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Abstract Magnetic measurement of Fe; ,Si,O4 spinel
solid solutions indicates that their Curie temperatures
decrease gradually, but not linearly, from 851 to 12 K
with increasing content of nonmagnetic ions Si*'.
Magnetic hysteresis becomes more noticeable in solid
solutions having a larger content of Fe,SiO4. Saturation
magnetizations of Fes;_,Si,O4 samples increase up to
x =0.357 and they are easily saturated in the field of
H=0.1 T. However, magnetization of the sample
of x=0.794 does not approach saturation even at
high field of H =7.0 T and has a large coercive force.
The Si*' disordered distribution is confirmed to be
wnlFel”, Sit ] *S[Fell Fel' _ Sit] Of by the
spin moment, which is consistent with site occupancy
obtained from X-ray crystal structure refinement. Their
molecular magnetizations would be expressed as
My = {4(1 4+ x) + 10xt}uy as functions of composition
parameter x and Si*" ordering parameter ¢ of the solid
solution. The sample of x = 0.794 is antiferromagnetic
below the Néel temperature, mainly due to the octahe-
dral cation interaction Mo—Mq, while both Mt—Mg and
Mo—Mo interactions induce a ferrimagnetic property.
Concerning magnetic spin configuration, in the case of
x > 0.42, the lowest d¢ level becomes a singlet, resulting
in no orbital angular momentum.

Key words Fe;_,Si,O4 spinel solid solution - Saturation
magnetization - Magnetic hysteresis - Bohr magneton -
Curie temperature

Introduction

Various magnetic minerals exist widely in the Earth’s
crust and mantle. The incorporation of Fe’* into oxide
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minerals and silicate spinel has received much attention
due to the implication of redox reaction in the upper
mantle and transition zone (O’Neill et al. 1993). Since
magnetite is one of the most important magnetic mate-
rials for not only geophysical but also material sciences,
a number of informative observations about their
physical properties have been reported. Magnetite has
various solid solutions with other spinel phases. A great
number of ferrites M>*Fe,O, have been investigated for
industrial usage. Among these systems, the solid solu-
tions with silicate spinels such as the systems
Mg,Si04-Fe;O4 and Fe,SiO4-FesOy4 are significant sys-
tems to elucidate the geoelectromagnetic phenomena
induced from the Earth’s constituents, because (Mg,
Fe),Si0y4 spinel is considered to be a dominant phase in
the lower part of the transition zone (Irifune and
Ringwood 1987). Magnetite and y-Fe;SiO4 have also
been investigated in order to comprehend the oxidation
potential in the mantle from the viewpoint of the charge
transfer and cation disorder under high-pressure condi-
tions (Mao et al. 1974; Pasternak et al. 1994; Fei et al.
1999) and at high temperature (Yamanaka 1986).

A spinelloid phase was first found in the system
Fe;04-Fe;SiO4 by Canil et al. (1990) and further phase
relations between 7 and 9 GPa were reported by O’Neill
and Canil (1992). Recently, we clarified the phase dia-
gram of the pseudobinary system under high pressure
(Ohtaka et al. 1997). Woodland and Angel (1998)
reinvestigated the spinelloid phase region. The crystal
structures of three spinelloids, phase II, phase III,
and phase V, have been refined by Ross et al. (1992)
and Woodland and Angel (1998). These structures
are topologically analogous to nickel-aluminosilicate
spinelloids (Ma 1974; Horioka et al. 1981; Akaogi et al.
1982).

Numerous papers have been reported about the
electric conductivity and magnetic property of both end
members of the solid solution in the system, Fe;O4 and
Fe,S104. These properties are dependent on the cation
distribution in the spinel structure. Verwey (1939) first
proposed the structure transition by freezing the electron



hopping at the octahedral site of magnetite at low
temperatures. Magnetic studies of the magnetite-spinel
solid solutions in the systems, Fe3;04-MgAl,0O4 (Harrison
and Putnis 1995) and Fe;04-ZnFe,0O4 (Krupicka and
Novak 1987) were reported.

It was known that magnetite Fe;O4 has an inverse
spinel structure of ©(Fe’t)*“[Fe?*Fe’*]0,, having a
ferrimagnetic property with the Curie temperature of
851 K. On the other hand, y-Fe;SiO4 has a normal
spinel structure ' (Si*")°*[Fe’*Fe?*]0, and is char-
acterized as paramagnetic above the Néel point of 12 K
and antiferromagnetic below this temperature (Suito
et al. 1984). Throughout this paper parentheses and
brackets represent the tetrahedral and octahedral site,
respectively.

Single-crystal structure refinements of the Fe;_,Si,Oq4
spinel solid solutions with x = 0.0,0.090,0.288,0.750,
and 1.0 were previously undertaken of X-ray diffraction
study (Yamanaka et al. 1998). It was clarified that not
less than 20% of total silicon occupies the octahedral
sites; Si** substitutes for Fe** in the octahedral site and
occupies 3% of the octahedral cations. The spinel solid
solution can be expressed by the following cation
distribution, using the compositional parameter x and
the disorder parameter :

tetr [Fe3+

A+ qoctarm 24 L3+ A
17x+xt81x(l—t)] [FelerFelfxfxtSlxt ]04 ’

where cations in parentheses and brackets indicate tet-
rahedral and octahedral cations, Mt and Mg, respec-
tively.

Physical properties of the Fe;_ ,Si,O4 spinel solid
solutions, except for the two end members, have never
been studied as a function of composition. We investi-
gated the electric conductivity of this solid solution se-
ries. Activation energy of electron hopping and Verwey
transition temperature as a function of Si substitution
in Fe;_,Si,O4 have been clarified and these results are
reported in another paper (Yamanaka et al. 2001).

In this paper saturation magnetization and Curie
temperature are discussed as a function of x of
Fe;_,Si,O4 from the viewpoint of their cation distribu-
tion, tetrahedral cation (Mt) and octahedral cation
(Mo), and lattice deformation.
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Experiment

Samples used in the present magnetic measurement were synthe-
sized under high-pressure conditions over 6 GPa. The sample
preparation methods are presented in Table 1. The method using a
multianvil apparatus was described in another paper (Yamanaka
et al. 2001).

Magnetic susceptibility was measured by a super quantum in-
terference detector (SQUID) and a vibrating sample magnetometer
(VSM). The measurement of magnetization was carried out by
VSM in the fixed magnetic field of 1.0 T at a temperature range
from 293 to 873 K. The Curie temperature (7¢) was determined
from the measurement. Temperature was measured by a thermo-
couple with an accuracy of £0.1 K. The saturation magnetization
was measured in the variable magnetic field up to 7 T at several
fixed temperatures from 1.8 to 300 K by SQUID. Magnetization
was measured as a function of applied magnetic field with a rate of
20 mT s~!. The accuracy of magnetization measurement is less
than 10~% Am?. The SQUID measurement has an accuracy of
£0.1 emu. Samples with a mass of 60 ~ 90 mg were weighed within
an accuracy of £0.1 mg.

Result
Nonstoichiometry

The main purpose of the present experiment focuses on
the magnetic properties of the Fe;04-Fe;SiO4 spinel
solid solutions. It was known that magnetite has a large
range of cation-deficient nonstoichiometry (Darken and
Gurry 1945; Kronmuller and Walz 1980), which is de-
pendent on the oxygen potential. Thus at the beginning
of the present experiment, nonstoichiometry of magne-
tite was examined by saturation magnetization.

From the Verwey transition temperature (7,) of
nonstoichiometric magnetite (Aragon et al. 1985), the
magnetite samples synthesized at high temperatures
under ambient pressure showed ¢ = 0.005~ 0.02 in
Fe;_s04. To examine the magnetic property dependence
of nonstoichiometry, two samples of Fes; ;O4 were
prepared at 1300 °C under Po, = 107* and 10~® at am-
bient pressure, and a highly stoichiometric sample of
Fe;04 was also prepared at 6 GPa and 1200 °C using a
graphite heater. §-Values of three samples presented in
Table 2 were estimated from the observed T, by electric

Table 1 Synthesis conditions

of Fes_,SiOy spinel solid Mixing ratio® Pressure Temperature Duration x° of Recovered®
solutions Mt:Fa (GPa) °O) (h) Fe;_,Si, Oy phase
10:0 6.0 1200 5.0 1.00 Spinel
9:1 9.5 1150 4.0 0.091 Spinel
8:2 8.5 1200 1.5 0.199 Spinel
8:2 9.5 1175 12.0 0.266 Spinel
7:3 9.5 1155 12.0 0.288 Spinel
6:4 9.5 - 12.0 0.357 Spinel
2:8 10.0 1215 5.0 0.794 Spinel
0:10 8.0 1150 5.5 0.0 Spinel

@ Mt = F€304, Fa = FCzSiO4
® x was determined with EPMA

“Phase identification of the recovered samples was made by X-ray powder diffraction
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Table 2 Saturation magnetization of Fe;_;O4 nonstoichiometric
magnetite

Sample M, 1 M, T, & Synthesis condition
(emug™) (ug) (K)

1 91.0 3.77 1022 0.11 1 atm 1300 °C Po, = 1074

2 96.2 3.98 107.2 0.011 1 atm 1300 °C Po, = 1078

3 101.0 4.18 124.0 0.0 6 GPa 1200 °C

%0 represents the nonstoichiometry in Fe;_sOy4

conductivity measurement (Yamanaka etal. 2001)

referring to Aragon et al. (1985). The magnetite sample
synthesized at high pressures was confirmed to be stoi-
chiometric. Hence, all samples of Fe; ,Si,O4 were pre-
pared under high pressure using the graphite heater, and
they could be regarded as stoichiometric compounds.

Magnetic hysteresis

The magnetization curve of samples of x = 0.0, 0.090,
0.199, 0.288, and 0.357 of Fe;_,Si,O4; was observed
under a magnetic field of up to # =1.0T. For the
sample of x = 0.794, the observation was carried out up
to H=7.0T. Hysteresis loops for all samples were
measured at 1.8 and 300 K.

We found from electric conductivity measurements
that the Verwey transition temperatures (7y) of the solid
solutions decrease from 124 K of x = 0.0 to 102.2 K of
x = 0.288. All samples below 7, have a noncubic spinel
structure due to charge order, which results from
freezing the electron hopping. Above T, the samples are
cubic spinel. The electric conductivity measurement is
reported in another paper (Yamanaka et al. 2001).

Magnetic hysteresis of four samples, x = 0.0,0.357,
and 0.794 at 1.8 K are presented in Fig. 1a and b, re-
spectively, by magnetization per unit mass (emu g~').
Magnetization (M) of all samples except x = 0.794
is easily saturated in the field of H = 1.0 T. However,
the hysteresis of x = 0.794 shows the characteristics of
metamagnetism, which is often found in the magnetic
transition between antiferromagnetic and ferromagnetic.
Magnetization linearly increases with H in a low field re-
gion and changes abruptly over H = 2 T. It cannot ap-
proach the apparent saturation even at a field as high as
H = 7.0 T, and a noticeably large coercive force of about
5 kOe was observed at M = 0. The sample also has a large
residual magnetization of 50 emu g~!' at H = 0. Fe304-
rich samples have small coercivities and remanence.

With increasing Si** substitution in Fe;_,Si,O4 with
x > 0.4, the saturation magnetization (M) requires a
larger external field and dM/dH becomes smaller. More
substitution toward Fe,SiO4 involves a disordered dis-
tribution of nonmagnetic Si** ions in these samples and
generates lower magnetic domains around the magnetic
ions. Magnetic spins of the solid solutions with x > 0.4
are not perfectly parallel in these local lattices. Under
sufficiently high fields over 2 T, magnetic spins are

ordered in parallel fashion. In the case of x = 0.794,
hysteresis indicates antiferromagnetic characteristics, as
mentioned before. Then Mo—Mgp interaction becomes
dominant. This may imply that a large magnetic anisot-
ropy is similar to the saturation magnetization of Fe;Oy4-
MgAl,O4 solid solution (Harrison and Putnis 1995).

Saturation magnetization

The saturation magnetizations (Ms) of solid solutions
x=0.0, 0.090, 0.266, and 0.357 at H=1.0T and
x=0.794 at H =5.0 T are presented as a function of
temperature in Fig. 2. There is no obvious change in M;
at T,. Thus, the lattice deformation due to the Verwey
transition brings little change in spin and orbital angular
moment in both structures at above and below T,. The
sample of x = 0.794 shows no real saturation magneti-
zation even at the 7-T field. Accordingly, the apparent
saturation value is determined by assuming a linear ex-
tension of the M—H curve in the ferromagnetic region
(Morrish 1965). The My’s of samples shows a continuous
increase with x up to x = 0.357. The variation of M is
a general Q-type ferromagnetic character defined by
Neéel definition, but as seen from Fig. 2, the sample of
x = 0.794 shows a slighlty positive curve above H =2 T.
This feature indicates that the sample belongs to P-type
ferromagnetic material. This difference in the magneti-
zation type is caused by the spontaneous magnetization
related to magnetic spin angular momentum and orbital
angular momentum.

In Fe;04-rich samples, the magnetizations are mainly
induced from magnetic spin interaction between the
nearest irons, Mt—Mo and Mo—Mg. However, when the
occupancy of Si** exceeds that of Fe’* at the tetrahedral
site of sample such as x = 0.794, Mo—My interactions
become dominant. The site occupancies of magnetic
ions at the tetrahedral and octahedral sites define the
saturation magnetization and thermal variation of the
magnetization (Fig. 2).

On the assumption that magnetic moment is com-
posed of only spin angular momentum without orbital
angular momentum, magnetic cation distribution reflects
the saturation magnetization of the solid solutions. If the
Si** ion preferentially occupies the tetrahedral site from
ion size effect, the substitution for Fe* in the tetrahedral
site can be represented by charge normalization:

tetrFeS+ + octFe3+ _ tetrSi“Jr + o(:tl:;e2Jr ) (1)

Assuming the antiparallel magnetic spin in the tetrahe-
dral and octahedral sites in the spinel lattice, the
following magnetic spin configuration can be estimated
in the ferrimagnetic region:

(Fei™ ,Sit")[Fell, , Fel™ 104 (2)
5(1=x)up 4(14x)pg S(1—x)up

My would be expressed as 4(1 + x)ug as a function of
composition x of the solid solution. From the saturation



105

a x=0.0 x=0.357
150 150
100 /’r= —o—o-ss s 100
o0 50 50
o
E
© 0
0 . . \ \ \ L ]
-8000  -6000  -4000  -2000 0 2000 4000 6000 8000  .gopo  -6000  -4000  -2000 //6 2000 4000 6000 8000
.50 0
.MO M -100
-150 -150
Field (Oc) Field (Oc)
b X=0.79
150
100 ?
50 50
=
S
(] .
; . 0 ; . s
-70000 -50000 -30000 -10000] 0 10000 30000 50000 70000
’ |
O S i
M ] L |
[
L ]
-100 ——50 .
[ J
-150 L o5
Field (Oe) |
'VO'
0 5000 10000

Fig. 1a, b Magnetic hysteresis of x = 0.00 and 0.357 of Fe;_,Si,O4
spinel solid solutions observed under 1.0 T at 1.8 K (a) and that
of x=0.794 under 50T at 1.8 K (b). The latter sample is an
antiferromagnetic compound which is revealed by metamagnetism

magnetization, M, taken at 1.0 T and 20 K, Bohr
magneton is calculated for the unit of ug(lug = 9.274 x
107#J T = 1.1653 x 100 Wbm). The Bohr mag-
neton changes with composition and then Mp[= 4(1 + x)
ug] is led for the case of a constant Jap in My = gMp Jag.
When x < 0.375, the observed value is a little larger than
the above Mg. This is partly because the Si** disordered
distribution, which is shown in Eq. (5), ideally makes
Mg = [4(1 +x) + 10xt]ug. Those values of Fe;_,Zn,O4
solid solutions between Fe;O4 and ZnFe,O4 are also

plotted in Fig. 3. Magnetite (x = 0.0) shows My = 4.2u5,
which is a little greater than the ideal value of 4ug. The
observed Neéel point Ty = 12 K of y-Fe;SiO4 accords
well with Suito et al. (1984).

Curie temperature

The magnetic moment between A and B cations is given
by the magnetic spin moments due to the A-B interac-
tion between nearest-neighbor cations and those
between second-neighbor A—A and B-B interactions.
In the spinel structure Mt—Mo and Mo—Mqo correspond
to these interactions.
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The following equation, based on the simple molec-
ular field approximation (Hartree approximation), can
be used to derive the Curie temperature:

Was [

aCa + ﬁCB + \/4CACB + (OCCA — ﬁCB) ,

(3)

where Wup is the molecular field coefficient, and aWxp
and pWap are those of the A—A and B-B interaction,
respectively. Ca and Cp are the Curie constants of A and

T. =

30000
,,,,,,,,,,,,,,,, x=0.357
L e,
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Fig. 2 Thermal change of the saturation magnetization of Fe;_,Si,O4
spinel solid solutions. The saturation magnetization My of the solid
solutions is plotted at elevated temperature. Those of x = 0.0, 0.090,
0.226, and 0.357 are observed at H = 1.0 T. In the case of x = 0.794,
however, those data at H = 5.0 T are plotted, which is not a real
saturation magnetization but the maximum value

2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0
0.0 0.2 0.4 0.6 0.8 1.0
Fe304 X Fe2Si04
Fe2ZnO4

Fig. 3 Variation of the Bohr magneton with x of Fe;_,Si,O4 spinel
solid solutions. The variation of Bohr magneton is calculated from the
molecular magnetization observed at 20 K. The broken line indicating
M =4(1 +x)ug shows the case of a constant Jag. The Bohr
magneton of Fe;_,Zn,O4 spinel solid solutions is plotted for
comparison

B. As o and p are generally very small, Wp is a
dominant parameter; but Wyg is given by the internal
magnetic field on each site and expressed by:

2ZaB|JaB| @)
Nag? i

where Zap is the site occupancy of magnetic ion at the
tetrahedral and octahedral site, g is the Lande factor,
Jap indicates the exchange coefficient of A-B interac-
tion, and uy is the Bohr magneton unit.

According to Egs. (3) and (4), the Curie temperature
(Te) linearly decreases with increasing content of non-
magnetic ions Si*". The variation of (7;) is presented as
a function of x of Fe; ,Si,O4 in Fig. 4 and Table 3.
Those of two other ferrites, Fe,Co;_,Zn,O4 and
Fe,Mn;_,ZnOy, are also plotted in the figure. All three
compounds show the same trend of 7; with their com-
position. With increasing concentration of the non-
magnetic cation Si in the tetrahedral site of the silicate
spinel structure, the Curie temperature is decreased.
Compared with these two ferrites, the Curie temperature
of Fe; ,Si,O4 solid solution is slowly lowered with x.
This is probably because the reduction of the A-B

Wag =
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Fig. 4 Variation of Curie temperature T, with x of Fe;_,Si,O4 spinel
solid solutions. Curie temperature of samples x = 0.0, 0.090, 0.199,
0.288, 0.357 were observed at the fixed field of 0.1 T using VSM
(293 ~ 900 K) and SQID (4 ~ 300 K). That of x =0.794 was at
5.0 T. Curie temperatures of Fe,Co;_,Zn,O4 and Fe;Mn;_,Zn, Oy
are also plotted

Table 3 Curie temperature of Fe;_,Si,Oy4 spinel solid solutions

x of Fes3_,Si,Oy4 T. (K) Magnetism

0.000 851 Ferrimagnetic
0.090 790 Ferrimagnetic
0.199 749 Ferrimagnetic
0.288 723 Ferrimagnetic
0.357 691 Ferrimagnetic
0.794 260 Antiferromagnetic
1.000 12 Antiferromagnetic




interaction Jag in Eq. (4) of Fe; ,Si,O4 is a strong
constraint.

Cation distribution

Saturation magnetization can be used to determine the
cation distribution and order parameter of the magnetic
ions in two-sites. The order parameter in hematite-il-
menite (Fe,O3-FeTiO3) solid solution was determined
from the magnetic moment (Brown et al. 1993).

Site occupancies of Fe; ,Si,O4 were previously de-
termined by X-ray structure refinement (Yamanaka
et al. 1998). The cation distribution does not follow the
simple substitution of Eq. (1) based on the Si*" substi-
tution only at the tetrahedral site. Assuming that all
samples are stoichiometric, the cation distribution of
Fe;_,Si,O4 determined from the observed magnetization
suggests the following equation instead of Eq. (1):
tetr |:Fe3+ Sl‘\:(ﬁf[)} octa [FG%+ Fe3+ Slij] Oy .

1 —x+xt +x 1 —x—xt

(5)

The estimated cation distributions in the range of
x < 0.357 are shown in Table 4. These distributions are
based on Fe?' preference to the octahedral site from the
crystal field effect. The estimated distributions are con-
sistent with the site occupancies from X-ray single-
crystal analysis, as seen from Fig. 5. The present results
of the site occupancy ratio (¢) indicate the substitution of
Si** into the octahedral site as a function of total Si**.
The magnetite-rich part of Fe; ,Si,O4 gradually
increases the disorder and the value of ¢ has a maximum
at about x = 0.375. Then the disorder decreases toward
the end member Fe,SiOy.

Marumo et al. (1974, 1977) examined possible dis-
order of Si*" in both tetrahedral and octahedral sites
of silicate spinels, Fe;Si0y4, C0,Si0y4, and Ni,SiOy4, and
they observed a small degree of cation disorder in
Fe,Si104 spinel (x = 1.0, £ = 0.023 +0.01). These studies
prove that Fe?* is preferentially located in the octahe-
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dral site, but a small amount of Fe’* occupies the
tetrahedral site. This is a different mode of cation
distribution from that of Eq. (5).

The Si*' partially disordered distribution in the tet-
rahedral and octahedral sites influences the olivine-spi-
nel transition boundary of Fe,SiO4 due to an increase in
the configurational entropy of spinel. Navrotsky (1977)
pointed out that the cation disorder in Fe,;SiO4 spinel
would give rise to the curvature in the slope of the P-T
boundary for the olivine-spinel transition.

Discussion

The spinel structure has four tetrahedral cations (Mr)
and eight octahedral cations (Mp) in the unit cell. The
magnetic moment is due to a super exchange between
magnetic ions in both sites. Interatomic distances be-

020
016

012 F

4= (o]

0.08
- :

0.2 0.4 0.6 0.8
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0.04

0.00

0.0
Fe304

1.0
Fe2SiO4

Fig. 5 Ordering parameter ¢ in *[Fej* HtSiﬁ:L,ﬂ"““ [Fet! Fei®

Si;‘,+ ]O4. Site occupancies were determined by X-ray diffraction
analysis (open circle) and saturation magentization (closed circle)

Table 4 Cation distribution of
Fes;_,Si,O4 spinel solid
solutions

X Saturation
Fe;_,Si, 04

magnetization (ug)

Tetrahedral site Octahedral site t

Fe3* Si*t Fe?* Fe3* Sitt

Site occupancy estimated from magnetic moment

0.00 4.18 1.00 0.00 1.00 1.00 0.00
0.090 4.35 0.989 0.081 1.090 0.909 0.001 0.001
0.199 4.69 0.803 0.197 1.199 0.799 0.002 0.011
0.226 4.76 0.790 0.210 1.226 0.758 0.016 0.072
0.288 4.67 0.760 0.240 1.288 0.664 0.048 0.167
0.357 4.92 0.694 0.306 1.357 0.592 0.051 0.142
0.794 3.45

Site occupancy from X-ray diffraction study
0.000 - 1.000 0.000 1.000 1.000 0.000 0.000
0.090 - 0.914 0.086 1.090 0.906 0.004 0.044
0.288 - 0.769 0.231 1.288 0.662 0.057 0.198
0.750 - 0.324 0.676 1.750 0.176 0.074 0.099
1.000 - 0.024% 0.976 1.976 0.000 0.024 0.024
et {Fe;tw»rtSli(Jrl —t)]ocm [Fe%ixFe?:\'feriitJr]o“

4 Site occupancy of ferrous ion instead of ferric ion
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dy M= A=

i S
de A1
c/a<0.8165

x<0.42

==

c/a=0.8165
x=0.42

it

c/a<0.8165
x>0.42

Fig. 6 Electron configuration change by crystal field

tween the two cations are defined by the lattice constant.
The Mo cation has six nearest Mo cations in a distance
of about 2.97 A and six second- neighbor Mt with about
3.48 A, which is obtained from X- -ray diffraction study
(Yamanaka et al. 1998). On the other hand, Mt has 12
nearest Mo in a distance of about 3.48 A and 4 second-
neighbor Mt in 3.63 A. Fe;_,Si,O4 cation distribution
reflects the probability of the super exchange. Mo and
Mt have antiparallel spin. If M; is produced only by the
magnetic spin moment and all MT is Fe¥(x = 0.0),
My = {S5pup x 6(Fe) + 4up x 6(Feg) —5up x 6(Fey™)x

(2.967/3. 491)}/6 4.750up accordlng to Eq. (2). When

1/6 of My is Si*"(x =0.1667), My = {Suy x 5(Fel") +
4ug x 7 (Fed") — Sug x S(FeX)  (2.965/3.4485}/6 =
5.2508 .

The Curie temperature T. is decreased with increasing
nonmagnetic Si** ion in the Fe;_,Si,Oq spinel structure.
The Fe—Fe interaction Jag in Eq. (4) of Fe;_,Si, Oy is the
dominant constraint to the temperature. The magnetic
moment is indeed controlled by the concentration of
Fe?* and Fe** in the tetrahedral and octahedral sites. In
general, when the cation distance is shorter and the Mr-
O-Mp angle approaches nearer to 180°, the super ex-
change interaction between magnetic cations becomes
larger. According to X-ray structure analysis (Yama-
naka et al. 1998), the angle changes from 123.7°
(x=0.0) to 128.7° (x = 1.0), and the cation distances
Mr—Mt, Mo—Mo, and Mt—Mo become shorter with in-
creasing Fe,SiO4 content; but the differences in these
angles and distances are not sufficient to bring about
such a large difference in M. Thus, the site occupancies
Zap of this solid solution system are likely to be the
dominant effect for Wap in Eq. (4).

Judging from the oxygen positional parameter (u),
the crystal field at the octahedral site is changed at the
boundary of u = 0.375. The boundary composition is
estimated to be x = 0.42. From the electron spin con-
figuration shown in Fig. 6, the energetically lowest level
in de in the region of x < 0.42 is degenerate and in those
samples results in an orbital angular momentum; but in
the case of x > 0.42, the level becomes a singlet and has
no orbital angular momentum. Then, only spin mo-
mentum is taken into consideration for those samples
having x > 0.42.

In the solid solutions having x > 0.375, the antipar-
allel mode of magnetic spins between Mt and Mg is
disturbed and lowers the magnetization. The parallel

spins in the octahedral site are also gradually disturbed
with increasing Fe?t in the site. Finally, in Fe;SiOy4
(x = 1.0), the randomized spins induce a paramagnetic
character at temperatures above 7Ty and they become
antiferromagnetic below 7Ty =12 K due to Mo—Mo
interaction.
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