 0.34X£1.0, Tg Was
below OK.

The temperature dependence of paramagnetic
susceptibility of Sr(Col_XMnX)O3 was determined in the
paramagnetic region. The effective magnetic moment (ﬂ%ff)

calculated from the linear portion of the 1/X-T curve
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is shown in Fig. 26 as a function of X. In this figure,
circules indicated the observed values and the broken
lines were drawn for the theoretical values calculated

4+ and

in the case of the following spin states of Co
Mn4+ ions located at octahedral site; one is the high

spin state of Co%* ion with the (d€)3(dr)2 and the

other is the low spin state of Co4+ ion with the (dE)s(dY)o.
The Mh4+ ion with'a 3d3 electron configuration has one

spin state with the (d£)3(dY)O. Observed and calculated
values of‘,u.eff were nearly equal to each other under the

4+ jon and S=3/2 for m** ion

aésumption of S=1/2 for Co
in the range of 04X<0.3, and S=5/2 for co?* ion and
S=3/2 for Mn?* ion in the range of 0.3¢X<1.0.

To calculate the isotropic temperature factor of
powdered samples, the intensity of each reflection was
measured with Ni-filtered CuKe radiation in the range
of ZdZZGélOOi After the correction for background,
absorption and extinction, the observed structure factor
IFobl was calculated under the assumption that strontium,
cobalt, manganese and oxygen atoms occupied the special
position of la, 1lb, 1b and 3c respectively in the space
group of Pm3m. A least square refinement was made with
“A Fortrant N Computer for Structure Factor Calculation
and Least-Square Refinement of Crystal Structure? program
(30) on temperature factor. In the refinement program,

neutral atomic form factors were taken from International
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Table for X-ray Crystallography (1962) (41).

The isotropic temperature factor calculated using
the space group Pm3m is as follows; Sr: 2.38, Co: 4.25
and 0: 7.94 for X=0 (R=5.7 %) and Sr: 1.97, Mn: 4.47
and O: 7.60 for X=1.0 (R=5.8 %). From these results,
the isotropic temperature factor of strontium is ca. 2.00
and those of cobalt and manganese are ca. 4.00., To compare
the isotropic témperature factor of oxygen for all
samples, the isotropic temperature factors of strontium,
cobalt and manganese were fixed as 2.00, 4.00 and 4.00
respectively. And the least square refinement on oxygen
was performed for X=O,.O.l, 0.5, 0.8 and 1.0. The isotropiec
temperature factor, final conventional R factor and the
1list of the observed and calculated structure factors
(F) are shown in Table 4. Conventional R factors of

samples being 5-6 %, Pm3m is considered to be correct.
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Table 4 Temperature factor, R factor and structure

factors (Fobs. and Fcal.)

=0 X=0.1
hil Fobs. Fcal. hkl Fobs. Pcal.
100 2.28 3.8 100 5.53  3.99
110 41.37 42.98 110  38.77  42.71
111 20.60 20.23 111 20.83 20.88
200 48.68 46.77T 200  47.27  47.20
211 30.82 30,11 211 29.56  29.90
220 29.14 30,46 220  31.34  30.88
310 21.49 22,24 310 22,81 @ 22.12
311 10,05 10.33 311 11.01  10.75
222. 19.44 21.61 222 - 21,54  21.93
321 19.39  16.97 321  22.54  16.90

Sr: 2.00 .Srs 2.00

Co: 4.00 Co: 4.00

«0: T7.58 Mn: 4.00

R=5.4% 0: 6.78

R=5.3%
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X=0.5

hil Fovs. Poal.
100 7.60 - 4.5;
110 40.40  42.18
111 120.66 20.70
200 45,87 45.65
211 30.74 29.61
220 30.89 29.65
310 20.38 21.92
311 11.36  10.46
222 18.46 21.06
321 18.81 16.76

Sr: 2.00

Co: 4.00

¥Mn: 4.00

0: 8.25

R=5.8%

X=0.8

hkl Fobs. Foal.
100 1.76 6.02
110 40.58 42.23
111. 19.06  18.93
200 38.85 42.83
211 28.48 29.76
220 29.35 27.66
310 24.62 21.95
311 11.94 9.60
222 19.84 19.82
321 21.53 16.71

Sr: 2.00

Co: 4.00

Mn: 4.00

0:13.00

R=9.4%
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X=1.0

hlkl Fobs.- Feal.
100 5.89 5.83
110 38.54 40.93
111 24.14 22.13
200 46.22 | 45.32
211 28.93 28.54
220 28.01 29.46
310  21.12 21.11
311 10.41 11.23
222 19.44 20.89
321 19.57 16.15

Sr: 2.00

Mn: 4.00

0: 6.99

R=5o3%



Chapter 4 DISCUSSION

4-1) SrCo0 system

3-8

In the cubic perovskite structure, the ionic radius

of Co4+ ion was calculated using the following simple
equation,

rCO4+=l/2(ao-2roz-) --- (5)
where ry,. =0.140 nm. By putting the values of a0=0.3836 nm
for S:j,CoO3 into the equation (5); roo4+ at the octahedral
site was determined to be 0.0518 nm. Assigning the average
ionic radius of the trivalent cobalt ion at the octahedral
site to be 0.061 nm for the high spin state and 0.0525 nm
for the low spin state as reported by Shannon and Prewitt (42),
the tendency to decrease of the cell constant for SrCoO3_§
was well understood to be caused by the decrease of the
oxygen deficiency. Taguchi et al. (43) determined the
ionic radius of the tetravalent cobalt ion using the
result of the single crystal X-ray analysis for 2H—BaCoO3
(44) with hexagonal symmetry. The crystal structure of
BaCoO3 was described in term of the hexagonal closed-packing
BaO3 layer and Co ions located in the oxyggn octahedra
as shown in Fig. 27. Within the BaO3 laygr, the 0-0
distance between the layers is 0.2787 nm, the 0-0 distance
of 0.2513 nm within the layer is much shorter and these
three oxygens forming a short 0-O distance make a

triangular plane sharing the face of the 0006 octahedra
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Fig. 27 Crystal structure of BaCoO3. (a) viewed
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4+ ions in the columns face each other at a

colums. Co
very short distance of 0.238 nm. This will produce a
large electrostatic repulsion between the metal ions.
As the oxygen atoms of face-sharing triangles mutually
approach; the 0 ions screen the Coulomb interaction

4+

between Co ions and weaken the repulsion.

Goldschmidt tolerance factor () is 1.046 in SrCoO3
and 1.13 in BaCoO3. For all compounds with the ideal
cubic perovskite-type structure, the value of t lies
between approximately 0.9 and 1.0; but for higher or
lower values of t the hexagonal perovskite-type structure
is found. This fact suggests that the cubic phase;
rather than the hexagonal phase; is stable.for SrCoO3.

The observed magnetic momenta (@) in the system
SrCoO3_3 is larger than calculated one. Raccah and
Goodenough (24) pointed out that T in metallic (La0;58r0;5)0003
could be rationalized with an intermediate-spin model
having localiged tz configurations on each cobalt
ion and an itinerant G’ orbitals containing 0.5 electron
per cobalt ion magnetized ferromagnetically. The model
is schematically shown in Fig. 28. The average magnetic
momenta of Co ion are given as follows,

ﬁ=(X+2n)}% . --- (6)

where n is the number of Gf orbital electrons ver

- molecule, X is the composition in the system (Lal_XSrX)COO3.

For X=0.5, the intermediate-spin configuration would be
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*
E_5.O<§O.5. This model could account for the observed

n in metallic SrCoO3 if the itinerant ¢ orbital overlaps

the localized tg level (or strongly correlated ﬂfs

orbital). For g=2.0 and #=1.6, the intermediate-spin
4.7

*0.3, The magnetic moment (&)

configuration would be ﬁf
of Co ion are given as follows,

A=(1-25+2n) --=(7)
where n is the number of up-spin G3 orbital electrons
per molecule. This model is schematically shown in Fig. 29.
Fig. 30 shows the number of electrons in the G: and n§
orbitals calculated from the equation (7). The number
of electrons in the 75 orbitals increases and those in
the Gf orbitals decreases with increasing the oxygen
deficiency. This fact suggests that the increase of
the oxygen deficiency would add electrons to the T
orbitals more rapidly than those to the broad 03 orbitals
and the & orbitals shift downward relatively to the
braoi-qf orbitals with increasing the oxygen deficiency.

Increasing the oxygen deficiency in SrCoO the number

3-5?
of electrons in the G (1) orbitals and thesya orbitals
below EF (Fermi energy) increases according to the
function of 6-(1-2§)=5+23 calculated from the equation
3+n+(3-l+2§¥n); and this would be confirmed by the results
of the decrease of logf at 80K and 300K.

The itinerant-electron model mentionediabove would

also account for the change in Tc and Ty with J.
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In case of ferromagnetic compounds, Tc and Te are expressed
as follows,

TCkTe=2ZIJlS(S+1)/2k --- (8)
where 72 is the number of the nearest neighbor cations, |J|
is the effective exchange integral, S is the number of
spin and'k is the Boltzman constant. With increasing §
in SrCoO3ﬁ5, the values of effective magnetic spin (S) |
of cobalt ions decrease, and Tc and Te decrease as shown
in Figs. 5 and 7.

In the Mossbauer spectra measurement of the ferromagnet
and the antiferromagnet, the angle between the direction
of the spin and the gamma.ray (8)-is important to examine
the magnetic hyperfine interaction. In Table 5, the |
angular dependence of the various allowed transitions‘is

shown. In case when external magnetic field is not

applied, the direction of each spin is at random; cosze=1/3

and sin26=2/3. The ratio of the intensity is 3:2:1:1:2:3
as shown in Fig. 31. When the external magnetic field

is appiied parallel to the gamma ray direction and G=Oz

the transition Am=0 vanishes; cosze=0 and sin26=l.
The ratio of the intensity is 3:0:1:1:0:3. When the
external magnetic field is applied parallel to the

gamma ray direction and 6=9d: the angular terms in R

shown in Fig. 31 was determined to be cdsze=l and sin29=0.
The ratio of the intensity is 3:4:1:1:4:3.

The Mdssbauer spectra of Sr(CoO.9957FeO.Ol)O3 in
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Table 5 Angular dependence of various allowed

transition.
transition Am total angular dependence
3/2% 1/2 -1
' 3 9(1+cos20)/4
=3/29 <1/2 |. +1
1/25 1/2 0 2
2 3sin®0O
-1/29 =1/2 0
=1/25 1/2 +1
1 3(l+cosze)/4
1/25 <1/2 -1
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Fig. 31 Ratio of intensity for MSssbauer spectra.
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case when the external magnetic field was applied parallel
to the-gamﬁa ray direction are shown in Fig. 11l. From

the results of the intensity ratio of 3:0:1:1:0:3,

it:is clear that the direction of the spin of re?* ion

is parallel to the external magnetic field. The internal
magnetic field of 296 kOe at 4.2K decreased by appling

the magnetic field. From these results, it is'expected
that the spin structure of pure SrCoO3 is suggested to

be collinear.

Takeda and Watanabe investigated the magnetic
properties of solid solution of Sr(Co,Fe)O3 (20) and
obtained the results shown in Fig. 32. From these data
revealed the followings.

(1) The dilute Fe in SrCoO3 couples ferromagnetically with
the ferromagnetic matrix.

(2) Magnetization of the system has a maximum around

the middle, X=0.5.

As shown in Fig. 11 at 4.2K, a magnetic hyverfine
field of 296 kOe was observed. All Fe ions are confirmed

4+ state. When an external magnetic.

to be in a single Fe
field (45 kOe) was applied in parallel to the gamma
ray direction, No.2 and No.5 lines disappeared nearly
completely and the effective field was decreased. It is
thus clear that the sign of the Fe4+ hyperfine field
is negative. This fact is the first observation of Fe’'
ion in a ferromagnetic substance. The spin structure
=
-7
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Fig. 32 Compositional dependence of Mrg? T9 and
G at a field of 6 kOe at 77K in the

system Sr(ColéxFeX)O3.
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of pure SrCoO3 is suggested to be collinear by the’fact
that the magnetic spin of impurity Fe has been oriented
to the direction of external field.

Thé change of the magnetization shown in Fig. 32
is interpreted as follows. When the content of Fe in
SrCoO3 is small, the spin of iron couples ferromagnetic
matrix. With increase of Fe content, antiferromagnetic
coupling between Fe atoms becomes significant. Then
the spin structure must be complicated.‘Partially or
entirely, canted spin configuration might be realized
and the magnetization curves eventually shows a maximum
around X=0.5.

The change of the hyperfine field is rather small
4+

and the electronic structure of Fe ion itself is

almost the same in the whole composition range.



4-2) (Lal_XSpX)CoO system

3
The distance between Co and O ions is 0.1918 nm for

SrCoO3 (X=1.0) and Q.l9l4 nm for (Lao.3SrO.7)CoO3 (X=0.7)
as shown in Fig. 13. The ionic radius of Sr2+ ion is

0.144 nm and that of La3' ion is 0.132 nm (42). Since

the valeﬁhe state of Co ion changes from tetravalent

to trivalent due to the cation revlacement of Sr2+ ion

by La3+ ion, the average ionic radius of Co ions increases
with decreaing X from 1.0 to 0.5. The tendencies of a
small decrease of cell constant in the range of 0.7£X£1.0
and of the increase of cell constant in the range of
0.54X£0.7 are understood as a result of the change of

2+ 3+)

the average ionic radius for A cations (Sr and La

3+ and Co4+)

and B cations (Co « In the former composition
range of 0.74X¢1.0, the decrease of the average distance
between A cations results in the decrease of the cell
constant and, in the range of 0.5£X<0.7, the BO6 packing
strongly influences upon the cell constant.

Jonker (5) reported the compositional dependence
of Tc and Te using the values of the magnetic superexchange
interaction of Mn-O-Mn in the systems of (Lal_XSrX)MnO3
and (Lal_XCaX)MhO3. The change of the paramagnetic
Curie temperature (Te) of solid solution of (Lal_XSrX)CoO3
with the cubic vhase forms a parabolic curve for the

change of X as shown in Fig. 17. The interaction energy

in term of the paramagnetic Curie temperature is expressed
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as follows: ea for Co3+—O-Co3+, eb for Co3+—O--Co4+ and
Gc for Co4+—0—004+. The fractions for Co3+ and Co4+ ions
are then (l—X)2 for Co3+-0-003+, 2X(1-X) for co3t_0-co?*

and X2

for Co4+-O-Co4+. If Ga, eb and ec are considered

as constants in a mixed crystal system, the compositional
dependence of T8 is calculated using the following equation.
2 ._-

6, (9)

is about -200K (45), 8, for SrCo0

- 2
Te-(lAX) 9a+2X(l-X)6b+X

ea_for LaCo0 is 280K

3 3
and Tq is the observed value for each X. Using the above
equation, the compositional dependence of Te is calculated
by.changing the values of eb. The best fitting results
are shown in Fig. 33 .and the following interactions were
calculated.
Co3*-0-co3* ~ -200K (9,)
go3*t-0-cott A 440K (6y)
co*t-0-co*t A 280k (9,)
Since the magnetic superexchange interaction for
Co3+-O-Co4+ is the strongest one, Tc and Te increase with
increasing Xifrom 1.0 to 0.8 due to the substitution

2+ 3+

of Sr ion. However, as the content of La3+

3+—O—Co4+

ion by La
ion increases, the superexchange interaction for Co
plays an important role for the total magnetic interaction,
Tg and Tc decrease monotonously.

From the results of the effective magnetic moment
(Mpe), it is considered that Co3* ion is in the high
spin state with the (d£)4(dY)2 and Co?* ion is in the
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Fig. 33 Observed and calculated paramagnetic
Curie temperature vs. composition in

the system (Laléxer)COOB.
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low spin state with the (dE)S(dr)o. The magnetic.mdment
of Cos*t ion is Ti=4 and that of Co*" ion is ®-1 from

the electron configuration. The interaction energy in
term of the magnetic moment (7)) is expressed as follows.
G, for Co>*-0-Co3*, B, for Co3*-0-Co** and A  for
Co4+—O-Co4+. The fractions for Co3+ and Co4+ ions are
1-X and X respectively. The fractions of neighboring
pair are then (1--X)2 for Co3+—O—Co3+, 2X(1-X) for

Co3*-0-Co*t

and X2 for co**-0-co™*. Irn_, B, and A,
are considered as constants in a mixed crystel system,
the compositional dependence of T calculated using the
following equation.

fi=(1-X) %A +2X (1-X) B, +X 1, -~ (10)
Since LaCoO3 (X=0) is an antiferromagnet, the magnetic
momenta align antipafallel each other and ﬁa is gero.
Since n, is equal to 4.0, H, is calculated %o be

c
%(ﬁa+ﬁc)=5/2. Then, T is expressed as follows.
F=0x(1-X ) 2+2X (1-X)5/2+%° --- (11)
The spoﬁtenioﬁs magnetization at OK (GB) is expressed
as follows, T s
6,=1/M(5585x7) --- (12)
M is the mole weight of each cobaltite and 5585 is the
constant calculated from (Avogadro Number)xf%=(6.02x1023)x
(9.28x10-21). @, of each cobaltite is calculated from the

following equation.

0= 1/M(5585%(-4x%+5K)) --- (13)
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T,. M and 05 of each cobaltite are listed in Table 6.
Calculated and observed o, are vlotted in Fig. 34. The
broken line indicates the calculated values. In the
range of 0.2¢X40.6, the best fitting between calculated
and obse{ved U is recongnized. In the range of 0.74X<£1.0,
the observed ) is larger about 5-10 emu/g than calculated
GB, but the tendency of change in observed GB is quite
similar with the calculated 0y

This fact supports that the electron configufation
of Co3+ and Co4+ ions calculated from the paramagnetic
region is agreed with that from the ferromagnetic region.
The presence of the maximum value of GB at about X=0.8
igs explained by the magnetic superexchange model proposed
by Jonker (5) as well as Tc¢ and Tge

To account for the ferromagnetism and metallic
conductivity of (Lal_XSrX)COO3 (0.54X£1.0), the
itinerant-electron model (24) was adopted. Fig. 35 shows
the relation between X and the number of electrons in
the Q- and T orbitals. In the range of 0.5¢X£0.8, the
number of electrons in the ﬂf orbitals decreases with
increasing X. This fact suggests that increase of X
would add electrons to the broad G3 orbitals more rapidly
than that of the T, orbitals, and that the 70- orbitals
shift upward relatively to the Gf orbitals with increasing
X. In the range of 0.84X41.0, the number of electrons

*
in the ;L orbitals increases with increasing X. But
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Table 6 T, M and G for (LaiéxSrX)Coo3.

X n M To

0.2 0.84 | 235.59 | 19.91
0.3 1.14 | 230.45 | 27.63
0.4 1.36 | 225.33 | 33.71
0.5 1.50 220.19 38.04
0.6 1.56 215.07 40.51
0.7 1.54 | 209.94 | 40.97
0.8 1.44 204.81 39.27
0.9 1.26 | 199.68 | 35.24
1.0 1.00 194.55 28.71
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the number of electrons in the G’f (1) and /E (V) orbitals
below Eg (Fermi energy) decreases according to the

function of (6-X) calculated from the equation of
3+n+(3-X-n) (as shown in Fig. 28) in the range of 0.54X£0.9,
and this idea would be confirmed on the basis of the
results of log p-X relation at 80K and 290K as shown in
Fig. 20. |
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4-3) Sr(Col_XI:.EnX)O3 system

The change of cell constent with a break at X=0.3

for Sr(Col_XM'nX)O3 indicetes that the ionic radius of

4+

Co ion located at octahedral site changes due to the

change of spin state from low to high with increasing
X as shown in Fig. 26.
The isotropic temperature factor of oxygen for
X=0.1 is nearly equal to that for X=0 and X=1.0, but
that for X=0.5 or 0.8 is larger than that for X=0 and 1.0.
The large isotropic temperature factors for ¥X=0.5 and

0.8 would be corresvonded to the change of spin state in

Co4+ ion.

¥nFe has the cubic and normal spinel structure.

204
v
Using X-ray method, Cervinka et al. examined whether

2+

the octahedra containing Mn“ ion (3d5) is tetragonally

distorted or have cubic symmetry (46). From the large
isotropic temperature of MnFe204; they concluded that

the existence of tetragonally deformed octahedra was

caused by cooperative Jahn-Teller distortion of Mn2+

ion. In the system of Sr(001,XMqX)O3, it is considered

that the large isotropic temperature factor of oxygen is

caused by the difference of Me4+—0 distance. The

electronegativities (X) of Mn4+ ion with the (d€)3(dr)o,
4+

Co%* ion with the (a£)?(ar)?, and co*t ion with the

(dE)B(dY)2 are 5.61, 2.92 and 3.00 resvnectively (47).
4+

Since the difference between Kn and 02- ion
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4+

(AY=2.1) is larger than that between Co" ' and 0°~ ion

(&X=0.5), it is expected that Mn4+40 bond is stronger

4+

than Co -0 bond. The electron cloud of oxygen for X=0.5

and 0.8 spreads more widely than that of X=0, 0.1 and
1.0. This is schematically illustrated in Fig. 36.

This modei corresponds to the large isotropic temperature
factor for X=0.5 and 0.8.

In the range of 04X<0.3, the increase of a-axis is
considered to be based on the Vegard rule; the distance
of Co*t (low spin state)-0 is 0.1918 nm (33) and that
of Mn4+—0 is 0.1940 nm, assuming that Mn4+ ion in
Sr(Col_XMnX)O3 normally behaves as a tetravalent ion
as in the case of Mn4+ ion in Mg6MnO8, ZnMn3073320 and
DyMn205 (42). The variation of a-axis with thé increase

4+

of Im ion content is represented as follows.

a=2(rMn_dX+rc°_o(l€X))
=2(0.1940%+0.1918(1-X)) = (14)

a-axis expands with increasing X. Consequently, the

4+

electron state of Co ion in high spin state becomes

to be more stable than that in low spin state, because

4+

the ionic radii of Co ion in high spin state is larger
than that in low spin state as well as for other transition
metal ions.

The distance of Mn*'

-0 in cubic perovskite SrMnO3
is 0.1905 nm (15). In the perovskite type oxides, the

bonding between manganese and oxygen is-stronger thanz -
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Fig. 36 The model of (110) plane. (a) X=0, 0.1 and
1.0. (b) X=0.5 and 0.8.
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that in manganese oxides with a different crystal structure
such as MgglnOg, ZnMn3073H20 and DyMnZOS.

In the range of 0.34X41.0, the distance of Mn%*-0
decreased to 0.1905 nm. The variation of a-axis with the
increase.of Mn4+ ion content is represented as follows.

a=2 (rMn_dX+rC 0-0 (1-x))

=2(0.1905X+0.1935(1-X)) --- (15)
Where, 0.1935 nm is the distance between Co’*(high.spin
state)-0 calculated from Fig. 21.

It is concluded that the volumes of CoOg and MnOg
octahedra connected to each other with oxygens of the
apex of the octahedron are equal in the range of
0£¢X<0.3 due to the small isotropic temperature factor»
of oxygen. In the range of 0.34X¢1.0, the volumes of
0006 and MnO6 octahedra are not equal but distributes
statistically due to the large isotropic temperature

factor of oxygen. The stability of Co**

ion with high spin

state in Sr(Col_XMinX)O3 would be caused by the large 0006

octahedra. '
The value of the effective magnetic moment at OK

for SrMhO3 (14) is indicated as ﬁ=2o5i0-2ﬂb- The

deviation of @ from 3.OﬂB, which is the theoretical

value for Mm%t ion (3d3), igs attributed: to the electron

transfer from Mn4+ ion to oxygen ion. From the results

of the effective magnetic moment (}%ff) shovn in Fig. 26

and the spontenious magnetic moment 4y estimated using
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the g-T curve shown in Fig. 23, it is considered that

4+

the spin state of Co ion changes from low to high at

about X=0.3. The change of spin state in Co4+ ion is
strongly influenced by cell constant and magnetic
properties.,
- ; ; 4+ 4+
The magnetic superexchange interactions of Co’™ -0-Co’" ',
4+ x4+ 4+ ;S < .
Co' " =0-lin"" and I’ -0-Mn" in the system of Sr(Col_XL.nX)O3
were calculated by the same method described in the
(Lal_XSr'X)CoO3 system. The interaction energy in term
of Ty are expressed as follows; ea for Co4+—O—Co4+, eb
for Co4+-O-Mn4+ and Qc for Mn4+-O—Mn4+. The fractions
for Co4+ and Mn4+ ions are 1-X and X respectively. The
fractions of neighboring pair are (l—X)2 for Co4+-O—Co4+,

2X(1-X) for Co4+-O-M'n4+ and X2

for mm**-0-m**. 1£ o,
eb and Gc are considered to be constant in the solid
solution samples, the compositional dependence of Tq
are calculated using the following equation.
- 2 2 ———
Tg=(1-X)“0_+2X (1-X)0,+X"6, (16)

Where, Ga of SrCoO3 is about 280K, ec of Sr¥n0O, is about

3
-750K (40) and T, is the observed value for each X.
Using the above equation, the compositional dependence
of Ty is calculated by changing the values of eb. The
best fitting results is shown in Fig. 37. In the range

of 0£X<0.3, the following interactions were calculated,
CO4+(1ow spin state)-O-Co4+(1OW’spin,state);

~ 280K
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in the system Sr(Col_anx)O3.
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co?*(low spin state)-0-Im** ~ -146K

4+ _o_imit ~ =T50K

Mn
In the range of 0.34X<1.0,

Co4+(high spin state)—O—Co4+(high spin state)

~ =1080K
Co**(nigh spin state)-0-mn** ~ 420K
4 o4t ~  -T50K

Since the magnetic- superexchange interaction for Co4+—O—Co4+
is ferromagnetic and that for Co4+-O—Mn4+ or Mn4+—O-Mn4+
is antiferromagnetic in the range of 0£X<0.3, Ty, Tc and
06 decrease with increasing X. In the range of 0.34X41.0,
although the magnetic superexchange interaction for

Co4+—O-Mn4+ is ferromagnetic, those for Co4+-0-Co4+ and

Mn4+-O-Mn4+ are strongly antiferromagnetic.
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4-4) Co** ion in octahedral environment

4+ 3+

The spin states of Co and Co ions in SrCoO

3-g"’
(Lal_XSrX)CoO3 and Sr(Col_XMnX)O3 are discussed from their

magnetic and electrical properties. In SrCoO system,

3-3
both Co3+ and Co4+ ions were in low spin state. In

(Lal_XSrX)CoO3 system, Cott

3+

ion was in low spin state

and Co ion was in high svin state. And in Sr(Col_XMnX)O3

system, the spin state of Co4+

ion changed from low to
high at X=0.3.

The crystal structure of the cubic perovskite oxides
(ABO3) is shown in Fig. 1. The distance between B cation
and oxygen is a/2 nm (a: cell constant), and that between
B and B cations is +42a/2 nm. From the crystallographic

results, it is considered that the electron of B cation

is not easily affected by other B cations. The difference
3+

3-8

of the spin state in Co ion in the system of SrCoO

and (La.l_XSrX)CoO3 suggests that A cation plays a

significant role to determine the electron configuration
3+

of the other cations. Since the ionic radii of ILa e
2+

A

ion is 0.132 nm and that of Sr°" ion is 0.1l44 nm (42),
it is expected that the bonding between La3+ and 02~

ions is stronger than that between Sr2+ and 02- ions.
3+

Increasing La~”" ion content in (Lal_XSrX)COO3, it is
considered that the electron cloud of 2Pq in oxygen
would be attracted to La3+ ion and Co3+ ion with high’

spin state would be'stabilized in the octahedral site.
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I+

Though the ionic radii of Co ion with high spin state

is larger by ca. 0.01 nm than with low spin state, Co3+

ion with high spin state is stable at the octahedral
site in case of brownmillerite type Sr2C0205 (34).

The crystal structure of Sr200205 is shown in Fig. 38

and the cell constants are a=0.5572 nm, b=1.573 nm and

¢=0,5468 nm. Sr200205 is an antiferromagnet with the

Néel temperature of 570K (34). From the neutron diffraction

study, the magnetic structure is G-type and the magnetic

3+

moment of Co is 3.310.5}B at liquid nitrogen ﬁemperature.

‘In case of SrCo0 system, however, there are no

3-3
other A cation whose electronegativity is larger than

that of Sr<' ion. Since Co3t

ion is only introduced by
the existence of oxygen deficiency, it is considered
that the spin state of 003+ ion is directly influenced
by tyercrystal field of mother matrix Srb003.

4+

The change of spin state in Co ion occured in

. . +
Sr(Col_XM'nX)O3 system. This change is caused by M

ion. The electronegativity of mtt

ion is stronger than
that of Co** ion (Mn4+:1=5.61, Co4+:X%3.OO). In the

range of 0.34X€1.0, the oxygen located at the chain of
Co4+-O-Mn4+ deviated from the center, i.e. large CoO6
octahedra and smaller MnO6 octahedra, which were connected
each other with oxygens of the apex of the octahedron,

were-distributed statistically.

Goodenough introduced the idea of the covalency
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criterion for localized vs. collective electrons in
oxides with the perovskite structure(49,50,51). In many
oxides, the outer d electrons are not localized magnetic
electrons but collective metallic electrons either as a
result of cation-sublattice band formation or of covalent
mixing between anion P and cationic 4 state. The cation-
sublattice band formation dose not take place in oxides
with perovskite structure. A criterion for localized vs.
collective electrons are defined as follow; where the
overlap integral (A) is large enoﬁgh, it is necessary
to introduce a collective-electron fheory, while, where
it is small, the localized-electron theory is éorrectﬁ
The critical overlap integral is defined as A,. If A<A
localized-electron theory is applied and , if A>A,
collective-electron theory is applied.
| Por metallic perovskite oxides, collective-electron
theory is applied as follows; oxides have a partiallyw
 filled ¢ band because AG;ac>Ac' Where AT;'ac< Ac<AG<:a§' '
t;g holes may simultaneously exist, and the localized
orbital of X and f spins at a given cation are split
by‘Aex' In this case, the (o-band orbitals would also split
by intra-atomic exchange, and then orbitals having X spin
became more stable than those having R spin. This result

ig illustrated in Fig. 39.

The band model for metallic SrCoO3

-5 and (La14x3r§)0003

is considered as shown in Fig. 40.
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In SrCoO system; the number of electrons in the

3=
nf orbitals incieases and that in the G? orbitals
decreases with increasing oxygen deficiency. This .
fact suggests that the increase of oxygen deficiency
would add electrons to the n: orbitals more rapidly than
those to the broad ¢ orbitals and the r orbitals shift
downward relatively to the broad o orbitals with increasing
oxygen deficiency. Increasing oxygen deficiency, the |
number of electrons in the G- (f) orbitals and:n?,?rbitals
below E, increases and this would be confirmed by the
results of the decrease of logp at 80K and 300K.

In (Lal_XSzjx)Coo3 system, the number of electrons
in the nf orbitals decreases with increasing X in the
range of 0.54X4£0.8. This fact suggests that ihcrease of
X would add electrons to the broad Gf orbitals more
rapidly than that of the 7. orbitals, and that the 7c
orbitals shift upward relatively to the G- orbitals with
| increésing X. In the range of 0.8£X¢1.0, the number of
electrons in the w: orbitals decreases with increasing X.
Increasing X, the number of electrons in the s (1)
orbitals and T (V) orbitals below E, decreases in the
range of 0.55X%0.9, and this would be confirmed by the
results of the increase of logfPat 80K and 290K.

-96~



SUMMARY

Results and consideration in this paper are summarized
as follows:
(1) Cubic perovskife type SrCoO3_5 (0<¢3<0.5) were
synthesized under various high oxygen pressures. Using
the present SrCoO3_S with a fully controlléd oxygen
deficiency, it was found that the decrease of cell
constant and increase of Tc, Te,<T and Mypp BTE closely
related with the Co4+ ion content.
(2) PFrom the results of Méssbauer effect measurements
of 57Fe doped SrCoO3, the spin structure of pure SrCoO3
was suggested to be collinear by the factcthat the
magnetic spin of impurity Fe had been oriented to the <.
direction of the external field. It is also clear that
the sign of the Fe4+ hyperfine field is negative.
(3) Cubic perovskite type (La; ySry)Co0, (0.5¢X£1.0)
were synthesized under high oxygen pressures. From the
magnetic measurements, all samples were ferromagnetic.

3+

The spin state of Co ion was in high spin state and

that of Co4+ ion was in low spin state.

(4) Magnetic superexchange interaction for Cot-0-co?*

4+ and for

was stronger than those for Co4+-0-Co
3+ 3+ '

Co” " =0-Co”" in (Lal_XSrX)Coo3. And the presence of

meximum values of Tc, Ty and (.. at X=0.8 was explained

by the contribution of these magnetic superexchange interaction.
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(5) Both SrCoOB_g and (LaléxS;x)COO3 were good conductors
and had metallic temperature coefficient. The magnetic
transition were independent on the electrical
conductivities. The logarithm specific'resistivities (logp )
at 77K and 300K monotonously increased with increasing

4+

Co ion content.

(6) Cubic perovskite type Sr(Col_XM'nX)O3 were synthesized
under high oxygen pressures. a-axis had a maximum value

at X=0.3. Sr(Col_XMnX)O3 were ferromagnetic in the range
of 04X<0.3 and antiferromagnetic in the range of 0.3¢X¢1.0.
The spin state of Co4+ ion changed from low to high at
X=0030 »

(7) The magnetic superexchange interaction for cott-0-cot*

was ferromagnetic and those for Cott-0-mn** anda Mn**-0-mm?*
were antiferromagnetic inithe range of O§X<O.3; In the

range of 0,.3$X<¢1.0, the superexchange interaction for

Co4+-0-Mn4+ was ferromagnetic and those for Co4+-0-Co4+

and Mn4+-O-Mn4+ were antiferromagnetic in the system

Sr(Coléqux)OB.

(8) -The..differerice of spin-state in Co3+zioﬁ;infs;:0003_6~

and (Lal_XSrX)CoO3 system suggested that A cation (Sr2+

3+

and La”" ions) played a significant role to the electron
configuration of other cations. |

(9) The magnetic and electrical properties for SrCo0;
and (LalixS:x)Coo3 were explained by an intermediate-spin

model localized t,_configuration on each cobalt and

2g

-98-



an itinerant Gr orbitals.
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