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Magnetic and electrical properties were studied for the defect perovskite system La,-&a,FeOS,. X- 
Ray diffraction showed that the materials with a composition range x = 0.0-0.25 were monophasic 
perovskite-like compounds with orthorhombic symmetry. The present ferrite solid solution showed a 
parasitic-ferromagnetic property, accompanying the antiferromagnetism. Values of both ferromag- 
netic moment and magnetic susceptibility increased with increase in Na content. Furthermore, the 
magnetization was strongly affected by oxygen partial pressure. These experimental facts seem to 
have a close relation with the oxygen vacancies. Electrical conductivity measurements suggested the 
presence of mixed valencies of Fe3+ and Fe*+ on a basis of the compositional dependence of the 
conductivity and its activation energy. 

Introduction In perovskite-type structures containing 
iron such as La,-,Sr,FeO~8 (4) and 

Perovskite-type compounds are very im- SrFeO** (5), it is often seen that the iron 
portant because of their application to elec- ion is in the state of mixed valencies of Fe3+ 
troceramic devices. However, their electric and Fe4+, accompanied by oxygen nonstoi- 
and magnetic properties are very sensitive chiometry. However, information on their 
to the presence of impurities and lattice defect structures is not extensive. Re- 
defects. cently, Grenier et al. (6) have investigated 

The space group of LaFeOS has been the defect structure intermediate between 
determined as Pbnm(Dg) by Geller and the brownmillerite and the perovskite type 
Wood (1). This structure is a distorted in the system CaTiO,-C%Fe,O,. 
perovskite with four equivalent iron ions The present study concerns the oxygen 
per unit cell. Neutron diffraction has indi- defect-perovskite system La,-~azFeO~8, 
cated that each Fe3+ ion is surrounded by in which La3+ is replaced by Na+ in order to 
six Fe3+ neighbors whose spins are alter- control the oxygen content. The present 
nately antiparallel (G-type structure) (2). authors have already reported the MSss- 
LaFe03 shows a parasitic ferromagnetism, bauer spectra for this system (7). In addi- 
which was first reported by Forestier and tion, some interesting magnetic behavior 
Gtiiot-Guillain (3). was observed, which is expected to be 
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applicable to electroceramic devices. It 
seems to originate from the presence of the 
oxygen vacancy and the mixed valencies of 
Fe3+ and Fe4+. 

Experimental Procedures 

Intimate mixtures of the constituent re- 
agents, Fe@* La&, and Na&09 in the 
desired ratio were prefired at 1000°C in air. 
After the prefired powder sample was 
pressed into a disk, it was fired at 1200°C in 
air and then air quenched. Firing time was 
changed from 20 to 5 hr as the Na content 
of the sample increased because of its good 
sinterability and of the control of Na vapor- 
ization. La&s was heat-treated at about 
1000°C before weighing due to its hygro- 
scopic property. 

In order to check the amount of Na 
vaporization, a chemical determination of 
Na content was made using a flame pho- 
tometry method. In this series, it is pre- 
sumed that the materials have not only 
oxygen vacancies, but also the mixed va- 
lencies of Fe such as Fe3+ and Fe4+ due to 
the deficiency of cation charge. Since it is 
well known that Fe4+ does not occur by 
firing in V~CUO (a), we tried to estimate Fe4+ 
content by the measurement of weight gain, 
when the sample was again heat-treated in 
air after its heat treatment at 800°C in vucuo 
(-2 x 10m5 mm Hg). 

Magnetic susceptibility and magnetiza- 
tion were measured using the Faraday-type 
magnetic balance (Shimazu Co.). The 
present ferrite system shows a parasitic 
ferromagnetic property, accompanying the 
antiferromagnetism. Therefore, both the 
magnetic susceptibility (xe) and the sponta- 
neous magnetization (aa, were separately 
estimated from the magnetic field depen- 
dence, according to the equation, og = cro + 
M, where a, and H represent total magne- 
tization and magnetic field, respectively. 

(SCN),], the susceptibilities of which are 
32.6 x 10-6 and 16.4 x lo+ emu/g at 20°C 
respectively, were used as standard mate- 
rials. Electrical conductivities were mea- 
sured from room temperature to 400°C in 
air. Four-probe and two-probe methods 
were used appropriately for the specimens 
with the composition x = 0.0,0.05, and 0.15 
in the system La,-,Na,FeO,-,. 

The Mossbauer spectra at room tempera- 
ture were taken using a commercial spec- 
trometer (Elscient Co.) working in a con- 
stant acceleration mode and 57Co dispersed 
in a Pd matrix as a source. The velocity in 
millimeters per second was calibrated rela- 
tive to metallic iron foil. 

Experimental Results 

X-Ray diffraction showed that the mate- 
rials with compositional range x = 0.0-0.25 
were monophasic perovskite-like com- 
pounds with orthorhombic symmetry 
within the limits of detection of the X-ray 
method. When Na content is over x = 0.25, 
the a-NaFeOz phase appeared along with 
the perovskite-type phase. Figure 1 shows 
the compositional change in the lattice con- 
stant, which is approximated to the cubic 
perovskite structure. The lattice constant 
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FIG. 1. Compositional change in the lattice constant 
Paramagnetic Mohr’s salt and Co[Hg in the system La,-fla=FeOw. 
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decreased steeply at first, and gradually 
later as Na content increased. 

The result of the chemical analysis 
showed that no loss of sodium was detected 
for the sample with x = 0.05 and 0.10, and 
that Na vaporization was around 10 wt% 
for the samples with the higher Na content. 

The amount of Fe4+, which was esti- 
mated from the weight change, was 0.8 
wt% of the total Fe content for the sample 
with x = 0.05, and increased gradually with 
increase in Na content in the samples. The 
chemical composition of this system can, 
therefore, be determined as a basis of the 
equation, La,-,Na,Fe:_+,Fe:+O,_,,,_,_,,,,, 
where x, y, and z are initial La content, Na 
content observed, and Fe4+ content esti- 
mated, respectively. The results are sum- 
marized in Table 1. 

The relation between magnetization and 
magnetic field, and the temperature depen- 
dence of the magnetization were investi- 
gated over the composition range, x = 
0.0-0.25. The parasitic ferromagnetic 
component varied with Na content, mea- 
suring atmosphere, and cooling in the mag- 
netic field after heat treatment above the 
NCel temperature. 

Typical magnetic data in the present 
solid-solution system are summarized in 
Table II. Values of both & and u. increased 
with increase in Na content, and decreased 
at x = 0.25. 

TABLE I 

CHEMICAL FORMULASIN THE SYSTEM 

h-JhFe0ll-a 

Composition 
(4 Chemical formula 

TABLE II 

MAGNETICDATA IN THE SYSTEM La,-fiazFeOlh, 

Composition ,ks x IO" ,&x IOBb v; 02 b 
(1) (emu/g) (emu/g) (emu/g) (emu/s1 ("Cl 

0.0 8.7 8.7 0.018 0.018 461 
0.05 16.0 13.3 0.830 0.587 425 
0.10 33.7 30.9 2.12 1.79 415 
0.15 47.7 50.0 2.76 2.40 410 
0.20 60.0 62.7 3.89 3.53 400 
0.2s 31.1 39.3 2.27 1.95 407 

Temperature dependence of the total 
magnetization is shown typically in Fig. 2 
for the sample with x = 0.25. The thermo- 
magnetization curves showed a thermal 
hysteresis, i.e., different behavior in heat- 
ing and cooling measurements. The magne- 
tization at room temperature before heating 
was smaller than that after cooling in the 
magnetic field. In order to investigate the 
origin, the magnetization was measured as 
a function of magnetic field, as shown in 
Fig. 3. After cooling in the magnetic field, 
the magnetic parameters for the sample 
with x = 0.25 were xp = 3 1.1 x 10es emu/g 

FIG. 2. Temperature dependence of the magnetiza- 
tion for the sample with x = 0.25 at H = 11.5 kOe. 
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FIG. 3. Magnetization curve at room temperature for 
the sample with x = 0.25 under the various conditions; 
in air (0), in YUC~O (CJ), in Y~CUO after cooling in 
magnetic field (0), and again in air after being left for a 
day after the introduction of air (0). 

and (T,, = 2.27 emu/g, whereas the magnetic 
susceptibility remained constant. The ratio 
of the a, value before heating to that after 
cooling in magnetic field in vacua was 3.67 
for LaFeOS at room temperature and de- 
creased with increasing Na content, i.e., 
1.33, 1.20, 1.14, 1.07, and 1.10 for the 
samples with x = 0.05,O. 10, 0.15, 0.20, and 
0.25, respectively. 

The N&z1 temperature of LaFeO, was 
461°C which agreed with the reported 
values, 460°C (9) and 465°C (IO). However, 
the Niel temperature of the present solid 
solution decreased with Na content and 
reached about 400°C at x = 0.25 (Table 2). 

It was found that the a, values of these 
materials were very sensitive to the experi- 
mental atmosphere. Thus, the magnetiza- 
tion at room temperature was traced as a 
function of time, after the atmosphere in a 
closed vessel was degassed to about 10m3 
mm Hg. Figure 4 shows the relation be- 
tween o,(t)/cr,(O) and t, where ~~(0) and 
o,(t) represent the room-temperature 

values of the total magnetization before 
degassing and at a given time in vucuo after 
degassing, respectively. It can be seen that 
the oJ t)/oJO) value sharply decreased in 
early stages and then saturated over an 
extended time. The cr,(t)/~~(O) value at 
saturation decreased with increase in Na 
content, up to x = 0.25, i.e., the solubility 
limit of Na. At the composition x = 0.30, 
the change in the mg value was almost 
insensitive to atmosphere. Care was taken 
to see that the reduced value of og was 
almost recovered in the measurement after 
the introduction of air. However, no recov- 
ery in the reduced magnetization was ob- 
tained by introduction of inert gases such as 
N, and He. The variation of ogr therefore, 
should be associated with oxygen partial 
pressure only. In addition to the magnetiza- 
tion curve for the sample with x = 0.25 
cooled in the magnetic field, Fig. 3 also 
shows the magnetization curves at room 
temperature under three different condi- 
tions: (a) in atmospheric pressure, (b) in 
vucuo (about 1O-3 mm Hg), and (c) again in 
atmospheric pressure after being left for a 
day after introduction of air into the vessel 
for the same sample. The xe values re- 
mained constant, irrespective of the mea- 
suring atmosphere, whereas the o0 values 
were influenced considerably by the sur- 
rounding atmosphere. The change in (TV 

tbme(min) 

FIG. 4. Change in the a&t)/u&O) value as a function 
of time at room temperature for the system 
La,-,Na,FeO,-,: (a) x = 0.10, (b) x = 0.15, (c) x = 
0.20, and (d) x = 0.25. 
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may, therefore, be interpreted in terms of 
the change in u,,. On the other hand, the 
magnetization of the sample heat-treated at 
800°C in vacua was not influenced by the 
surrounding atmosphere at room tempera- 
ture. This fact suggests that the change in 
magnetization with surrounding atmo- 
sphere has a close relation not only with 
oxygen vacancies, but also with mixed va- 
lencies such as Fe3+ and Fe4+. 

The Mossbauer spectrum of LaFeO 9 (x = 
0.0) in Fig. 5a consists of a six-line pattern 
characteristic of an antiferromagnetic mate- 
rial. The values of the isomer shift (IS.) 
and the internal magnetic field (Hi) were 
+0.403 mm/set and 526 kOe, respectively, 
which agreed well with previously reported 
values for octahedrally surrounded Fe3+ in 
lanthanum orthoferrite (8). 

In the materials with x 2 0.15, a new six- 
line pattern appeared in addition to that of 
the octahedral Fe3+; the intensity of the 
new peak increased as x increased (Figs. 6b 
and c). The values of I.S., Hi, and quadru- 
pole splitting (A&) of the new pattern were 

I 

96 523 kOe 
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FIG. 5. Miissbauer spectra at room temperature in 
the system La,_,Na,FeO,-,: (a) x = 0.0, C.b) x = 0.15, 
and (c) x = 0.25. 
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FIG. 6. Electrical conductivity as a function of 
temperature in the system Lal-,Na~eOs-a. 

+0.193 mm/set, 387 kOe, and 0.010 
mm/set, respectively. The respective 
Mossbauer parameters of the two six-line 
patterns remained almost constant regard- 
less of the composition. The absorption 
lines of the octahedrally surrounded Fe3+ 
became broad with increase in Na content; 
the linewidth for the material with x = 0.25, 
for example, was two times larger than that 
for LaFeO+ 

The Miissbauer parameters for the new 
six-line pattern agreed with those for tetra- 
hedrally surrounded Fe3+ in Ca$e&, with 
a brownmillerite-type structure, which has 
two crystallographically nonequivalent 
Fe3+ sites, i.e., octahedral and tetrahedral 
sites (II). It was also noted that the peak 
intensity ratio of the octahedral site to the 
tetrahedral site in the new six-line group, 
for example, was 2.8 in the material with x 
= 0.25. This value clearly agreed with the 
existent ratio (0.75/0.25 = 3.0) of the re- 
spective sites calculated by assuming that 
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each oxygen vacancy introduced into the 
material reduces the coordination number 
of one Fe site from 6 to 4. It may, therefore, 
be concluded that the new peak corre- 
sponds to Fe3+ in tetrahedral sites. 

Figure 6 shows the electrical conductiv- 
ity as a function of temperature. The con- 
ductivity (u,) of LaFeOS was 2.8 x 10e8 
ohm-l cm-* at room temperature and its 
activation energy was 0.58 eV. The uC 
value increased with increase in Na con- 
tent, while the activation energy lowered to 
0.20 eV for the samples containing Na, 
remaining constant irrespective of Na con- 
tent. The high conductivity and the low 
activation energy of the samples containing 
Na support the presence of mixed valencies 
of iron ion. In studies of conductivity mea- 
surement, it is well known that the activa- 
tion energy for conductivity of spinel-type 
ferrites and garnets is around 0.5 eV and 
that their conductivity at room temperature 
is 10-8-10-*o ohm-l cm-’ and increases 
considerably with incorporation of impuri- 
ties or lattice defects due to the occurrence 
of the mixed valencies of Fez+ and Fe3+ 
(1.3. 

Discussion 

It was found that La3+ (r = 1.06 A) could 
be replaced by Na+ (r = 1.062 A) in the 
orthofenite structure up to x = 0.25. The 
substitution of Na+ in place of La3+ will 
result in cation-charge deficiency. This 
charge deficiency may be compensated in 
three ways, i.e., (a) change in the valence 
state from Fe3+ to Fe4+, (b) occurrence of 
oxygen vacancies, and (c) a state intermedi- 
ate to (a) and (b). The system (La,Sr)Fe03 
prepared under high oxygen pressure corre- 
sponds to case (a). On the other hand, the 
same solid-solution system prepared in va- 
cm corresponds to case (b). SrFe03-B pre- 
pared by firing in air has both oxygen 
vacancy and mixed valencies of Fe3+ and 

Fe4+ (case (c)). It was found in the present 
solid-solution system that the cation-charge 
deficiency due to the substitution of Na+ in 
place of La3+ could be compensated mostly 
by oxygen vacancies and partly by the 
mixed valencies of Fe3+ and Fe4+ (Table I). 
The assumption of the presence of Fe4+ 
may be reasonable considering the follow- 
ing experimental facts: (a) the electrical 
conductivity of the ferrites containing Na 
was abnormally high, compared to that of 
pure LaFeO,, and (b) the reversible weight 
change was observed by changing oxygen 
partial pressure. However, Mossbaukr 
spectroscopy did not detect Fe4+, suppos- 
edly because the Miissbauer effect cannot 
always detect separately the mixed valen- 
ties due to the rapid electronic exchange 
between them (4). Furthermore, in the 
present system, Fe4+ content was very low. 
Therefore, Fe4+ could not be detected by 
the MSssbauer effect, even if the rapid 
electronic exchange did not happen. 

Although the ionic radius of La3+ is 
nearly equal to that of Na+, the lattice 
constant decreased with increase in Na 
content. The decrease in the lattice con- 
stant may be ascribed to the occurrence of 
small amounts of Fe4+, the ionic radius of 
which is smaller than that of Fe3+ (5). In 
addition, it has been reported that a con- 
traction of the unit cell volume of lead 
titanate took place as a result of the intro- 
duction of Pb and/or oxygen vacancies into 
the crystal (13). The decrease in the lattice 
constant will be reasonable for the present 
system which contains both Fe4+ and oxy- 
gen vacancies. 

In the compositional change in the values 
of xp and woo, both magnetic parameters 
increased with Na content. An increase in 
the magnetic susceptibility of antiferromag- 
netic material may be due to a disordering 
of antiparallel spin arrangement, i.e., the 
oxygen vacancies disturb antiparallel spin 
ordering in Fe 3+-O-Fe3+ linkage in G-type 
spin arrangement (2). According to the 
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results of the Mossbauer spectra, on the 
other hand, the oxygen vacancies changed 
the oxygen coordination number of iron 
from 6 to 4. The increase in ferromagnetic 
moment can be understood by the lowering 
of symmetry around Fe3+ coordinated with 
oxygen, because the occurrence of para- 
sitic ferromagnetism is a result of the dis- 
turbing effect of the crystal field on the 
much stronger exchange field and has a 
close relation with the symmetry around 
the magnetic ion (15). Similar magnetic 
behavior has been observed in poorly crys- 
tallized lanthanum orthoferrite, which was 
prepared by heat treatment of coprecipi- 
tated hydroxides of iron and lanthanum 
ions (16). An effect of the presence of small 
amounts of Fe4+ can be negligible in this 
series because the superexchange interac- 
tion between Fe3+ and Fe4+ is fairly weak 
(5). Although an origin of the decrease in xe 
and u. at the composition x = 0.25 is not 
obvious, it may be that the structural per- 
turbation was added because of the pres- 
ence of too many oxygen vacancies. 

Thermal hysteresis was observed (Fig. 
2). It is well known as “thermoresidual 
magnetization” (magnetization remaining 
in the samples after cooling from the NCel 
temperature in a magnetic field). It origi- 
nates from very high coercive force. Belov 
er al. (27) reported that the magnetic do- 
main of LaFe03 with a particle size of 1000 
A did not rotate under a magnetic field over 
20 kOe. In the present study, therefore, the 
thermoresidual magnetization observed 
may be due to the presence of very fine 
particles below 1000 A. In fact, secondary 
electron microscopic observation revealed 
that particles below 1000 A were dispersed 
among the relatively large particles with 
average particle size of several microme- 
ters. The average particle size increased 
with Na content. The decrease in the ratio 
of the gg value before heating to that after 
cooling in a magnetic field may be inter- 
preted by the increase in the average parti- 

cle size, that is, by the decrease in the 
number of particles smaller than 1000 A. 

The ferromagnetic moments of the 
present perovskite solid solution containing 
oxygen vacancies were changed with mea- 
suring atmosphere. According to the exper- 
imental fact that the change in magnetiza- 
tion is strongly dependent upon the oxygen 
partial pressure, it may be reasonable that 
the oxygen goes into and out of the defect- 
perovskite lattice, depending on the oxygen 
partial pressure and temperature. This phe- 
nomenon can be understood by considering 
the oxidation/reduction reaction between 
Fe3+ and Fe4+. 

It may be emphasized that oxygen dif- 
fuses in out of the perovskite lattice at room 
temperature. Furthermore, the experimen- 
tal fact that the magnetization is affected by 
oxygen partial pressure may be applicable 
to electroceramic devices, 
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