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                            Chapter i

                          rntroduction

     lnterest in the perovskite compounds (ABOs) has been great

because their crystal strueture stabilizes an abnormal valence

state of the B ion more easily than any other compounds. Stron-

tium and barium ferrates with some oxygen deficiency, i.e.,

SrFeOs (IV) and BaFeOs (rV), which has been first prepared by
scholder et ai.l) and Erchak et al•?) respectively, are good

examples. These compounds eontain alkaline-earth'ions in the A

sites while the B sites are occupied by transition-metal ions.
mhe stability of such an abnormai vaience state as Fe4+ in these

compounds may be ascribabie to the perovskite structure in which

the octahedral B sites are open to the transition-metal cations.

     A stoichiometric strontiun ferrate (IV) with the perovskite
structure has been prepared reeently by Macchesney et al.5) for

the first time when anion-deficient strontium ferrate was an-

nealed at a high oxygen pressure and a rather low temperature.

From the experimental resuJt, it has been deduced that a perfeetly

stoichiometric perovskite phase with iron (rV) could be produeed

only through intense oxidation because of the higher fourth

ionization potential of iron,' while, the unique perovskite

structure could make the forrnation oÅí anion-deficient iron (rV)-

' The fourth ionization potential of iron is presented in Fig.

   Al in Appendix.
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beaTing strontium ferrate possible even in air. Similar situation
                                       4)--6)has been known for bariun ferrate (rV).
     Non-stoichiometry in oxygen fraction, which being revealed

in these alkaline-earth ferrates, may cause the perovskites to

exhibit specific characters in crystal structure, magnetism and

electricity, resulting from the formation of the "mixed" valenee
state7) of iron. rn fact, many experimentai data has been accumu-

iated by severai authors,i)"i4) concerning the charaeteristic

properties of strontium and barium ferrates (XZr, IV).

     According to the previous crystallographic investigation,

the perovskite phase with the chemical compositien, SrFeO                                                             or                                                         5-6
         (6 refers to oxygen defieiency) is the presumed isomorphBaFeO     5-6
of srTios or BaTioy respectively,15) whereas the most anion-

defieient compounds with the eomposition, i.e., SrFe02.s or

BalPe02.s, is no longer a perovskite but has a structure eorre--
sponding to that of dicalcium ferrite (Ca2Fe20s).16)"  Subsequently,

it has been proposed that the chemical composition of the systems

should be denoted as AReOs-6 (A = alkaline-earth metal ion; O S

6 5 o.5).

     On the other hand, no iron (IV)-bearing calciun Åíerrate with

the perovskite structure has ever been prepared but dicalcium

ferrite (Ca2Fe20s) has been known as a stable form in the system

CaFe02.s-.s.o despite of the existence of the analog CaTiOs .

* The revised data for the atomic coordinates of Ca2Fe20s

   latticewere reported (see Reference 17).
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Prom the historical point of view, the fact that a "genuine"
                              'perovskite (CaTiOs) occurs as a natural product which has
stimulated the discovery of such dielectric materials as BaNOs

           and that the latter two perovskites have in turnand SrMiO         5
encouraged, us to prepare the presumed isomorphs, BaFeOs and

SrFeOs, it is also an interesting problem to inquire why CaFeOs

(rV) is difficult to be synthesized, and to investigate the

crystallographic description of iron (IV)-bearing aikaline-earth

ferrates.

     Present paper deseribes a "high oxygen pressure" effect in
the system (CaxSrl-x)FeOs-6 (O 5 x 5 i, with x in the steps of

O.2 mole; OÅí6S O.5) as well as the characterization of the

resulting compounds in the system by their physico-chemical
properties based on x-ray diffractometry, 57Fe M6ssbauer spectros-

copy and the measurements of magnetic susceptibility and electric

resistivity (chapter 2). The following chapter refers to the

details of the synthesis of a new perovskite CaPeOs. Finally,

all of the results obtained in the present studies wiil be
                       '                         'summarized in chapter 4.

-5-



                           Chapter 2

High Oxygen Pressure Effect in the System (CaxSrl-x)FeOs-6(IrT,IV)

     In this chapter, the author describes the preparation of
Fe4+-bearing perovskites in the system (CaxSrl..x)FeOs-6 USing a

high oxygen gas pressure teehnique and also the physico-chemical

properties oÅí the products.

                    EXPERrMENTAL PROCEDURES

1) Preparation of samples

      Starting materials with the chemical composition
(CaxSrl-x)FeOs-6(O < 6 S O.5; O S x S- 1) were prepared as follows:

the calculated amounts of standardized 1 M calcium, strontium and

ferric nitrate solutions were mixed. The mixture was transferred

into a 250-ml fused silica beaker and evaporated to dryness •on
    '
a water bath. The dried salts weTe then heated on a strong fire

to decompose any residual nitrates. Next the residue was ground

intimately in an agate motar, and then transferred into a platinum

crucible in order to be subjected to several times' pre--firings

at 600 to llOOOC. Mnaily the calcined matter was re-ground in

an agate motar and then fired at a desired temperature, 1100 er
l2000C for 6 to 24 hrs.

     A series of sarnples with the higher oxygen contents (i.e.,
higher Fe4+-concentration) was prepared by heating the starting

materials at oxygen pressures ranging from 20 up to 1900 atm in

a reactor of the design shown in Figs• l and 2. A half-sealed

-4-
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Fig. 1. Apparatus for phase studies at oxygen pressures up to

200 atm consisted of A: Bourdon gauge, B: oxygen reservoir,

C: thermocoupie leads, D: test--tube-type reactor, E: half-sealed

gold tube, F: sample, and G: electric furnace.
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 2. Apparatus for phase studies at oxygen pressures up to

 atm consisted of (1) oxygen reservoir, (2) intensifier,

oxygen gas compression cylinder, (4) test-tube-type reactor,

electric furnace, (6) temperature-indicating controller,

vacuun pump, (8) valves, and (9) pressure gauges.
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gold tube was used as a container of the sample in the oxidation

procedure. The oxidized sample was cooled with the reactor.

2) Determination of chemical compositions

     The oxygen eontents in each sample were determined first by
                                                              'a method using both iodometry and a permanganate titration. The

iodometry used is a modified method of Guernsey,s iodometric
                                                               4+titration which he applied for Vhe determination of the Fe
                                      9)contents in the system SrFeOs-STTiOse                                          The procedure developed

in the present analysis is as follows: into a 200-ml Erlenmeyer-

flask ca. 550 mg of sarnple and 10 g of solid potassium iodide

were put together with 100 ml of 6N hydrochloric acid. The
specimen was then reacted, with the open end of the flask
protected from the atmosphere by a' carbon dioxide seal. The

liberated iodine was titrated with a O.1 N standard Na2S20s
solution by using an aliquot of a starch solution as an internal

indicator. From the volume of the standard solution required

for this titration and the total iron contents determined by a
normai permanganate method,i8) the ratio of Fe4+/Fetotai was

computed in percente

     Mhermogravimetric analysis was next applied for the more

quantitative determination of the chemical compositions in the

SYstem (CaxSrl-x)FeOs-6. The author mainly used the 6--values

found by this method in the detailed discussion on the relation-

ship between the ehemical compositions of the system and their

physico-ehemical properties. The analytical procedure is as

follows: ca. 200 mg of sample was put in a platinum crucible

-7 --



which was suspended in a tungsten-wound furnace. The sample was
then heated sZowly in vacuum of lo-5 mmHg. one of the diGA curves

obtained by this method for the compositiOns (CaxSh-x)FeOs-6 iS

shown in Ng. 5. rt appears that any weight loss is not found at

temperatures above ca. 9000C. An X-ray diffractogram is given

for the thermal reaction product in Fig. LF, which impiies that

this material has a brownmillerite"-like composition (SrFe02.s)

in which all of iron ions are reduced in the trivalent state.

Therefore, the reaction formula,

                        >9ooec                                                     1-26   AFeOs-6(Irl,IV)-:1::lil`":l:S7"-i'o ..Hg AFe02.s(IU)+ 4 02,

   (initialspecimen) (Rgpd".C.ei.d..) (Li.'b.yeEgXe.d)

is given where A denotes Ca and/or Sr atoms. Chemical compositions

of the system were obtained from the number of released oxygens.

5) X-ray diffractometry

     For the determination ef the resulting phase in the system

(CaxSrl-x)FeOs-6, an X-ray diffractometer (Rigaku Denki Co.Ltd.)

was used. Scanning speeds of a goniometer and chart were 2e/min,

and 2cm/min, respectively. A slit system of iO--O.15-IO was used.

Copper Koc, CoKct and FeKct radiations were used as an X-ray,source.

DifÅíractograrns were obtained by employing Geiger--MUIIer and

scintillation counters.

' Brownmillerite has a chemical composition of Ca2AIFeOs and
a structure similar to that of dicalciurn ferrite.16), 17)

-8-
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     In the measurement of lattice parameters of cubic or pseudo-

cubic (tetragonal distortien) perovskites prepared, the i200}

reflections were used. Silicon metal powder was used as an
internaZ Or external standard material. Scanning speeds used were
2t2min or 2j>min and icm/min.

4) 57Fe M6ssbauer spectrometry

      Iron--57 M6ssbauer spectra were measured for the system
                                            '(CaxSrl-x)FeOs-6 at room temperatpuzre in order to check the valence

state of the iron ions as well as to investigate the relationship

between the M6ssbauer pararneters and the chemical composition.
Nearly loo mg of sample was used as an absorber and s2"c of 57co

embedded in copper was used as a source. Analysis was carried

out by using two M6ssbauer spectrometers, i.e., a Hitachi AA-40

M6ssbauer Analyser attached with a 200-channei analyser, and "TMC

Set" consisting of Gammascope 102, Drive Unit 506 and Transducer

505 operated in time mode. Caiibrations were based on the quadrupole

splitting of sodium nitroprusside Na2Fe(CN)sNO.2H20 and a value
of 1.712 mm/secX9) was used in the measurements of the velocity

range of -+5 mm/sec. When the spectra of the brownmillerite-like

compositions were measured in the velocity range of Å}10 mm/sec,

calibrations were based on the magnetic Zeeman splittings of
ct-Fe2os20) and pure Fe metal.2i) An isomer shifts of both Fe4+

and Fe5+ ions in each sample were relative to 510 stainless steel.

5) Measurements on magnetism and electricity

     Magnetic susceptibilities of the perovskites (CaxSrl-x)FeOs"6

were measured at temperatures ranging from liquid nitrogen temper-

- li -



ature to room temperature, because of the instability of the

specimen at higher temperatures. All of the perovskites were

essentially paramagnetic around room temperature. The measure-

ments were made by using a Shimazu tortion magnetic balance in

external magnetic fluxes up to 8000 Gauss. Faraday,s method were

applied for the measurements, using ca. 200 mg of sample and cTys-
taliine granules oÅí pure CuS04.5H20 as a standard material.22)

Estimation of the magnetic susceptibility Xg and the intensity of

magnetization ptg were made based on the following equations.

                  ?H .mchkt          ? = mXgHax                          g2x

where F is the specimen,s force applied for magnetic balance, m

                       the magnetic susceptibility of l g ofthe mass of sample, U                     g
   .sample th g the intensity of magnetization of 1 g of sample, H an

external magnetic field, and eH/ax the external magnetic gradient

in the direction of x-axis perpendicuXar to H.

     Two-probe method was devised for the semi-quantitative

measurement of electrical conductivities of the cornpositions

(CaxSh-x)FeOs-6 at temperatures from liquid nitrogen temperature

to room temperature. For the measurement ca. 200 mg of sample
was pressed under a pressure oÅí 15o Kg/cm2. The pressed disk

was ca. 2mm thick and 6mm in diameter. The electrodes of each

specimen were coated with a silver--paint.

                      EXPERIMENTAL RESULTS

1) Chemical compositions

- 12 -



      Table Isummarizes the chemical compositions and the
equilibrium conditions Åíor the system (CaxSrl.x)FeOs-6. TheSe

data imply that strontium-rich members of the system are effec-

tiveXy oxidized through the proposed high oxygen pressure process

whereas dicalcium ferrite', Ca2Fe20s (= CaFe02.s), is never oxidized

to the perovskite composition. Another observation of the

chemical compesition ef the system is worth mentioning. This

concerns the temperature effect on the oxidation. As seen in

Mable Is the samples with x = O, x = O.2 and x = O.4 equÅ}librated

at an oxygen pressure of 120 atm and 500eC contain much more

oxygens than those at almost the same oxygen pressure and 500eC.

Such a tendency has been also observed in the system SrFeO                                                          2.5-5.0
by Maechesney et al.5) as seen in Fig. s. The temperature

effect may be explained in terms of high vaporizing pressure of

oxygen at higher temperatures.

     One other interesting cerrelation of oxygen deficiency with

the fugacity of oxygen was found in a series of perovskites
(CaxSrl-x)FeOs-6(O 5 x E O.4). When the reactant-resultant system

is brought to equilibrium, then we have

          li502 (g) - O (s)

               ao (s)
          Kn ro2 or ao (s) =K V'EEF?o;:pt2 ,

where K denotes the equilibrium constant Åíor the system 02 (g)--

O (s), 02 (g) gaseous oxygen molecule, O (s) the oxygen fraction

in a solid-state anion-vacant perovskite AFeOs-6, K the equilibriurn

- 15 -



TABLE1. CHEMICAL COMPOSITIONS OF

 sysTEM (CaxSrl-x)FeOs-6•

THE

pathemcalcomoltions
        x s-6 Fe4+/FetotaS)

                     (%)

utt 1ibtion nd:tions
 Oxygen
pressure
  (atm)

Temperature Mme
   (oc ) (hrs)

ob)

o

o

o

o

o

o
o.2b)

O.2

O.2

O.2

O.2

O.2

O.2

O.4

O.4

O.4

O.4

O.4

2.77

2.8i

2.85

2.91

2.94

2.97

2.98

2.72

2.81

2.85

2.87

2.91

2.95

2.99

2.58

2.64

2.77

2.78

2.82

54e)

62

70

82

88
94e)

96
eqc)

62

7o

74

82
86C)

98

16
28Åë)

54

56

64

   O.2

   O.2

  50

 120

 780

 120

1850

   O.2

   O.2

  25

 180

 680

 i20

i900

   O.'2

   O.2

  20

 170

 llO

1100

i200

 500

 500

 500

 500

 500

1100

1200

 500

 500

 500

 500

 500

1200

llOO

 800

 500

 50o

6
24d)

24

24

24

25

25

6
24d)

24

24

24

24

24
24d)

6

40

24

24

- X4 -



x 5-6 (%) (atm) (oC) (hrs)

O.4

O.4

O.4

O.4

O.6

O.6

O.6

O.6

O.6

O.6

O.6

O.8

O.8

O.8

1

1

1

t'

2.86

2.87

2.90

2.95

2.54

2e57

2.59

2.67

2.77

2.85

2.85

2.51

2.54.

2.70

2.50

2.50

2.50

2.50

  c)72

74

80

86

8
14e)

18

54
54C)

66

70
 2e)

 se)

40
 oc)

 oÅë)

o

o

 120

 610

i500

1850

   O.2

   O.2

  40

 150

 120

1900

1500

   O.2

 120.

1500

   O.2

 120

1400

1470

 500

 500

 500

 500

1100

1100

 500

 50o

 500

 700

 450

liOO

 500

 500

IXOO

 500

 500

 600

24

24

24

24

24

6

24

24

24

96

24

6

24

67

6

24

40

25

a) Most of the values were determined by thermogravimetric
   f"he experimental error was .+.25S for Fet-+.

b) These compositions were two-•phase materials composed of

   phase as a main component and a traee of brownrnilierite

c) These compositions were deternined by a redox volunetric

d) These starting materials were cooled with furnace after

   at l2000C in the preparating process•

analysis.

perovskite

phase.

 analysis.

firing
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constant, ao (s) the activity of oxygen in solid, and fo2 the

Åíugacity of oxygen. IÅí the activity of oxygen (ao (s)) is some

function of the oxygen deficiencies in solid (6), then it should

be written by

          ao (s) = f (6)ec6,

assuming ao (s) has a linear correlation with 6. Thus, for the

system 02 (g)-O (s), it follows that

          6ocK'vl-'jF521 ,

where K' is a constant. From the plots of the square root of the

fugacity of oxygen gas" vs. oxygen vacancy for a series of

perovskites (CaxSrl-x)FeOs.6(O 5 x S O.Z-) equilibrated with various

oxygen pressures at 5000C Åíor 24 hrs (see Fig. 6),the following

experimental formula is derived:

          6=K' pt2 +6o'

where 6o defines the oxygen vaeancies in a perovskite at the

temperature of 5000C as the fugacity of oxygen gas approaches

zero. Subsequently, the above formula could be expressed by the

more precise one as foliows:

" The fugaeity of oxygen gas is obtained by the plots25) oÅí

   f/p vs. pr, where f, p, and pr represents the fugacity, pressure,

   and reduced pressure of a gas, respectively.

- 17 -
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           6 (T) ur K' (T) vf-"IE'Ei12; + 6. (T),

where T is the equilibrium temperature for the system. The

average equilibrium constant K' (500"C) was determined for the
present system and has a value of -4.2sxlo-5 atm-1/2 mole-1.

2) Phase identification and change of lattice pararneters

     primary interest of the system (CaxSrl..x)FeOs.6 is in the

oxygen pressure effect on the resulting phases. Figure 7 shows

the results obtained by X-ray diffractometry for the composition

prepared at oxygen pressures of O.2 atm (11000C; 6 hrs) and 120

atm (500eC; 2Z- hrs). These products are characterized by the

crystal structure; one is a modification of orthorhombic

brownmillerite-like structure (A2Fe20s) and the other is that of

cubic or pseudocubic perovskite-like structure (A}lbOs), if we

stand A for Ca and/or Sr atoms. As shown in Fig. 7, the samples
                               'before oxidation have the AFeOs structure for x = O and x x O.2

while those from x = O.4 to x x i are of A2Fe20s structure.

     The starting materials, (Cao.sSro.2)IPe02.sl and CaFe02.so,

remained as the brownmillerite-like phases even by the intense

oxidation at an oxygen pressure of 120 atm.

     on the other hand, a striking conversion from A2Fe20s

to AFeOs structure appeared for the compositions, x = O.Z" and
  'x ur O.6. Figure 8 shows the X-ray diffractograms of the
materials (Cao.z-Sro.6)FeOs-6 before and after oxidation. This

structural change may be explained as that the ineorporation of

oxygen atoms in the lattice results in the increase of sixfold
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coordinated iron atoms in the lattice, followed by the pronounced
                                             'change in crystal symmetry. '
                                                               '
    Of the compositions with x rc O and x n O.2, the samples before

oxidation were pseudocubic (tetragonal) perovskite phases while

the ones after oxidation were primitive cubic perovskites.

     In order to investigate the tetragonal distortion of anion-

deficient perovskites in detail, lattice parameters were measured

for the perovskite compositions with x between O and O.LF which were

prepared at various oxygen pressures from O.2 to 1900 atm and

5000C for 2Z- hrs. The results are depicted in Fig. 9. The data
suggest that a-spacing shrinks with increasing Fe4+ concentration

and characteristic tetragonal distortion occurs at the composition
with Fe4+ between 60% and 6495. The similar results have been

observed in the system SrFe02.s-.s.o by MacChesney et al.,5) which

are also pictured in Mg. 9. They have found that the compositions
               4+with 76-IOO% Fe                  are simple cubic perovskites, the lattice para-

meters of which correlate iinearly with their oxygen contents,

while the more oxygen-deficient perovskites, i.e., SrFe02.72-2.s4

(47-68fS Fe4+), demonstrates sizable tetragonal distortion.

      Returning to the compositions with x = O.8 and x = l, it

seems worthwhile to mention the results obtained when they were

equilibrated at much higher oxygen pressures up to 1500 atm. The

conversion from A2Fe20s to AFeOs structure, as seen for the

materials with x = O.4 and x = O.6, was not the case for dicalcium

ferrite. However, the sample with x = O.8 changed its chemical

composition.Åírom(Cao.sSro.2)Fe02.sl to (Cao.sSro.2)Fe02.7o on

- 22 -b
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heating at an oxygen pressure of l500 atm and 500eC for 67 hrs.

Figure lo shows the diffmactogram of (Cao.sSro.2)Fe02.7o, WhiCh

implies the formation of a perovskite phase though a trace of the

starting material remained in the products.
s) Anaiysis of 57Fe M6ssbauer spectra

     The purpose of this work is to examine the M6ssbauer spectrum

of iron in the oxygen deficient series (CaxSrl-x)FeOs-6(O S 6 $ O.5).

The spectrurn of this series reflects differences in coordination '

of the iron ion, its valence state, and in its magnetic alignment.

The present work demonstrates the efficaey of this experimental

tool for detecting interactions between a specific ion and its

coordination sphere.

     The spectra oÅí the perovskite phases are displayed in Figs.

Il-15 and the partinent data are summarized in Table rZ.

     Figure 11 presents the spectra for strontiun ferrates with

various anion-deficient perovskite compounds. The samples with

nearly stoichiometrie compositions-SrFe02.gs and SrFe02.g4 ShOW

spectra composed of a sharp absp. rption line only. The observed

isomer shifts are both +O.17 mm/sec relative to that of 5iO

stainless steel. Although the vaXue is slightly larger than
g2ai2,ee(S:fi,ggr. ?g;e8s.Fg,g?ggh.g:.s,:ggsg,r"g,2.x..G,ai:zg:2'.,gg,:ks•iO)

present value is fairly consistent with theirs within the error

oÅí tO.05 mm/sec. A spectrum for SrFe02.ss is made up of two
                     'absorption lines corresponding to two different valence states
                              'of iron, i.e., FeL-+ and Fe5+. mhe isomer shifts are +b.i2 mm/sec

- 24-
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TABILE II. M6ssbauer parameters for perovskites

in the system (CaxSrlex)FeOs-6.

 Sample

x 5-6
M6ssbauerparameters (mm/see)"

  4+Fe   5+Fe

rs Quad. zs Quad.

o

o

o

o

o

O.2

Oe2

O.2

O..2

O.2

O.4

O.4

O.4

O.4

O.6

2.81

2.85

2.91

2.94

2.98

2.81

2.85

2.87

2.9i

2.99

2.77

2.82

2.87

2.95

2.85

-O.02

+O.12

+O.i5

+O.17

+O.17

+O.05

+O.10

+O.l7

+O.15

+o.i5

 o.oo

+O.05

+O.10

+O.15

+O.10

O.50

--e-

ee-e

eeee

--"-

O.26

eee-

-eee

eeee

eee-

O.50

O.25

--ee

tee-

---e

+O.79

+O.46

-e---

e-e-"

e--ee

+O.85

 ?**

 ?**

ee---

e--ee
+O.78

+O.56

+Oe55

+O.55

+O.50

O.55

eeee

"-e-

-ee-

"e"e

Oe55

--ee

"eee

eeee

e---

O.45

e--e

---e

eeee

ee-e

*

**

The experimental error is Å}O.05 mm/sec.

These ferrates exhibited spectra of a broad
profiie. Therefere, the assignment of a ffe5+

line was impossible for these compounds.

asymmetric

 absorption

line
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for FeZ-+ and +o.so mm/sec for Fe5+. This is the material which

is comparable to SrFe02.s4 proposed by Shirane et al.2Z") (rSFe4+ .

+O.IO mm/sec and ISFe5+ = +O.55 mm/sec), Gallagher et al.10)

(ISFe4+ = +O.12 mm/sec and ISFe5+ = +O.58 mm/sec), and Shimony
et al.11) (ISFeZ-+ z +O.10 mm/sec and ISFe5+ = +O.71 mm/sec).

These values previously obtained are not far from the values for
         'the specimen SrFe02.ss in the present work.

     The sample SrFe02.sl is of interest because it is still a

single phase perovskite, but is significantly deficient in oxygen.

     The anion deficiency leads to a tetragonal distortion of the

lattice which was ascertained by X--ray diffractometry, i.e.,

c/a = O.996. As expected, the spectrum shows quadrupole splittings
Åíor both FeZV+ and Fe5+ absorption lines. Their splitting energies

are o.so mm/sec for Fe4+ and o.ss mm/sec for Fe5+.

     The spectra of the samples (Cao.2Sro.s)FeOs..6 are shown in

Fig. 12. The spectra are similar to those oÅí strontium ferrates,
but rather broad. Therefore, the assignment of Fe5+ absorption

lines is difficult for the specimens with 6 = O.09, 6 = O.l5 and

6 = o.ls in the series. The sample (Cao.2Sro.s)I?e02.sl,

accompanied by appreciable oxygen deficiencies, also shows measur-
able quadrupole splittings. The energies are O.26 mm/sec for Fet-+

and o.ss mm/sec for Fe5+. The specimen (Cao.2Sro.s)Fe02.gg,

with the highest oxygen contents in the system, shaws a single
absorption line corresponding to that of Fett+. The isomer shift

is +O.15 mm/sec.

     The spectra of the series (Cao.4Sro.6)FeOs-6 are shown in

-28-
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Fig. I5. The spectra of the specimens with 6 = O.07 and 6 ---- O.15
are consisted of both FeZ-+ and Fe5+ absorption lines, whose isomer

shifts are +O.15 and +O.55 mm/sec Åíor the Åíormer, and are +O.10

mm/sec and +O.55 mm/see for the latter sample. The sample

(Cao.z-Sro.6)Fe02.77, with the lowest oxygen contents in the series,
shows sizable quadrupole splittings for both FeZ-+ and Fe5+. The

quadrupole spiitting energies are O.50 mm/sec anq O.45 mm/sec,

respectively. On the other hand, the sample (Cao.4Sro.6)Fe02.s2,

with the second lowest oxygen contents, does not show a measurable
quadrupole splitting for Fe5+.

     The spectra of the series (Cao.6Sro.4)FeOs-6 are shown in

Fig. 14. The specimen (Cao.6Sro.z-)Fe02.ss, a single perovskite
phase, shows a spectrum composed of Fe4+ and Fe5+ absorption iines.

The isomer shifts are +O.IO mm/sec for FetV+ and +O.50 mm/sec for

Fe5+. The spectrum of the starting material (Cao.6Sro.4)Fe02.sz-

is depicted in Ng. 15. The X-ray powder pattern of this material

was indexed by reference to its presumed isomorph, CaFeO                                                         2.5
brownmilZerite, though the chemical compositien implies the coexist-
ence of a trace of perovskite phase in the material. Figure 1616)

shows a projection of this structure consisting of alternate

layers of iron(XIr) in ectahedral and tetrahedral configurations,

which is consistent with the observed M6ssbauer efÅíect. However,

the discrete absorption lines (dashed lines in Mg. 15) are recog-

nized in the spectrum besides the doubie six absorption lines of

iron(rll). Mhese additional iines seem to be those of perovskite

phase, which eo--exists in the sample as expected Srom the chemical

- 50 -



AMLrd
L

.-..

--DLto
v
ut

-zDoo

--e- te--- e
. .

e-- -" -
. ' . N" ..'

    - --
      ee       .       .

-eeeeNee--ee/e--"ee:--s"

.:"
.
.-" e-

   ' -e  .-"-  .

'
.

.
.
.

--
. -ee
  .
  .   e

ee "e
"" --d
   .

"

  's "eee-- e ee- e e     e-    ''t'
        .

"..
- - ee-..N ..    N'"    ..

-e

'
 .

---e

ee
ee

e-

     .      ee      e"
   -t-e
  ee  . ee ee .

.
.

.

.

.
.

ve e-e
.   .  t-

.

.
.
e

e
.

 .

.
.

" '
  .
  "   .

  ' "--
se

   . -e  .t"'
.

.

".e .".

-e •
.

 .
-"s
.

- e ee e- s
eSeee e

.ei

         .
     - dPee     -ee t   "e-e ee ee
  "ee
  .
 ' .
eee

  --
  -e
 "
.

.
.

e

.
.

.
.

.

es

    e   eS
  " " .."

e.
.

 e-V  e-v  ee
-e

Ns'.

-e

s=

     .  -e.

eee.
. .et::

e "-
ee e -e

tee

  M  ee - tee
 .

.
dees"-e t-- t""

"'

O.2 3

O.1 8

O.1 3

O.07

-1 o

VELOC!TY
    1
(mmlsec )

2

Fig. 15• M6ssbauerspectra oÅí (Cao.4Sro.6)FeOs-.6.

- 51 -



AhLd
L.--,
ALrd
v
ut

pzD
ov

.

ee -"ie

.
    - e-e ee--e -d -- e-
   ' ' .s.

. e-
 e
-e .

e- eee

  ee  ee  --

'

"
.

        .       .      eee       ees      e-     ee
   e -ete
   te teOt"
e-e

    .e   -ee -ID e
 e- e-e-

.

h--eeto- :s-----s---e---

        -         he-          e

.

s

.

.

.

.

e

e
.

.

.
.

.

.
.

.

 ee
!.

0
.

.
.

-e .e--

.
e-

e
  --
 Ne
e-

--e-.
 - --
 s .

eeee eee..M"

      e- ee-eS --  e-ee

e

  . --eeee
ee.

    ." e-et ee
--d" e
   ee .

8=o33

         .         .       e-e -e e-----"e"-e-- -e" ---See

.". -

O.1 7

O.15

-1 o 1. 2

VELOCITY(mm/sec)

Fi g. l4. M6ssbauerspectra of (Cao.6Sro.4)FeOs.6.

- 52 -



3

ut

hz
=oo

X 10

34

33

32

  . s.

e---

  .

  .
  - - ----

. !..

--

.

.

.

.1
.

.

 -ee --

 .
- -- - -
'l ' "i

     e-

1
.

              --

e-- -- -    1i'iit ll-V

       it"       -t ll       l- lt
       tt -       :

         3+       Fetet
        :

.

.N
.

  .
- - - e

--
 .

  .
- e - -e

.

1
i

.

.

 e-
.

t'

--

e-

v•

.

   e-      -e    e-   -e    --
   .    e-
 --i•1.1! '

'll

Fe

 :

3+
oct

-8 -6 -4 -2 O
 VELOCITY

 24
(mm/sec)

6 8 10 12

Fi g.

shows

15•

 the

M6ssbaueT

absorption

spectrum

 of the

 of (cao.6Sro.4)Fe02.s4.

perovskite-phase impurity.

Dashed line

- 55 -



250

-2

43

500

472

5

-72
e

750
28

   '
N.. -
445

750

-357

572
e -1 43

 /t

t

55

472
( 1

11

 445
 t '-)'tN

sS-r
Z/ 28 xN,

 500

 -
N

Nx ..

h.

47

55

-72
e

/

 55

47 2

b/2

250
 N
250

Fe e Ca O

Fig. 16.

(Ca2Fe20s

Structure of

or CaFe02.s)

brownmillerite-like dicalciun

projected perpendicular to the

ferrite

 c-ams.

- 54 -



composition.

     The sample (Cao.sSro.2)Fe02.7o is of interest because it is

also a mixture of perovskite and brownmillerite phases. However,

the spectrum shows oniy a paramagnetic M6ssbauer response as seen

in Fig. I7. The two resonance peaks are assigned to as those of

perovskite phase, based on the similarity of the spectrum with
that of strontium ferrate(rv). The isomer shifts oÅí Fet-+ and Fe5+

are +O.i7 mm/sec and +O.62 mm/sec, respectively.

     Of one of the end members of the present system, i.e., calcium

ferrate, the spectra before and after oxidation are pictured in

Fig. 18. The data show that any measurabie effect of high oxygen

pressure on the ferrate is not recognized and only antiferromagnetic

responses of the iron(rrl) at tetrahedral and octahedral sites
                      25)-28)                               eorTesponding to the crystal structure.appear in the spectra,
                         tt
4) Magnetic and electric properties

     Interest here was initiated by Jonker and Van Santen,s dis-

covery of ferromagnetism exhibited by the orthomanganites and
                29)orthocobaltites.                     The former case appeers to have been extensively
investigated50)' 51) and is expiained in terms of superexchange52)

and semi-covaient exchange50) between the Mn5+ ion and other sd

lons.
     Because the FeZ-+ ion is isoelectronic with Mn5t both having

the sd4 configuration, compounds eontaining this ion have been

investigated. Of these, strontium ferrete has received the great-

est attention even though it was not (previously) obtained as
nominally stoichiometric SrFeOs. Recently MacChesney et al.5)

- S5 -
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have prepared strontium ferrates with various oxygen contents and

measured their electric and magnetic properth'es. They have found

                            exhibit rather high conductivity (di=that the material SrFeO                        5.0
sxlo2 mho.cm-1), and also antiferromagnetic character with a

Ne/el temperature of 1500K. It has also been found that the recipro-

cal susceptibility-temperature curve gives an anomalously high

effective paramagnetic moment of 6.5 Bohr magnetons.

     In the present paper, the author intended to examine the

magnetic and electric properties of the system (CaxSrl.x)FeOs"6

(O Sx$ O.6; O,S6ÅíO.2) with the perovskite structure at the

temperatures ranging from liquid N2 temperature to room temperature,

in order to study the abnormal characteristies in magnetism and

electricity also for the system.

     Curves of reciprocal molar susceptibiiity (l/Um) vs. tempera-

ture for SrFe02.si, SrFe02.ss, Sr!ee02.gl, SrFe02.gt-, and SrFe02.gs

are shown in Fig. 19. The temperature at which the trough in
                                                                4+these curves occurs decreases and the trough broadens as the Fe

                                     . The most anion-deficientconcentration decreases to STFeO                                 2.85
sample, SrFe02.sl, does not demonstrate any Ne2ei temperature above

77eK, whereas the near-stoichiometric perovskiteS, SrFe02.sl-2.gs,
have an apparent Ne/el temperature of ca. 1100K. All of the compo-

sitions in the system SrFe02.sl..2.gs measured, except for SrFe02.g4,

have a positive paramagnetic Curie temperature.

     Figure 20 shows the plots of l/Jkm vs. temperature for
                                                               /(Cao.2Sro.s)Fe02.ss..2.gg. Either specimen has not ever any Neel

temperature in the temperature range studied, but has a positive

paramagnetic temperature.
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     Figure 2i illustrates the results for (Cao.4Sro.6)Fe02.77-2.gs.

The two ultimate compositions, 6 = O.07 and 6 = O.25, have negative

paramagnetic Curie temperatures while the intermediates take
positive values. The present measurements failed to find the Ne!el

temperature of these materials.

     Finaliy a plot of 1/JUm vs. temperature for the composition

(Cao.6Sro.4)Fe02.ss iS displayed in Fig. 22• The paramagnetic

Curie temperature Åíor the sample is negative. The experimental

magnetic parameters for these IpÅírovskites are summerized in Table

ur.
     Electrical resistivities were measured semi-quantitatively
for several compositions in the system (CaxSrl-x)FeOs.6(O S x 5 O.6)

by using a two-probe method. The resistivities are plotted as a

function of IOOO/T in Figs. 25•-27, where T is absolute temperatue.

     As shown in Figs. 25-27, the resistiVities for the perevskite
compositions in the system (CaxSrl-x)FeOs-6(O S x S O.6) tend to

become temperature-independent, especially at the temperatures

below ca. IOOOK, while (Cao.4Sro.6)Fe02.ss with the brownmillerite•-

like structure clearly demonstrates a typical semiconduetive

behavior (see Fig. 27).

                         DIscussroNs

1) erystal chemistry

     The plots of the lattice parameters of perovskite compositions
in the system (Ca.Srl-.)FeOs-6(O 5 x S O.Z-; O.OX 5•6 S o.19) as a

function of Fe4+ concentration, which are displayed in Fig. 9,
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TABLE lrl. MAGNETIC PARA)CETERS FOR

(Ca.Srl-.)FeOs-6(O S• x $ O•6; o

PEROVSKrTES
.ol S 6 S o. 19)

Compositions Magnetic parameters

x 5-6 TN (eK )* e (eK )** c
m

***

o

o

o

o

o

O.2

O.2

O.2

O.2

O.4

O.4

O.4

O.4

O.6

2.81

2.85

2.91

2.94

2.98

2.85

2.87

2.91

2.99

2.77

2.87

2.90

2.95

2.85

 < 77

ca.80

  uo
  107

  115

 < 77

 < 77

 < 77

 < 77

 < 77

 < 77

 < 77

 < 77

 < 77

 56

 25

 14

--40

  6

 56

 48

 50

 50

-90

 20

 10

-LF4

-- 58

 2.67

 4.11

 5•50

10.45

 7•17

 2.58

 2.95

 5•54

 4.50

 5•15

 2.72

 5•50

 7.61

 5.01

*

**

***

Expe ri mentai

Experimentai

Mhe maximun

 errors are

 errors are

error fer C m

.+.50K.

Å}100K.

, estimated from e and Z
m

, is -+ O.55•
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reveai that a-spacing of each composition tends to expand linearly

with increasing oxygen deficiency, neglecting the abrupt behavior

of the compositions with x = O.2 and (Cao.4Sgo.6)Feq2.77 and, an

eventual tetragonal distortion takes place for the first time when

the oxygen deficiency comes up to the composition AFe02.s2 (6t-%

Fe4+). Iiurthermore, the data shown in Table I suggests that in-

creasing concentration of oxygen vacancies leads to a precipitation

            (a brownmiUerite-Xike phase) as a secend phase at theof SrFeO
                              4+eompositions less than 54% Fe . These results are not far from

those obtained by MacChesney et al. for the system SrFe02.s-s.o.
                                                4+                                                  ) are $ingZe-pthey have found that SrFe02.72-s.oo (4LV--100% Fe

phase perovskites and increasing concentration of anion vacancies

results in an expansion of the cubic lattice and a drastical

tetragonal distortion is demonstrated at the compositiOnS SrFe02.72-2.s4
          4+            ). These phenomena may be explained in terms of(L"-z--68% Fe

the structural correlation between perovskite (AFeOs) and dicalcium
ferrite-like compound (AFe02.s). Wadsley55) has pointed out their

structural resembrance; jn the case of AFe02.s (A2Fe20s), where

complete rows of oxygen atoms are regularly missing, and the

accompanying rnovements of atoms remaining in the same p'lanes,

impose tetrahedral coordination upon the iron atoms, while in the

               where the oxygen atoms are arranged to be cubic-case of AFeO            5'
close-packed together with the A atoms, all of the iron atoms

occupy the resulting octahedral interstices, as indicated from Fig.

28. In other words, the dicalcium ferrite-like structure (AFe02.s)

should be derived Åírom the cubthc perovskite (AFeOs)structure by

- 50 -
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regularly takSng the oxygen atoms (shaded cireles in Fig. 28 and

29), which are in a row in the (ilO) planes, away out of She

latter lattice. Consequently, as oxygen vacancies are introduced

in a cubic perovskite lattice, charge compensation is accomplished

by converting the pair of iron ions sharing the vacancy to iron(Irr)
ions, as has been ]?eported by Gaiiagher et al.10) A structural

distortion is also induced in the vicinity of the oxygen vacancy

which leads to a general expansion of the lattice. Further in-

creasing anion vacancies may result in an eventual tetragonal

distortion of the perovskite lattice at the very point when the

anion defects are ordered in certain lattice planes. This.presumed
model is plausible for the present system (CaxSrl-x)FeOs-.6(O 5 x 5

O.4) studied.

     Another important problem must here be discussed concerning

the unsuccessful preparation of CaFeOs with the perovskite struc-

ture. The present high oxygen pressure technique failed to produce

CaFeOs(rV) in spite of the violent oxidation of Ca2Fe20s(III) at
oxygen pressures up to ca. Isoo atm. In lg26, Goldschmidt54)

proposed a tolerence factor, t, which is a measure of the degree

of misfit of perovskite structuret It can be defined by the

equation

          rA + ro =Pt(rB + ro),

where rA, rB, and ro refer to the ionic radii of A, B, and O ions

of the perovskite compound ABOy respectively. Using Pauling,s

ionic radii, any value of the tolerence factor for the known

.52 -
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perovskites drop between o.7i and o.gg.55)'58) of the presumed

isomorph of calcium ferrate (CaFeO                                    ), the estimated value is O.89".                                   5
From this standpoint, it is not difficult to form a perovskite

lattice with the composition CaFeOs. Xt is subsequently deduced

that caicium ferrate(IV) having the perovskite structure must be

formed by intense oxidation of dicalcium ferrite(Ilr) under an

extremely high oxygen pressure (at least higher than an order of
  4    atm).10
2) 57Fe M6ssbauer effect

     Isomer shift, in iron compounds correlates with the valency

state of the iron. Previous investigators have reported that the
isomer shift for a chemicazly "bound" l?e4+ ion allocates the

region between --O.l9 mm/sec and +O.22 mm/sec (relative to 510 stain-

less steel). As for the present system, it is therefore natural

to conelude that the dominant peak in the spectra for the perovskite
compositions corresponds to the FeZF+ state. The spectra for near-

stoichiometric perovskites, SrFe02.gs and (Cao.2Sro.s)Fe02.gg, are

presented in Figs. 11 and 12. The values of the isomer shift are

much less negative than that predicted by elementary theoreticai
caicuiations40) based on a pureiy ionic sd4 configuration. As

reported eariier,4i) the isomer shift of potassium ferrate(vr) is

also small of that predicted. As the charge of the iron ion in-

creases and its redius decreases, the bonding becomes undoubtedly

' For this caicuiation, the value of o.ssA59) was used as the

               4+ .   radius of Fe                  1on.
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more coyalent due to the increased polarization of the surrounding

oxygen atoms. The contribution of electron density or charge from

the covalent bonding may induce an isomer shift in either direction

from the purely ionic value depending upon whether it adds predomi-

nantly to the inner 5d level or the outer "s level. An additional

s-electron component would result in a higher charge density at

the nucleus, while an enhancement of the 5d electron density pro--

vides greater screening of the s electrons and, eonsequently, a

reduced charge density at the nucleus. The latter appears to be

true for compounds of the higher valency states of iron.
     The isomer shifts of both Fe4+ and Fe5+ ions for the system

        'ig:Åí] :iix]ie;g4-g(2.i.:.i.2S. 8.0;. 2i,i ,? i,9'i;l. .g:e,g.iOit,E.d..ai .g,,..

that the isomer shift of Fe4+ increases slightly and that of Fe5+

dereases as the perovskite-phase composition approaches a

stoichiometric one. Such phenomena have been observed for
SrFe02.s-s.o,10) Lal-xSrxFeos,1i) and srsFe2o6-7•42) it is deduced

therefrom that an increase in oxygen fraction results in the covalent

eontribution of the anions to the 5d ievel of iron(rV), whereas

oxidation process may make iron(III) transfer to iron(rV), followed

by the removal of an electron from the 5d sheil of iron(rXI).

Such a covalent contribution based en a collupse of anien vacan-

cies seems to be consistent with the lattice contraction measured

by X-ray diffractometry.

     Secondary, the results presented in Fig. 50 strongly demon-

strates a sudden change in isomer shift at the composition with
      4+62% Fe . As seen in Figs. 11-14, the spectra of the composition
           '
               '
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           4+              contents less than 62% display sizable quadrupolewith the Fe
splittings for both Fe4+ and Fe5+ resonances. The average quad-

rupole-coupling evergies are O.29 and O.50 mm/sec, respectively.

This seems to be in conta7adiction to the electronic configurations
of both FeLV+ and Fe5+ ions, i.e., sd4 (5Do) and sd5 (6ss/2),

respectively, since quadrupole interaction is generally greater
                                   4+                                     ) than for a spherical ionfor a one-eiectron-vacancy ion (Fe
                                                               '(Fe5+). As mentioned before, in the stoichiometric iron(lv) com-

pounds with the perovskite structure the iron ions are surrounded

by a regular octahedron of oxygen ions and each oxygen ion is shared

by two iron ions. Concludingly, the reason why the quadrupoie

splitting energy of the iron(rrl) is much larger than that of the

iron(rV) is explained in terms of the local asymmetric iigand

field at the iron(XXI) nucaeus.

5) Magnetic and electric properties

     From the paramagnetic measurements, the molar effective

magnetic moments were calculated for the perovskites (CaxSrl-x)FeOs-6

(o S x 5 o.6; o.ol S 6 5 o.19) by using the equation

         7Lteff = -iNlllllzTzm(m-e)

               . 2.ss x!-elE-;'

        '
whereL/LLeff is the moment per molecuie in Bohr magnetons, k the

Boltzman's constant, N the Avogadro's number, B a Bohr magneton,

Zm the molar susceptibility, T the temperature in degrees Kelvin,

e the paramagnetic Curie temperature and Cm the molar Curie

- 57 -



                                                                 4+constant. The estimated moments" are plotted as a function of Fe

concentration in Fig. 51. As for the perovskites with a higher

oxygen fraction, the effective moments are abruptly larger than

the theoretical values estimated by using a high-spin model.

Such an abrupt characteristic has been observed for the system
                              5)         by MacChesney et al.SrFeO     5-6
      Another interesting phenomenon was found for the magnetic

prope2?ties of the system studied; that is, a maximum is observed
                              4+in the plots of 7cceff vs. Fe                                 concentration at the composition
around 9s% Fe4+. such a feature has been also seen in the results

obtained by MacChesney et al.5) (see Fig. 52). This unique evi-

dence is not adequately explained, but it seems to be essential

that strontium ferrate with the perovskite structure is a hÅ}gh-

spin compound. The present system is composed of cubic or
slightly distorted perovskites which are thought to be essentially

antiferromagnetic at lower temperatures from the curves of i/CUm

vs. T. Nevertheless, almost all of the specimens take "positive"

paramagnetic Curie temperatures implying a ferromagnetic interaction

( see Fig. 55 ). The positive exchange integral of the near-

stoichiometric compounds suggests that the materials are not

G-type compounds.

     The electrical resistivity investigated for the perovskites
of the system (CaxSrl-x)FeOs..6(O 5 x S- O.6) tends to be tempera--

ture-independent with the decrease of oxygen deficiency and

" The maximum error is Å}O.i5 Bohr magnetons.
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temperature. Macchesney et al.'5) have also reported the nearly

zero activation energies for the Fe4+-rich perovskites,

                 below their Ne/el temperatures; particularly, theSrFeO     2.84-5.00'
stoichiometric composition has shows a zero activation energy

over the whole temperature range studied, i.e., 4.20K to 5000K.

    Electrical conduction of strontium ferrate has been discussed

previously in connection with investigations of the lanthanum-
strontium ferrates.8) Here, the rather high conductivity was

expiained according to the electron-hopping mechanism by de Bo"er
and verway.45) rn eccord with the behavior of ionic oxides, it

was proposed that transition-metal oxides in which the transition-

metal is in one valence state only are insulators. Nevertheless,

near-stoichiometric strontium ferrates with the perovskite struc-
                                     5)                                         and the present authorture examined by MacChesney et al.

exhibited properties quite different from those anticipated.
Ivurthermore, Gallagher et al.10) have meq.sured the X-ray reflec-

                    at the temperatures of 4.20K and 2990K. Closetions of SrFeO              5.00
scrutiny of the diffraction patterns failed to reveal Jahn-Teller

distortion.
    As pointed out by Macchesney et al.12) and Goodenough,Z"Z-) it

is likely that SrFeOs is transitional between the localized and

collective electrbn situations, for although it is a metallic

conductor and does not show Jahn-Teller distortion, it appears

magnetically ordered at low temperatures. The more positive
isomer shift of SrFeOs than that predicted for purely ionic FeLF+

has implied a significant covalent mixing of anion p and cation

.- 62 -



d orbitals. Such a covalency makes the molecular orbital theory

apply for the system where the molecular orbitals composed of

both antibonding Tr" (a mixing oÅí t2g and pn) and Åí' (amixing

of eg and pe, ) orbitals are formede Moreover, if a certain band

formation is allowed for the.z" orbitals in the strontiun ferrate

crystal because of the three-dimentionai covalent framework, such

an electron occupying the Z' band is no longer localized but

collective enough to behave as a metallic one, whereas three elec-

trons in each of the Tr" states remain localized as magnetic spins.

From this standpoint, the semi-metaliic conduction, temperature-

dependent paramagnetic behavior and the absence of Jahn•-Teller

distortion of strontium ferrate(IV) seems to be reasonably eXplained
                                                   4+despite the large degeneracy anticipated for the Fe ion, which,

if in the high spin state, would have the electronic confÅ}guration

ggg2g.:.egl.'.,:;ge,"X:l.!ga;g,;e.i.og;gltg.ul.ih.:hx,g,om;;glgt;g.?Ec,gos

The measurements of electric and magnetic properties revealed

that this material is also metallic. However, the conduction

                    is thought to be quite different from thosemechanism of SrFeO                  5
of SrCrOs and LaNiOs46) which show pauli paramagnetism, though

these three materials are all perovskites.
                                                 '
     Mherefore, it is concluded that the electrical conduction of

the perovskite compositions in the present system is explained by

similar mechanism proposed by MacChesney and others; i.e., these

matdrials are classified into the magnetic semiconductors whose

chaicacteristics are caused by their unique bond nature. It is aiso
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elucidated that as the oxygen atoms are taken off from a perovskite

lattice and the chemical composition approaches to that of the

brownmUlerite-like structure, its electrical properties changes

from semimetallic to semiconductive or insulative. This behavior

is also expiained in terms of the difference in bond nature be-

tween the perovskite and the brownmilierite-like structure, i.ee,

covalency and ionicity.
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                           Chapter 5

                A New Perovskite CaFeOs(IV)

     The studies of high oxygen pressure effect in the system
(CaxS' rl-x)FeOs-6(O S' Å~ S' 1), described in chapter 2, revealed

that the formation of perovskite-like compounds was lirnited to

the composition range from x = O to x = O.8 at oxygen pressures

up to ca. 2000 atm. As for calcium ferrate(rV) with the perovs-

kite structure, it has been predicted to synthesize the material

at a much higher oxygen pressure. For the increase of the

fugasity of oxygen gas in a reactor, it is desirable to make

use of the dissociative oxygen pressure of higher-valency oxides,

peroxides and superoxides. Among these, chromium trioxide has
been extensiveiy studied47)-50) for the correiation with other

chromium--oxygen system from the thermodynamic point of view.

As seen from Fig. 54, ehromium trioxide(V!) equilibrates with

chromiuEn dioxide(ZV) at 20-25 Kb and 1000-l2000 OC:

                    CrOs e= =l Cr02 + 1/2 02.

ThereÅíore, it seems to be possible to generate an oxygen pres-
                        4 ..                               Åíinding the adequate pressure--sure of the order of 10                          atmv

temperature conditions at which the reactant-resultant system

is compietely brought to the right-hand side of the above equa-

tion. rn such a way, liberated oxygens from the decomposition

of chromium trioxide will be used to prepare calcium ferrate(rV)

with the perovskite structure.
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     In this chapter, the author describes the fruitful prepara--

tion of a new perovskite CaFeOs using a piston-syiinder--type

high-pressure-vessel and also CrOs as an oxidizing agent.

                   EXPERIIYIENrpAL PROCEDURES

     A starting material with the composition Ca2Fe20s, which

has been prepared by firing of an intimate mixture of CaCO                                                             and                                                           5
Fe20s at Z200 eC, was put together with dry CrOs into a gold-

tube capsule. A zirconium dioxide layer was intervened between

the two layers composed of Ca2Fe20s and CrOs in order to preclude

the product from any undesirable contamination with CrOs, as

shown in Fig. 55. The capsule was then pressed in a piston-
                                                               *cylinder-type high-pressure-vessei at 20-25 Kb and 900-ilOO OC

for 1 hr. Cooling of the sample was conducted under the pressdd

condition.

     To check whether or not the product is a perovskite phase,

some physico-chemical properties were examined, based on X-ray

diffractometry, M6ssbauer spectroscopy and magnetic measurements.

Contamination of the resulting material with zirconium and chro-

mium was examined by qualitative colorimetry using Alizarin Red
s (sodium alizarinsuifonate)5i) and diphenyicarbazide,52) re-

spectively.

*
 The pressure-temperature conditions are those at which Cr02

is thermodynamically more stable than CrOs.
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                      EXPERIMENTA]) RESUILTS

     The X-ray diffractogram of calcium ferrate(IV) prepared

through this technique is shown in Fig. 56. All of the re-

flections were indexed as those of a cubic perovskite-like

compound, whereas the starting material Ca2Fe20s had an ortho-

rhombic brownmillerite-like structure. The lattice parameter

of calcium ferrate(IV) varies with the mixing ratio of Ca2Fe20s

        in weight. For example, the a-spacing of calciunto CrO      5
                       oferrate(IV) was 5.798 A at the ratio of 2/5, while that was
      o5.770Aat the ratio of 1/2. .
     Figure s7 shows the 57Fe M6ssbauer spectra of caicium

ferrates(IV) prepared at varying ratio of Ca2Fe20s/CrOs; i.e.,

spectrum A is of the ratio of 1/2 and spectrum B of 2/5. Ei-
ther spectrum exhibits a paramagnetic Fe4+ absorption (Is = -

+O.15 mm/sec) implying the formation of a perovskite phase of
calcium ferrate, though spectrum B shows an additional Fe5+

absorption (IS = +O.80 mm/sec) corresponding to anion vacancies.

In chapter 2, it was described that oxygen deficiency results

in the expansion of a-axis for non-stoichiometric perovskites.

Such effect may also be taken in account for the calcium fer-

rates just prepared in this work. Since the lattice parameter

oÅí sample A is smaller than that of sample B, the former sample

seems to be a near-stoichiometric perovskite and the latter

may have appreciable oxygen vacancies. This inference is not

far from the results presented in Mg. 57.

     Next magnetic susceptibilities were measured for the two
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Fig• 57.
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compositions. The inverse of susceptibiiity is plotted in Fig.

58 as a function of temperature. Either specimen is antiferro-
magnetic, having a Ne/el temperature around 120 OK. For sample

A, the paramagnetic Curie temperature is 78 OK and the effective

magnetic moment is 2.20 Bohr magnetons per mole. On the other

hand, sample B has a Curie temperature of 45 OK and an effective

magnetic moment of 2.71 Bohr magnetons per mole.

     Any significant contamination of the resulting perovskite-
like compounds with zirconium and chromium was not ' observed.

                         DIscussroNs

     Calcium ferrate(IV) with the cubic perovskite structure,

which had not yet been synthesized for a long time, has just

prepared in this work. As a preliminary work, the author in-

tended to prepare CaFeOs(!V) in a piston-cylinder-type high-

                             . The attempt, however, failed aspressure-vessel without CrO                            5
expected. Therefore, it is concluded that calcium ferrate(rV)

should be produced only at an effective oxygen pressure gener-

ated by the decomposition of chromium trioxide, such as
              i/2cros(vod.-29t:22-!E!2.--2 .5Kb i/2cro2(iv)+i/2o2

                             900-11oo Oc

              Ca2Fe20s(II!) + 1/2 02 . 2 CaFeOs(!V).
From the reaction formula just above, the preparation of a stoi-

chiometric calcium ferrate(IV) requires a halÅí mole of CrO                                                             for                                                           5
every mole of the starting material Ca2Fe20s. In this experiment,

a near-stoichiometric CaFeOs(IV) has been prepared under the con-
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dition of the ratio Ca2Fe20s/CrOs of ]/2 in weight. Therefore,

excess oxygens are necessary to promote the complete reaction:

              Ca2Fe20s(IIr) + l/2 02 . 2 CaFeOs(IV).
     The present results suggest that a high oxygen pressure far
above an order ot lo5 atm is obtained through this technique,

and such a unique technique sieems to be very useful for the pre-

paration of similar compounds containing a transition metal ion

in the abnormally higher valence state.
                                                  '    .Here, it is worthwhiie to mention briefly the physico-chem-

icai' properties measured by x--ray diffractometry, 57Fe M6ssbauer

specVroscopy and magnetometry Åíor the near-stoichiometric calcium

ferrate(IV) so prepared.

     First, one can not recognize any significant difference in

the isomer shift of iron(!V) between the two extreme compositions,

SrFeOs and CaFeOs, in the present system studied, i.e., their

isomer shifts are almost same within ' the present experimental

error of Å}O.05 mm/sec. Furthermore, those isomer shifts are com-

patible with those of near-stoichiometric (CaxSrl-x)FeOs-6(X =

O.2 and x = O.4). Subsequently, it is concluded that any measur-

able difference in isomer shift is not between calcium and stron-

tium ferrates(IV), despite of their different lattice dimensions.

     One other interesting phenomenon was found in the measure-

ment of magnetic susceptibility of a near-stoichiometric CaFeOs

(IV); it demonstrates a unique behavior, different from that of
the system (CaxSrl..x)FeOs-6(O S- x S- O.6). The efÅíective magnetic

moment found for this material was 2.20 Bohr magnetons per mole,
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though strontium-rich perovskites had an abruptly larger Bohr

magneton than that predicted for the system using a high-spin

model. [Dhe very low moment of CaFeOs(IV) undoubtedly indi-

cates that the material is either a low--spin compound or such a

compound as the bonding nature of iron-oxygen octahedron is a
dy2sp5 hybrid. such a difference in eiectronic configuration

of ii?on(IV) between the two compounds seems to be explained in

terms of the ligand field strength of oxygen atom correlating

with cation-anion separation. In order to examine the validity

for this model, the magnetic susceptibility was measured also

for a near--stoichiometric pe]?ovskite (Cao.sSro.2)FeOs With a

smaller cell volume. This material, which was synthesized at

20 Kb and 1100 OC for l hr in a piston--cylinder-type high-pres-

sure-vessel using CrOs as an oxygen source, exhibited a smaXler

effective Bohr magneton of 5.67 and a cell constant of ao =
      o5.795 A. Therefore, it is concluded that the electronic config-

uration of iron(XV) of the present system (CaxSrl-.x)FeOs-6 with

the perovskite structure changes Åírom a high-spin to low-spin

state at the composition with x = ca. O.8 and ao = ca• 5.80.
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                           Chapter 4

                            Summary

     'This paper has described a high oxygen p]?essure effect in

the system (CaxSrx.x)FeOs-6. Such a system is of unique inter-

est in that it exhibits a wide range of oxygen non-stoichio--
metry, as well as in that it contains an unusuai "Fe4'+" ion.

Moreover, the a-iong-time pending problem why normal solid-state

reaction does not yield calcium ferrate(IV) with the perovskite

structure while the strontium analog and calcium titanate(IV)

are known, encouraged the author to undertake the present study.

     For the purpose, a series of materials with the composition
(Ca.Srl-.x)FeOs-6(O S x 5 1, with x in the steps of o.2 mole;

o.lg E 6 5 o.s) was first prepared in air and the starting ma--

terials were next equilibrated at various oxygen pressures up

to ca. 2000 atm and the temperatures ranging from 500 to 800 OC.

The physico-chemicai properties of these compositions with vary-

ing oxygen fraction were examined based upon X--ray diffracto-
metry, 57M6ssbauer spectroscopy, magnetometry and eiectricai

measurement. The X-ray an,qlysis clarified that a cubic perovskite

phase is stabilized at the composition range AFeO                                                  2.82-5.00
(FeZ-+ l 64%), a tetragonal distortion appears at the composition

with the Fe4+ contents less than 62%, and composition with the

Fe4+ contents between o% and s4% undergo a precipitation of

A2Fe20s with the brownmillerite structure. As for perovskite
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phase, the a-spacing showed a linear expansion with increasing

anion deficiency, whereas the c-spacing of a tetragonal perovs-

kite phase does not change but remains nearly comparable to the

a-spacing of the corresponding stoichiometric perovskite phase.
                                                               'Mhe characteristic behavior has been explained in terms of a

short--range ordering of missing oxygens since close scrutiny

of the difÅíraction patterns of anion--deficient perovskites ex-

posed on a Guinier camera failed to find any additional super-

structural lines. One other important result has been obtained;

the present high oxygen pressure technique described in detail

in chapter 2 was unable to oxidize dicalcium ferrite up to the

iron(IV)-bearing perovskite composition but made the formation

of perovskite phase limited to the composition of x = O.8.

     rron-57 M6ssbauer measurements presented the results as

follows: (1) a near-stoichiometric perovskite showed a single
paramagnetic Fe4+ resonance absorption, whose isomer shift (+

O.15+O.02 mrn/sec relative to 510 stainless steel at room temper-

ature) was more positive than that anticipated for a "free" ion-
ic Fe4+ (-x.somm/sec). The discrepancy was interpreted in terms

of the covalent contribution of anions to the 5d levels of the

"bound" iron(rV). (2) As predicted from the results obtained by

X-ray diffractometry, a tetragonal perovskite demonstrated siz-
able Quadrupole couplings for both FeL"+ and Fe5+ nuclei. However,

their coupling energies were quite strange when oniy their elec-

tronic configuratons were taken for the irons into accounts, be--

cause the iron(Xrl) has a spherical cenfiguration whereas the iron
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(IV) has a one-electron-vacant half-fiXled 5d shell. Neverthe-

less, the larger energy for the iron(XII) was explained in terms

of the localized vacancies contiguous to the iron(11I). (5)

There was not a great difference among the isomer shifts of cubic

perovskites, while an introduction of a number of oxygen vacan-

cies in the perovskite lattice resulted in a sudden change in

isomer shift, corresponding to the X-ray tetragonal distortion.

This might also be explained in terms oÅí covalency and ionicity.

     Here, the magnetic and electric measurements oÅí the system
(CaxSrl-x)FeOs-6(O S' x S' O.6) discussed in chapter 2, are summa--

rized as follows: (1) iron(IV)-rich compositions displayed an

abruptly high effective magnetic moment, far higher than that

predicted using a high-spin model. Particularly, the composi-
tions with the FeZV+ contents around 87% showed a muximum in the

piots oÅí /ueÅíf as a function of Fe4+ concentration, consisting to

the negative paramagnetic Curie temperature. These unique phenom--

ena have not understood adequately. (2) As for the system
SrFe02.sl-2.gs, the almost stoichiometric composition had a Ne!el

temperature of ll5 OK, wheTeas the more anion-deÅíicient showed a
decreasing Ne/eZ temperature as oxygen vacancies were induced in

the lattice. The characteristic Åíeature seems to be explained as
such that the antiferromagnetic spin alignment of Fe4+-Fe4+ via

superexchange mechanism involving the intervening oxygen is un--

dubtedly perturbed as a consequence of the presumed oxygen vacan-

cies and the resulting lattice expansion. (5) Semiquantitative

measurements of electrical resistivity using a two-probe method
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showed that a nearly temperature-independent conduction appeared
in the system with a high Fe4+ concentration at the temperature

range where an antiferromagnetic ordering takes place, whereas
the iron(uZ)-•rich sample exhibited a typieal semicondu6tion.

Such an unexpected decrease in resistivity as the composion ap-

proachs AFeOs(IV) is eonsidered to be due to the formation of

anti-bonding z" band made up of the eg orbitals of the 5d cat-

ions and the p., orbitals oÅí the anions.

     Finally, the author will summarize in brief the results r'e-

ported for a new perovskite CaFeOs(rV) in chapter 5. From the

high oxygen pressure experiments examined for the system with the

cOmposition (Cairl-x)FeOs-6, it has been much anticipated that

a new perovskite CaFeOs(IV) should be produced at a high oxygen
pressure much above an order of io5 atm. For the aim at the pre-
                         '
paration of the presumed perovskitev the author devised an effec-

tive oxidation technique in order to generate a much higher oxy--

gen pressure than those obtained in the previous work. The pro-
cedure was as follows} excess dry chromiun trioxide was bedded

at the bottom of a gold-tube capsule as a source of available

oxygens, and then a starting material with the chemical composi-
                               'tion Ca2Fe20s was sedimented on a CrOs layer, with a zirconium

dioxide layer intervening between Phe CrOs and Ca2Fe20s layers.

The capsule subsequently embedded in a piston-eylinder-type high-

pressure-vessel and pressed under the ptessures ranging from 20

Kb to 25 Kb at 900-1100 OC for 1 hr. The resulting product was

identified as the presumed isomorph of calc.ium titanate(IV), based
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upon x-ray diffractometry. When the mixing ratio of Ca2Fe20s

to CrOs was 1/2 in weight, the lattice parameter found Åíor the
                        oproduct was ao = 5.770 A, which was in good agreement with that

extrapolated from the plots of the lattice parameters of the
system (CaxSrl-x)FeOs-6(O S Å~ 5 o.4) vs. Fe4+ concentration.

     M6ssbauer spectroscopy aise confirmed that the materia'1

       so prepared was a paramagnetic (at room temperature)CaFeO     5
perovskite containing Fe4+ ions (is = +o.y mm/sec) as a major

component. Mhe isomer shÅ}ft was comparable to that of strontium

ferrate(XV) within the present experimental error of Å}O.05

mm/sec. However, the magnetic behavior of calcium ferrate(IV)

was different from the strontium-rich compositions in the system

CaFeOs•-SrFeOs; the effective magnetic moment was 2.20 Bohr

magnetons per mole for CaFeOs(IV). Concludingly, it has been

assumed that the material is a low-spin compound.

     Moreover, from the experimental results for the ma'gnetic

susceptibility and lattice parameter of (Cao.sSro.2)FeOs, it iS

clariÅíied that the present system (Cairl.x)FeOs(IV) is classified

into two groups: high-spin compounds and low-spin compounds.

There is the borderline between the two electronic states at the
                                                                 ecomposition with x .•-.- O.8 and the lattice constapt of ao kr 5.80 A.
     Finally, calculations of the ionic radii of Pet-+ in the two

difÅíerent electronic states from the lattice parameters for two

ultimate compositions, i.e.,.a high-spin strontium ferrate(rV)

and a low-spin calciurn ferrate(TV), were carried out and the

results are as follows:
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   4+ Fe
   4+ Fe

coordination
   number

  '6
     6

electronic
  state

 high-spin

 low-spin

ionic radius"
        '
         o   O.524 A
         o   O.48s A

*
Calculations are

fold coordinated

based

oxygen

on the Pauling'

 divalent-anion

s
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                                 Appendix

     Ionization potentiais of sd-eiements55) are presented in

Fig. Al. The fourth ionization energy of iron is l510 keal/mole,

whereas the third one is 706.7 kcal/mole. TheTetore, it requires

605.5 kcal in order to obtain one molecule of AFeOs(!V) with the

perovskite structure by the oxidation of a half mole of Ca2Fe20s

(!II) with the brownmillerite-like structure via the transition
from Fe5+ to FeZ-+.
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