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(B) When v>0, the stationary probability distribution be

comes divergent at x=0. This result is clearly not realistic. 

Thus, a more realistic stochastic model should be proposed.

(C) In the region x>0 the 아raight lines v—0 and v=l 

give marginal situation, that is, the fluctuating intermediate 

tmdergoe옹 the pitchfork bifurcation by crossing the lines and 

thus the variation of probability distributions becomes dis

continuous, when the system undergoes the pitchfork phase 

transition.

(D) When a system has the same multiplicative noise and 

linear part of deterministic term, the same pitchfork bifurca

tions occur.1,2,7 The reason is that v=0 and v—1 lines are 

due to the noise and coupling between noise and linear part, 

respectively.

(E) The diffusion coefficient with v induces the saddle

node bifurcation in the case of x>0 and 0<v<l. B이ow the 

curve of the saddle-node bifurcation the coupling between 

the drift and noise terms plays the most important role. 

However, the multiplicative noise term becomes dominant 

above the curve. Thus, it is clear that the variation of proba

bility distributions is continuous.

(E) It should be very careful to apply the Ito or Stratono- 

vich FPE to an actual system.2

(F) v=l is the critical dynamic exponent. At v>l it is 

impossible that the intermediate for the Schldgl model with 

the second order transition near the stable steady state esca

pes over the unstable steady state of the potential barrier. 

For the model with the first order transition the transition 

rate from one stable steady state to the other stable state 

through 사le unstable state become zero,1 if v^l. Also, the 

relaxation time for the models becomes infinite when v=l?

Some of the above results are unrealistic. Maybe the mul

tiplicative noise should be expressed by a polynomial of the 

concentration of the intermediate instead of I시''. The reason 

is that starting from the master equation for the Schldgl 

model, the diffusion term in the FPE is expressed in terms 

of a polynomial of concentration.5 Investigation on thi옹 aspect 

is in progress in our group.
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The nonstoichiometric perovskite solid solutions of the Ndi-rSr^FeOg-^ system for the compositions of x=0.00, 0.25, 

0.50, 0.75, and 1.00 have been prepared at 1150^ in the air pressure. The compound of x=0.00, NdFeOio, contains 

only Fe3+ ion in octahedral site and the others involves the mixed valence state between Fe3+ and Fe4+ ions. The 

mole ratio of Fe4+ ion or the r-value increases steadily with the x-value and then is maximized at the composition 

of x~ 1.00. The nonstoichiometric chemical formulas of the system are formulated from the x, r, and y values. From 

the Mdssbauer spectroscopy, the isomer shift of Fe3+ ion decreases with the increasing x-valuef which is induced 

by the electron transfer between the Fe3+ and Fe4+ ions. The transfer is made possible by the indirect interaction 

between Fe3+ and Fe4+ ions via the oxygen ion. The eg electrons of the Fe3+ ions are delocalized over all the Fe 

ions. Due to the electron transfer, the activation energy of electrical conductivity is decrease with the increasing 

amount of Fe4+ ion.

Introduction tai placed in B-site is able to have higher valence state which

is generally stabilized with a large A-site ion. The perovskite

in the perovskite-type ABO3 compound, the transition me- type compounds have been studied extensively because of
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their unique and applicable properties.1-5 It has been found 

that a compound of orthoferrite type has an antiferromagne

tic interaction of Fe3+-O2--Fe4+ which can be explained by 

the superexchange model. According to the previous studies 

of the orthoferrite type compounds, they exhibit weak ferro

magnetism due to the distorted octahedra (FeO6) along the 

c-axis.6 8 Takeda et al.9 have suggested that the SrFeO3 has 

antiferromagnetism below the NW이 temperature of 130 K. 

It has also been shown by using the neutron diffraction me

thod that 아｝e Fe4+ ion within the octahedral site is stabilized 

with a low spin state (械e?) in SrFeO% using the neutron 

diffraction method.10 Gibb11 has explained that the thermally 

activated electron transfer process in the SrFeOs-^ system 

takes place and results in a single narrow resonance line 

in Mdssbauer spectroscopy.

The electrical conduction of perovskite materials has been 

affected by the interaction between the iron cation and the 

oxygen anion. The degree of the Fe-O-Fe interaction affects 

directly the carrier mobility.11 When the Fe4+ ion is produced 

as a mixed valence state in a perovskite compound, the fast 

electron transfer between the Fe ions occurs by thermal ex

citation.231113 In the perovskite compounds, ABO3, the higher 

oxidation state of B-site or the oxygen vacancies can be pro

duced by the divalent cation substitution for the tri valent 

cation on the A-site. The oxygen vacancies as well as the 

B-site ion of the mixed valence states affect the B-O-B inte

raction considerably.3

In the (AA')FeC)3 system, the mixed valence state of the 

Fe ion옹 might be formed depending on the valence states 

of A' ions and sample preparation conditions. The valence 

states of Fe ions will become a main factor of the physical 

properties for the perov옹kite compounds. In the present 

study, the nonstoichiometric chemical formulas of the Nd—厂 

，［况宅‘+―/》—'sysem could be formulated through the che

mical analysis. The bonding character of FeO and the mixed 

valence state of the Fe ions are investigated by using the 

Mdssbauer spectroscopy. The magnetic and electrical proper

ties are discussed with relation to the valence state of the 

Fe ions, the oxygen vacancies, and the degree of the interac

tion between the Fe ions.

Experimental

The solid solutions of the Nd—S^FeQ二y (r=0.00, 0.25, 

0.50, 0.75, and 1.00) system have been prepared from evapora

ting and firing the nitric acid solution of appropriate starting 

materi끼s such as SrCO3t Nd2O3, and ferric nitrate and then 

heating at 1200t under the air pressure for 72 hrs. The 

products were ground, pressed into disks, and heated again 

in the same conditions for 24 hrs. The polycrystalline pellets 

were used for the electrical conductivity measurements.

By the XRD analysis with monochromatized Cu Ka (人= 

1.5418 A) radiation, we confirmed whether the samples were 

formed into the 옹olid solutions, and determined the lattice 

parameters and the crystal system. The mixed valence state 

between the Fe3+ and Fe4+ ions was determined and identi

fied by Mohr salt analysis2,6 and Mdssbauer spectroscopy, 

respectively. The thermal analysis was carried out in the 

range of 300—1000 K. The Mossbauer spectra using the y- 

ray source of 57Co diffused within the Rh matrix were re

corded in the room temperature. From the Mdssbauer spec-

Table 1. Lattice Parameters and Crystal System of the Nd— 

SrxFeO3-> Solid Solutions

x value

Lattice parameter (± 0.001 A)

Crystal system
a b c

0.00 5.624 5.619 7.625 Orthorhombic

0.25 5.588 5.687 7.524 Oorthorhombic

0.50 5.588 5.686 7.505 Orthorhombic

0.75 3.858 — — Cubic

1.00 3.855 — — Cubic

Table 2. x, x,y Values, and Nonstoichiometric Chemical Formula 

of 나le Ndi-xSrxFe3+i-TFe4+TO3-? System

x value
r value

(± 0.005)
y value

Nonstoichiometric 

chemical formula

0.00 0.00 0.00 NdFe03.oo

0.25 0.22 0.01 Q,22O2.99

0.50 038 0.06 Ndo.5oSro.5oFe3+o.62Fe4 + o3802.94

0.75 0.44 0.15 Ndo.25Sro.75Fe3+o.56F e4+0.4402^5

1.00 0.47 0.27 SrFe3+o.53Fe4+o.4?02.73

troscopic analysis, we are able to discuss about the interac

tion between the Fe ions and about the electric field gradient 

produced by the oxygen vacancies. The magnetic measure

ments were also carried out 4~800 K in the air. The electrical 

conductivities of the samples had been measured by the four 

probe DC technique in the temperature range of 78 to 900 

K under the air pressure. The electrical conductivities were 

calculated by the Laplume's equation.

Result and Discussion

The x-ray diffraction patterns of the compounds, x — 0.00, 

0.25, and 0.50 are indexed on the basis as the an orthorhom

bic system as the orthoferrite which is distorted perovskite 

type structure. The compositions of x—0.75 and 1.00, how

ever, are assigned to the cubic structure. A distortion of 

the axis of the octahedra is reduced by replacing the Nd" 

ion with Sr2+ ion which has larger ionic radius than Nd” 

ion. The lattice parameters and crystal system of each com

position are listed in Table 1.

The mole ratio of Fe4+ ions to the total Fe ions or the 

r-value is measured by Mohr salt analysis and then the 

amount of oxygen vacancies or the >(y = (r~r)/2) is calcula

ted. Therefore, the nonstoichiometric chemical formulas of 

the Ndi-xSrxFe3+i-TFe4+1:O3-j system corresponding to each 

composition are formulated as listed in Table 2. The com

pound of x=0.00, NdFe03.oo. has only Fe3+ ion and 나le others 

have the mixed valence state between the Fe3+ and Fe4+ 

ions. The t and y values increase with the x-value for the 

system as shown in Figure 1.

The experimental data of DTA show that the compound 

of x=0.00 has small endothermic peak about 300 K and the 

others have no such peaks. In the case of 尤=1.00, the endo

thermic peak may show a structural transition from the bro-
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Figure 1. Plot of the r and y values vs. x value for the Nd—广 

Sr^Fe3+1 - tFe4+TO3-y system.

Figure 2. Mdssbauer spectra for 사le Ndi-xSrxFeO3-j system at 

the room temperature: (a) NdFe03.o and (b) Ndo.75Sro.25FeO2.99-

wnmillerite to the perovskite cubic structure, which has been 

proposed by Takeda et a/.14 The transition takes place due 

to the existence of a small amount of the brownmillerite 

type structure within the cubic phase.

The Mossbauer spectra recorded at room temperature for 

the Ndi-xSrxFeO3^ system are shown in Figures. 2 and 3. 

The Mdssbauer parameters such as isomer shift (6), quadru

pole splitting (Eq), and internal magnetic field(HG are listed 

in Table 3. The Mdssbauer spectrum of NdFe03.oo represents 

only Fe3+ ion and the other compounds show complex spec

tra depending upon the mixed valence state between the 

Fe3+ and Fe4+ ions in good agreement with the result of 

Mohr salt analysis.

The spectrum of the composition of 丸= 0.00 shows a 6- 

lines which is produced by only hyperfine splitting of Fe3+ 

ions in an octahedral site. The compound of 光=0.25 contains 

a single line of Fe4+ ion as well as a 6-lines of Fe3+ ion. 

There is an antiferromagnetic interaction of Fe3+-O2 -Fe3+ 

in the compounds of 兀=0.00 and 0.25. The Fe3+ ions located

Figure 3. Mdssbauer spectra for 나ic Ndi-xSrxFeOs-^ system at 

the room temperature: (a) Ndo.50Sro.50FeO2.94, (b) Ndo^Sr^FeO/, 

and (c) SrFeO2.73-

Table 3. Mdssbauer Parameters for the NdiSr^FeOs Sys

tem

X

Fe

(typ 은)

Isomer shift 

(± 0.001 mm/sec)

Quadrupole 

splitting 

(± 0.002 mm/sec)

Internal field 

(± 5 kOe)

0.00 Fe3+ 0.362 0.017 518

0.25 pp3 + 0.304 0.069 514

p„4+ -0.078 —

0.50 P-3 + 0.159 0.194 —

요+ -0.032 —

0.75 Vp3 + 0.150 0.522 —

F#+ -0.017 —

1.00 Cp3 + 0.166 0.938 —

Fe4+ -0.180 —

in octahedral site are magnetically ordered by the indirect 

interaction through the bridging oxygen ions in the room 

temperature. The compounds of *=0.50, 0.75, and 1.00 exhi

bit double lines and a single line due to Fe3+ and Fe4+ 

ions, respectively. The Fe ions of the compounds are not 

magnetically ordered in the room temperature.

The quadupole splitting of Fe3+ ion increases with x-value 

in the compositions of x>0.50. The more amount of oxygen 

vacancies may produce the larger the electrical field gradient 

in Fe sublattice of the perovskite compounds with the in

creasing quadrupole splitting of Fe3+ ion. Since there are 

a large amounts of oxygen vacancies and Fe4+ ions in the 

composition of x=1.00, the quadrupole splitting of Fe3+ ion 

is larger than that of *=0.50. In spite of large amounts of
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Figure 4. Plot of 1/Xw temperature for the NdiSLFeQ-, 

system: (a) NdFeOaoo, (b) Ndo.75Sm25FeO2.99, (c) Nd055Sr0.75FeO2.85. 

and (d) SrFeOg

oxygen vacancies, there is no discrete peak induced by the 

Fe ions placed in the tetrahedral and the octahednil sites, 

respectively. It is ascribed to the oxygen vacancies that are 

not ordered differing from the CaFe025o.15

The eg electron of Fe3+ ion is transferred to the empty 

eg orbital of Fe4+ ion by Fe3+-O2~-Fe4+ bond via an interven

ing oxygen ion. The interaction induces high 5-electron den

sity at the nucleus of Fe3+ ion because of lower shi이ding 

effect of the (/-electron. Thus the isomer shift of Fe3+ ion 

decreases as the amount of Fe4+ ion increases. The isomer 

shift of Fe3+ ion between the compositions of 先＜0.50 and 

.20.50 아lows a large difference. In the compounds of 尤20.50, 

the peaks of a singlet and a doublet are overlapped due 

to fast electron transfer between the Fe3+ and Fe4+ ions, 

which induce electron density to vary at the nucleus of the 

Fe ion. The eg electrons of Fe3+ ions are delocalized over 

all the Fe ions, which is made possible by indirect interaction 

between the Fe ions in 多＞0.50.

The reciprocal magnetic susceptibility as a function of tem

perature are shown in Figure 4. All of the samples are anti

ferromagnetically coupled between Fe ions below the Neel 

temperature. The Neel temperature of the compounds of x= 

0.00 and 0.25 are 710 and 350( ± 5) K, respectively. Their 

antiferromagnetic interaction exhibits a weak ferromagnetism 

due to the spin canting induced by a distortion of FeO6 sub

lattice in the orthoferrite type structure. The compound of 

尤=0.00 containing only Fe3+ ion has a str이】g antiferr이nag- 

netic interaction of Fe^-C^^-Fe3+ and a high Neel tempera

ture. However, the Fe4+ ions produced by replacing the Nd3+ 

ions with the Sr사 ions interrupt the Fe3+-O2--Fe3+ antifer

romagnetic interaction. Thus the magnetic transition tempe

rature is decreased with the increasing r-value. The Neel 

temperature of compounds of x—0.75 and 1.00 are 60 and 

240(士 5) K, respectiv이卩 Thus Mdssbauer spectra for the 

compounds of *20.50 do not show 6-lines splitting at room
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Figure 5. Plot of log eletrical conductivity vs. 1000/T for the 

Ndi-xSrxFeO3^ system.

x Temperature Activation

value range (K) energy (eV)

Table 4. Activation Energy of the Electrical Conductivity for 

the Nd—System

1.59(3)

560MX940 0.23(1)

0.25
78M7E320 0.42 ⑴

320^7^580 0.18 ⑴

0.50 78K7W360 0.31(1)

0.75 78£"490 0.22(2)

1.00 78M7K430 0.09(1)

temperature.

The plots of the log conductivity vs. 1000/T are presenting 

a good linearity at low temperature region as shown in Fig

ure 5. The activation energies of the conductivity obtained 

by the Arhenius plots are listed in Table 4. The activation 

energy for the composition of x = 0.00, NdFeQ.oo, is very high, 

1.59 eV, in the temperature below 690K. The transition tem

perature of the plot is similar to the magnetic transition tem

perature (7*=ZL0K). The electrons of the Fe3+ ions are lo

calized and their spins are magnetically ordered through the 

indirect interaction below the transition temperature. There

fore, it leads to the difficulty of the electron transfer and 

the high activation energy in NdFeO3.(x).

However, the activation energy decreases rapidly with the 

increasing r-value. The activation energy depends mainly on 

the concentration of the Fe4+ ion containing the empty eg 

orbital. The relation between the activation energy and T-va- 

lue is plotted in Figure 6. The eg orbital of the Fe~ion is 

overlapped with 力-orbital of oxygen ion. The overlap of o- 

bonding character is formed in a certain range and is apt
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t value
Hgure 6. Plot of the activation energy vs. r value for the 

NdiSnFeQr system.

to electron transfer. The electron transfer from eg electron 

of the Fe3+ ion to the empty eg orbital of the Fe4+ ion results 

in the higher electrical conductivity and the lower activation 

energy.

Finally, the indirect interaction between Fe ions is made 

possible through o bonding character of 攻(Fe)*(ORg(Fe) in 

the perovskite compounds. From the Mdssbauer spectroscopy 

and the electrical conductivity measurement, it is found out 

that the electron transfer is very fast by the indirect interac

tion between Fe ions in the case of the sample containing 

a large amount of Fe4+ ion. Since the eg electrons are deloca

lized over all the Fe ions for the compositions of x^0.50 

containing a large amount of Fe4+ ions, it leads to the over

lap of the peaks of the Fe" and Fe4+ ions in the Mdssbauer 

spectra and the decrease of the activation energy for the 

electrical conductivity.
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