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CHAPTER 1

INTRODUCTION

The amorphous solids in FeEOB—based system are interesting
substances from a viewpoint of amorphous magnetism.l) In this
field, amorphous alloys have been investigated most extensively.
They are known to show the second order transition at the well-
defined Curie temperature and to have critical exponents which
obey the scaling law the same as crystalline ferromagnetic mat-
ters do. For instance, the critical exponent S which describes
the temperature dependence of magnetization as M(T)=MO(l—‘I‘/TC}'G
is observed to be 0.42) which is consistent with the value ex-
pected from several theoretical models. The spin wave, which is
known to obey the Bloch law at low temperatures, is also ob-
served.3)"7) However, the existence of a fluctuation of internal
fields due to the random arrangement of magnetic atoms leads to
some anomalies in the behavior of magnetization, susceptibility,
spin wave and so on. For example, the temperature dependence of
the inverse initial paramagnetic susceptibility does not follow
the Curie-Weiss law, but exhibits the upward curvature.z)'a) The
Arrott plots, that is, the plots of M2 as a function of H/M,
where M is the magnetization and H the applied field, draw the
downward curvature.zl'T)'B] while the plots for the ferromagnetic
crystals exhibit the straight line as expected from the molecular
field theory. The spin wave stiffness constant D which describes
the dispersion relation for the spin wave as hw = DkZ where k is
the wave vector shows field dependence while that in crystalline

states is independent of the field.g)’]o) These phenomena have



been explicated by considering the fluctuation in the magnetic
moment at each atomic site.ll)'13) The existence of the fluctua-
tion in the magnetic moment has been demonstrated by analyzing
the broad linewidth appearing in the M8ssbauer spectra of these
amorphous alloys.14)'15)

On the other hand, most of the amorphous oxides containing
large amounts of iron ions are known to show so called spin
glass- or cluster spin glass-like (mictomagnetic) transition
at low or very low temperatures as revealed by the vigorous
investigations in these two decades.lﬁ)_zo) Therefore, they are
often designated "amorphous insulating spin glasses." The exist-
ing facts on the magnetism of the amorphous insulating spin
glasses are as follows:

1) The susceptibility vs. temperature curve experiences
a maximum in zero field cooling, which corresponds to the spin-
freezing temperature. This maximum vanishes when the field cool-
ing is applied. These phenomena are prototypal features of the
cluster spin glass.

2) The relation between susceptibility and temperature fol-
lows the Curie-Weiss law at high temperatures and the reciprocal
susceptibility vs. temperature curve intersects the temperature
axis in the negative region, indicating that an antiferromagnetic
interaction is dominant between magnetic ions.

3) The gradual decrease of the effective magnetic moment
occurs nearly above the spin-freezing temperature, suggesting
that the superparamagnetic clusters where spins are aligned in an

antiferromagnetic fashion are present.



4) The spin-freezing temperature shifts depending on the
frequency of ac susceptibility measurements, the relation of
which is describable in terms of the Vogel-Fulcher empirical
equation.

5) The remanent magnetization decays with time as M(t)=
log t.

6) Individual spins are frozen in random directions well
below the spin-freezing temperature. This situation is often
called speromagnetism.zl)'zz)

It is reasonable to say that the above features are char-
acteristic of the random spin system where the magnetic interac-
tion in long range order such as RKKY interaction is not present.

In addition to these glasses which show the cluster spin
glass-like behavior with antiferromagnetic interactions among
magnetic ions, oxide glasses possessing ferromagnetic properties
have been found. Coey et 31.23) have revealed that an amorphous
oxide Feo_503+Feo_192+Gal_3703 exhibits ferromagnetic properties
with Curie temperature of about 150 K. The oxide glasses in the

system LalﬁxSr Mn03—320324) also show the ferromagnetic char-

X
acter. The common feature of these ferromagnetic oxide glasses
is that they have transition metal ions in mixed valency states.
It is considered that the positive double exchange interaction25)
among the magnetic ions with different valences is responsible
for the ferromagnetism. The oxide and fluoride systems such as
amorphous Fer,ZG) CoFeZO4-P20527) and ZnO-Bizoa-FeZO328) also
exhibit ferromagnetic character. However, the ferromagnetic

order is restricted within an only short range in these materials

and the system is rather superparamagnetic or mictomagnetic.



Among them, glasses in the systems Fer and ZnO—BiZO3-F9203 are
interesting materials because the local spin configuration is
ferromagnetic although the crystalline FeF,, ZnFey,0, and BiFeOgqg
are antiferromagnetic.

From the applicative viewpoints, glass containing a large
amount of iron oxide is an effective material from which ferri-
magnetic substances such as ferrite compounds can be precipitated
by heat treatment. Ferrite compounds are magnetically most func-
tional materials among magnetic oxides, and thus extensively
utilized as magnetic cores with low iron loss, permanent magnets,
recording media involving vertical recording, Faraday effect
devices, bubble memory devices and so on. The superiority of the
preparation method of ferrite compounds by making use of the
crystallization from the glass lies in the fact that it is pos-
sible to control the size of particles precipitated which domi-
nates such magnetic properties as magnetization and coercive
force. For instance, the fine particle of barium ferrite with
hexagonal platelet precipitated from BaO—FezO3-B203 glass is a
promising material for the vertical recording medium.zg) Also
the ferrite thin film is one of the effective magnetic materials
because the thin film form leads to a great deal of functionality
in magnetic properties such as low eddy current loss and very
rapid response in memory effect. One way to prepare a thin film
is to utilize the crystallization of a gel film which is readily
formed from a sal solution.ao) Moreover, there exist a large
fraction of magnetic ions situated in the surface in fine parti-

cles and thin films. Such magnetic ions are more or less laid in



a random configuration, and lead to magnetic properties different
than bulk magnetism.

As shown above, amorphous solids in FegOg-based system pos-
sess interesting magnetic properties from both fundamental and
practical viewpoints. However, there still remain several un-
resolved problems on these materials. For instance, a complete
clarification on the mechanism of magnetic transition observed in
iron-containing oxide glasses has not been accomplished. The na-
ture of iron ion cluster which dominates the cluster spin glass-
like behavior of the oxide glasses is also little revealed. The
magnetism of amorphous oxides which show ferromagnetic character
is not thoroughly clear. The present investigation was undertak-
en to resolve such problems.

In Chapter 1, the general background and the purpose of the
present investigation are outlined.

In Chapter 2, a theoretical approach to the mechanism of the
magnetic transition of iron-based amorphous insulating spin glass
is presented.

In Chapter 3, the theory presented in Chapter 2 is applied
to several oxide and fluoride glasses.

In Chapter 4, the local structure of iron in oxide glasses
which is inevitable for the thorough description of the magnetic
properties of these substances is examined.

In Chapter 5, the formation of iron ion cluster in amorphous
oxides which is also an important factor for clarification of
the magnetic properties of these matters is examined.

In Chapter 6, the magnetic properties of Fezoa-based fine

particles and ferrite thin films are discussed.
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CHAPTER 2
THEOQORY OF CLUSTER SPIN GLASS AND

PRINCIPLE OF ESR AND MOSSBAUER MEASUREMENTS

Tt has been known that most of the amorphous oxides and
fluorides containing a relatively large amount of magnetic ions
show a magnetic transition like that of cluster spin glasses or
mictomagnets as described in detail in the previous chapter.
Verhelst et al.ll first explained the cluster spin glass behavior
of cobalt and manganese aluminosilicate glasses in terms of the
superparamagnetic model. They assumed that there exist monodo-
mains where cobalt or manganese ions are concentrated in the
glass, and connected the phenomenon that a maximum appeared in
the susceptibility vs. temperature curve when the zero field
cooling was applied with a progressive freezing of the monodo-
mains in a superparamagnetic fashion. The susceptibility vs.
temperature curve they reproduced theoretically was in a qualita-
tive agreement with that obtained experimentally. Since then,
this model has-been often applied to explain several magnetic
properties of oxide glasses. For instance, Rechenberg et 31.2)
explicated the experimental fact that the remanent magnetization
varies with logarithm of the time for 83.1C00-15.5A1203-1.4Sioz
glass by using the superparamagnetic domain model. Jamet et
31_3) examined the temperature dependence of ESR line shift and
linewidth for MngAl,8ig0;5 glass and concluded that the freezing
of each spin takes place progressively in the temperature range
of 10 to 3.6 K. This model was also utilized to interpret the

magnetic transition of some metallic spin glasses. Wohlfarthd)



attempted to clarify the spin-freezing temperature of some spin
glasses including metallic ones in terms of the anisotropy field
which determines the direction of the magnetization in a cluster.
Burke et 31.5) described the magnetic structure of Cr-Fe alloys
containing 16.7 to 25 at% Fe on the basis of the simple superpa-
ramagnetism. However, as Burke et al.s) pointed out, the simple
superparamagnetic model is insufficient for understanding the
magnetic behavior of those cluster spin glasses fully, because
the cluster existing in those spin glasses is rather the percola-
tion cluster, whose volume varies with temperature, than the
single-domain fine particle treated in the superparamagnetism by
Néel.B) and the intercluster interaction exists. The imporance
of considering the variation of the cluster size with temperature
and the interaction between clusters has also been pointed out

7) and amorphous

for some cluster spin glasses such as FexNiGe
FeO—AlZOS—SiOZ.Sl Theoretical treatment on these problems was
firstly carried out by Shtrikman and Wohlfarth.gj‘lo) They
introduced a parameter T, temperature corresponding to the
intercluster interaction, and gave a physical meaning to Vogel-
Fulcher empirical relation which holds in the measuring frequency
dependence of the spin-freezing temperature. The Shtrikman-
Wohlfarth model, however, has not been applied yet to the amor-
phous oxide systems where a distribution of superexchange inter-
action interaction is expected to exist.

In the present chapter, an attempt was made to modify the

Shtrikman-Wohlfarth model by taking into account the distribution

of superexchange interaction. Further, the principle of ESR and



M8ssbauer measurements, which are useful techniques for the
clarification of local structure and magnetic properties of
amorphous oxides, was described briefly. These measurements
will be utilized to obtain experimental facts about the local
structure and magnetic properties of amorphous oxides in iron
oxide-based system in the following chapters. The experimental
facts will not only demonstrate the validity of the model pro-
posed but also give new information about the structure and

magnetism beyond the theory.
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2.1 Superparamagnetic Model

According to Shtrikman and Wohlfarth.g)'lo) the spin-freez-
ing temperature Tf, which corresponds to the so-called blocking
temperature in superparamagnetism, is expressed by the next equa-
tion in the weak coupling regime, i.e., the case that the inter-
cluster interaction is much weaker than the anisotropy field:

T = Tgexp[(Kv+H;Mv)/kT,], (2.1)
where k is the Boltzmann constant, K and v are the uniaxial an-
isotropy and the volume of the superparamagnetic cluster, T 1is
the relaxation time for rotating the cluster, M is the saturation
magnetization, and Hi is the intercluster interaction field. For
the assembly of the clusters, Hi can be replaced by a statistical

mean value <H;> which is given by

H Mv Hy 2Mv
<H;> = H; tanh x (2.2)
kT kT
for weak interactions. From Egs.(2.1) and (2.2), the next equa-
tion holds:
2 Toexp[{Kv+-——————-)/ka]. (2.3)
ka

Eg.(2.3) is one result of Shtrikman-Wohlfarth model. Here, we
can assume that
H.i = mJ, (2.4)

where J is the magnitude of superexchange interaction and m is

a positive constant. From Egs.(2.3) and (2.4),

M2vZm232 = k2T 21n(7/74) - kTgKv > 0 (2.5)
is derived. It is readily found from Eq.(2.5) that
9 Tf szzmz
= > 0. (2.6)
3 J 2k2T4ln(T /7o) - KKv

11



Therefore, the spin-freezing temperature increases monotonically
with increasing the magnitude of the superexchange interaction.
On the other hand, in the strong coupling regime, i.e., the
case that the intercluster interaction field is much stronger
than the anisotropy field, the Ornstein-Zernike theory is applied
so as to describe the correlation of spins. Hence, the effective
volume of the cluster within which the spins correlate is ex-

pressed as follows:g)'lol

Vogs = AT r2p(x/E)(x/€ ) ar, (2.7)

where £ is the correlation length given by

/@ (2.8)

=]
E = EOI(T-TO)/TO}
with TO being a ordering temperature of the ensemble spins over

the clusters. Egs.(2.7) and (2.8) lead to the next equation:

3 -1
Vegr = €&g LIT-Tg)l/Tg) . (23]
where
0 -X
E = Am SOXe dX = 4m. (2.10)

& 503 is roughly equal to v/p, where p is the volume packing
fraction.

The anisotropy constant as well as the volume of the cluster
has a temperature dependence. In the Shtrikman-Wohlfarth model,
the anisotropy field is assumed to be randomly distributed and
its statistical average value is deduced from the random walk
model. Thus, the effective anisotropy constant is written as

follows:

N-1/2 1/2

Kogp = PK pR(v/PVoer) (2.11)

12



where N is the number of cluster in the correlated volume. From

above equations, the next equation is derived:

T = T gexp{Kv| (Tf—TO)/TO]"”

2
/kTg). (2.12)
This is the result deduced in the strong coupling regime. In

this case, it can be assumed that

Tg = nJ, (2.13)
where n is a positive constant. From Egs.(2.12) and (2.13), the
next relation results:

nd = P21 3/(1+p%1,2), (2.14)
where szln(I'/TD)/(Kv). Eq.(2.14) leads to the next relation:

3T, n(1+4p21,2)?2

_ s 0. (2.15)
37 3+p2T,2

Therefore, the spin-freezing temperature increases monotonically
with increasing the magnitude of superexchange interaction also
in this case.

In the present amorphous oxide and fluoride systems, a dis-
tribution of superexchange interaction exists because of the

distribution of Fe-0-Fe and Fe-F-Fe bond angles.ll)_ls)

Hence,
the effect of distribution of J should be introduced into Egs.
(2.3) and (2.12) for the construction of the model which can
describe the practical system more appropriately. 1In the weak
coupling regime, by using the distributien function f(J), <H;> is
rewritten as the mean value in the first approximation:

2

H. Mv
i

kT

(Hi> = f(J) dJ, (2.16)

where f(J) is the distribution function of superexchange interac-

tion. By using Eq.(2.16), the next equation is derived instead

13



of Eq.(2.3):
m2M2v2J2
OE’XP[(KV+ | ————f(J) dJ)/ka]. (2.17)
ka

On the other hand, in the strong coupling regime, by replacing

T =T

the spin correlation length with its average value given by
- Le 2.18)
&€ = £,1 [(T-Ty)/T,] £(J) 43, (

Eg.(2.12) is rewritten as follows:

T = T exp{Rv | [(Tf—nJ)/nJ]'”z £(J) dI/KT,}. (2.19)

To
By using Eqs.(2.17) and (2.19). the relation between the spin-
freezing temperature and the magnitude of superexchange interac-
tion can be derived in the case that a distribution of the super-
exchange interaction exists. Here, it is assumed that either the
ferromagnetic or the antiferromagnetic interaction is dominant in
the system. The situation of coexistence of these two interac-
tions is not considered.

It seems instructive to examine different distribution func-
tions for the analysis of Egs.(2.17) and (2.19). Here, three
types of distribution functions are chosen. The first one is the
delta function-like distribution expressed by the next equation:

1/2A7 (JO—AJ € J = J0+&J)

f(J) = { (2.20)

0 (otherwise) ;
where Jy and AJ are average value and distribution width of the
magnitude of superexchange interaction. The assumption that
either the ferromagnetic or antiferromagnetic interaction is
dominant results in Jp>0, AJ>0 and J3-AJ>0. The schematic

illustration for this distribution function is given in Fig.2.1.

14



In the weak coupling regime, the next relation holds:

Jgred  miuivZi?
T = 7exp[(Kv+ | dJ)/kTg.1.  (2.21)
Jg-bd kT 2AJ
f
By setting that
J/AJ=X, JD/AJ:J. and Tf/ﬁ-]:t, (2-22)

Eq.(2.21) is transformed into next equation:

3a;t% - 3A,t = 632 + 2 > 0, (Z2:23)

Delta function like distribution
f(J)‘

h

1
2A)

0 Jo-BJ Ry VIR

1
557 (- Bl=is)e A))

0 ( otherwise)

-]

Fig.2.1 Schematic illustration of the delta function-like

distribution.
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where A; and A, are positive constants given by

2k%1n(7 /7 () 2kK -
Ay = zzz r f2 Tz232 : (2.2
mM v m M vAJ

From Eq.(2.23),

t 43
st & B (2.25)

is derived. This relation leads to

aT
£ > 0. (2.26)

3dp
In the strong coupling regime, by substituting Eq.(2.20) into
Eg.(2.18) and setting that
J/Bd=x, Jo/AJ=j, and Tg/nAd=t, (2.27)

the next equation is derived:

1 j+1 _
B, = — | [(t-x)/xT /2 ax, (2.28)
t j=1

where B; is a positive constant given by
anAJln(T/To)

B] = - (2129)
Kv

The integral in Eq.(2.28) is calculated by setting x=1cos26 .

The result is the following one:

. 2 . ; 2
B, = /(j-l)(t*J+1)/t = /(J+l)(t-J—1)/t
+ cos_IJ(j—l)7t - cos_IJ(j+1i/t. (2.30)

After somewhat lengthy calculation, the next relation is derived
from Eq.(2.30):

9J 1

-~ . (2.31)

At LG+ (L=5-T) - {(G-1)(t-3+D)

LV (G+1)/(t=3-T) - {(G-1)/(t=j+1) ]

16



Since it is algebraically proved that

A(3+41)/(t-3-1) - {(j-1)Y/(t-j+1) > 0O (2.32)

and

tl4(G+1)/(t-3-1) - {(3-1)/(t-j+1)]

= [ (3+1)(t-j-1) - J(j-1)(t-j+1)] > 0, (2.33)
the next relation results from Eq.(2.31):

aJ

> 0, (2.34)
at

Hence, it is concluded that Eq.(2.26) holds also in the strong
coupling regime.
Next, a parabolic distribution is considered. The distribu-
tion function is given as follows:
-(3/4033)1(3-39)2 - AJ2) (Jp-AJ £ I € JgrAJ)

- | |

0 (otherwise) 3 (2.35)
The distribution is schematically drawn in Fig.2.2. Firstly, the
weak coupling regime is taken into account. By substituting
Eq.(2.35) into Eq.(2.17) and using Eqg.(2.22), we obtain the next
equation:

2 J*l 5
2a % - 280t = 1 x [-3(x-jF +3] dx, (2.36)
§-1

where A; and Ay, are given in Eq.(2.24). By calculating the in-

tegral in Eq.(2.36) directly, the next equation is derived:

Altz - Ast = 2jz +-%-> B (2.37)
Therefore, Eqs.(2.25) and (2.26) also hold in this case. As for
the strong coupling regime, the numerical calculation was per-
formed. By substituting Eq.(2.35) into Eqg.(2.19) and setting as

follows instead of Eq.(2.27):

17



(J-Jg)/A8J=x, J3/bJ=5§, and Tg/nbJl=t, (2.38)

the next equation is derived:

3 1 —
B, = — 1§ [(t=3~x)/(5+0) T E1-

2t =1

x 23 ax, (2.39)

where B; is given in Eq.(2.28). The relation between t and j for

arbitrary value of B, numerically calculated is drawn in Fig.2.3.

Parabolic distribution

f(J)
f
0] Jo-AJ Jo+A) _'J
3 2 2
-—— ((J-J,) - AJ°]
£(J)= 447 0
(JomAJSI<IpA) )
0 (otherwise)

Fig.2.2 Schematic illustration of the parabolic distribution.

18



It is seen that t increases monotonically with j, indicating that
Eq.(2.26) holds.

Finally, the Gaussian distribution

2{J] & ———— axp [—( )] (2.40)
f2m AJ Y2AJ

is adopted. In the weak coupling regime, we obtain the next
egquation by using Egs.(2.17), (2.24) and (2.40):

2

Jo+383 32 1
]da. (2.41)

F=3
A, - ApAJ/T = 21 0 — e g [_(_0_

o J0—3AJ ’1“2 J2mAd J2AT

where the range of the magnitude of superexchange interaction was

restricted to JO—BAJSJSJO+3AJ because the integral of the

15

Te I nA)

Jo A

Fig.2.3 Relation between JO/AJ and Tf/nAJ calculated for

parabolic distribution of J.
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Gaussian function in this interval can be approximated to be
equal to unity. Besides, J0—33J>O was assumed since either
ferromagnetic or antiferromagnetic interaction is taken into
account in the present calculations. By setting

(J-Jp)/B8J=x, Jg/ALJ=], and Tg/AJ=t, (2.42)
Eq.(2.41) is transferred into the next equation:

3 2 1
t = 2§ (x+3)
=3 J 2T

t - A exp(—x.z/Z) dx. (2.43)

2

For the integral of the Gaussian function in Eq.(2.43), the in-
terval [0,3] can be replaced by [0,»]. Then, Eq.(2.43) results

in the next equation:

8 co 3
AT = Ak = (1 5%exp(-x2/2) d= + §

J T 0 0

xzexp{—xz/E) dx].

(2.44)

The first term of the right hand in Eq.(2.44) can be easily cal-

culated. The result is the next one:

8 3 2 9
! x"exp(-x“/2) dx. (2.45)
J 7T 0

Since xzexp{-xz/2}>0 for x>0, the second term of the right hand
in Eq.(2.45) is a positive constant. Hence, Eq.(2.25) and then
Eq.(2.26) also hold for the Gaussian distribution.

In the course of the analysis of the above three distribu-
tion functions in the weak coupling regime, we have noticed that
a function which has a symmetry axis of J=J0 generally gives the
result indicated by Eqg.(2.28). The proof is as follows. From
Egs.(2.17) and (2.24) along with the relations

J=Jg=x, Jg/LJ=], and Tp/AJ=t, (2.46)

the next equation is derived:
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A, - A Jt =— | ( + 2 i+ 3% ) F(x) ax, (2.47
1 2 t2 " -aJ ag? AJ )

where F(x)=f(J) for x=J-Jg. Since

f(Jg+y) = £(Jgp-v) (2.48)
for any y, we obtain

F(y) = F(-y). (2.49)
Namely, F(x) is an even function. Therefore, Eq.(2.47) results

in the next equation:

5 2 AJ 4 AJ
t = 43° § F(x)dx + 5 |
0 A 0

x% F{x)dx. (2.50)

Since F(x)>0 for 0<x<AJ, two integrals in the right hand of

Eq.(2.50) give positive values. Hence,

Ad
at 8j | F(x)dx
=_— 0 > 0, (2.51)
3 ZAlt - A2

which leads to Eq.(2.26).

For the strong coupling regime in the case that the Gaussian
distribution is assumed, the numerical calculation was carried
out the same as the case of the parabolic distribution. By sub-
stituting Eq.(2.40) into Eg.(2.18) and setting

(J-Jg)/AJ=x, Jo/AJ=j. and Tg/nAJd=t, (2.52)

the next equation is derived:

2 3 . 1
B, =—1{ [{t-3=x)/(3¥x)] 172

t -3 J 2

expl(-x 2/2) dx. (2.53)

The relation between j=J3/AJ and t=Tg/nAJ is drawn in Fig.2.4.
It is seen that t increases monotonically with increasing Jj.
Therefore, Eq.(2.26) also holds in this case. For all types of

distribution of J examined here, it is indicated that Tf in-
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creases as JO increases in both weak and strong coupling regimes.
Namely, the stronger the mean value of the superexchange interac-
tion becomes, the higher the freezing temperature is. This leads
to the expectation that Ty increases with increasing the co-
valency of Fea+—0 and Fe3+—F bonds for the glasses containing the
same amount of FeS* ions since the superexchange interaction
between Fe3' ions is known to be proportional to the covalency of
these bonds.14)_16) Hence, the difference of Ty due to the vari-
ation of the glass systems may be explained in terms of the co-
valency within the framework of the present model. This problem

will be discussed in the next chapter.

30
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Fig.2.4 Relation between JO/AJ and Tf/nAJ calculated for

Gaussian distribution of J.
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2.2 Principle of ESR and MOssbauer Measurements
2.2.1 ESR Measurements

When an unpaired electron is subjected to the external
field, the energy level is splitted due to the interaction be-
tween the spin angular momentum of the electron and the external
field. Since the magnitude of the energy difference between
these levels corresponds to the microwave region, the resonant
absorption of the microwave by the electron can occur, yielding
the electron spin resonance (ESR) spectrum. The energy state is
affected by the crystal field, spin-orbit interaction, magnetic
interaction between electron and nuclear spins, and dipolar and
superexchange interactions among electrons. Hence, the ESR spec-
trum gives important information about the chemical and magnetic
states of organic radicals and transition elements. As for the
transition elements in solids, the information about valency
state, site symmetry, covalency of bond, state of exchange-
coupled ion pair, magnitude of exchange interaction, spin-lattice
interaction, direction of magnetization, etc. has been obtained.

In the present thesis, the chemical and magnetic states of
iron will be discussed on the basis of linewidth and g-value of
ESR spectrum. Thus, these two factors are described in the

following sections.

2.2.1.1 Linewidth
In this section, the linewidth of the ESR spectrum is de-

17) For two functions

scribed on the basis of quantum mechanics.
F(t) and G(t) which vary with time, the correlation function

¢(1t) is defined as follows:
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1 T
g(t) = lim— | F(t)G(t+7 )dt. (2.54)
T2 T 0

When ¢ (T ) represents the motion of spins, the ESR line shape is

expressed as follows:

1 [e'e]
I(w) = { ¢ (T )exp(-iwT)dT. (2.55)
2mr -

Eq.(2.55) is derived by Wiener-Kinchin theorem. When F(t)=G(t),
¢ (7T ) is designated an autocorrelation function. In the Kubo-
Tomita theory, the autocorrelation function of resonance fre-
quency w(t,r) is defined as follows:

<w(T)w(0)>

w(T) (2.56)

2
<w (0) >
According to the Kubo-Tomita theory, ¢ (t), which is the Fourier
transformation of the resonant absorption line, is expressed as

follows:

t
die) = exp{-wdzso(t—r)w(r)dr). (2.57)

where wq is defined by

2
(A J<w(0) >, (2.58)

Firstly the case that the dipolar interactions are dominant among
magnetic ions is considered. Since w(7) is independent of time

in this case, Eq.(2.57) is transferred into the next equation:

2 2
¢ (t) = expl-wyg t /2). (2.59)

By using Eq.(2.55)., the next equation is derived:

2
1 (w-wg)
I(w) —___—EXP[‘__"_E']- (2.60)
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Hence, the absorption line is represented by the Gaussian func-
tion. Next, the case that the exchange interaction is dominant
is taken into account. Because of the exchange interaction, the
information the spin possesses at t=0 is lost at t=J/f, where J
is the energy of the exchange interaction. Hence, Eq.(2.56) is
approximately expressed as follows:
1 (0<t<l/w,)
w(t) = {

0 (T>1/we) i (2.61)

where we=J/ﬁ. From Egs.(2.57) and (2.61), the next equation is

derived:
2
g(t) = exp(-wy Itl/wgy). (2.62)

2 2
Here, exp(md /Zwe ) is assumed to be unity under the assumption
that W g is much larger than wgq- Eq.(2.62) is transferred into

the next equation:

a;z Jw 1
I{w) e |

T (m—wo)z ; (cud2 /wg)

(2.63)

Namely, the line shape is Lorentzian in this case. Eq.(2.63)
clearly indicates that the exchange interaction makes the ESR

linewidth narrower by lfwe.

2.2.1.2 g-Value

The g-value for the electron spin is defined as follows:

eh

ng = -gf )8, (2.64)

2me
where o is the magnetic moment of electron, e is the elementary

electric charge, T is the Planck constant divided by 27, m is
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the mass of electron, ¢ is the velocity of light and § is the

spin angular momentum of electron. The g-value of the electron

spin is given as
g=2.0023193. (2.65)
For the magnetic moment due to orbital angular momentum of elec-
tron, g=1 is obtained experimentally. When the magnetic moments
due to spin and orbital angular momentums are represented by g
and uy, respectively, the effective g-value is expressed by the
next relation:

2me Kg + Uy

Beff = .
= ef S+ L

(2.66)

The fact that the g-values for the spin and the orbital are .00

and 1.00, respectively, leads to the next relation:

Mg * My,
Beff (2.67)

ugl2 + uy
Since the orbital angular momentum is quenched in a solid because
of strong interaction between the orbital and the lattice, Eq.
(2.67) is rewritten as follows:
g ¥ WY
Bapy & ————— (2.68)
.U5/2

When the contribution of the orbital angular momentum to the mag-
netic moment is defined as

e uplug (2.69)
the effective g-value is represented as follows:

geff = 2(1+5). (2.70)
¢ 1s an order of several percents for crystalline magnetic

materials such as iron, cobalt, FeNi, MnSb and NiFezoq.ls)
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2.2.2 MBssbauer Spectroscopy

M8ssbauer effect is a phenomenon that the nucleus in a
solid can absorb and emit ¥ -ray with a certain probability of
recoil-free process. It was discovered by M8ssbauer in 1958.19]
In the experiment, the energy of y-ray is varied by using the
Doppler effect, and the energy difference corresponding to 0.001
mm/s of Doppler velocity can be readily detected. Since the
velocity of 7y -ray is 3x1011! mm/s, the accuracy of the experiment
reaches about 3X10719, Hence, this effect was successfully uti-
lized for the guantitative demonstration of compression of time

due to gravityzo)

which was predicted by Einstein in his general
theory of relativity.ZI) Indeed, in the experiment by Pound and
Rebka in 1960,22) blue shift of 7 -ray corresponding to 0.0005
mm/s of Doppler velocity was detected.

As for the application of M8ssbauer effect to the solid
state chemistry, five parameters, that is, recoil-free fraction,
second-order Doppler shift, isomer shift, quadrupole splitting

and hyperfine field, are important. These parameters are de-

scribed in the following sections.

2.2.2.1 Recoil-Free Fraction
The recoil-free fraction is the most essential factor in the
MUssbauer effect. This parameter and the second-order Doppler
shift which will be described in the next section are effective
for the estimation of lattice vibration of solids containing
M#ssbauer-active elements. The most effective and conventional
model to describe the lattice vibration in a solid is the one

proposed by Debye.ZS} The Debye theory is widely used to explain
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the temperature dependence of heat capacity of solids such as
alkali halides and metals, and the characteristic temperature or
Debye temperature obtained by this theory is regarded as a meas-
ure of interatomic bond strength of solids. However, it has
become clear recently that this theory does not hold well for
solids with a less-closely packed structure. Several attempts
have been made in the past to deal with this discrepancy from the
Debye theory. For example, Tarasov24) developed a theoretical
model for substances with chain and layer structures by consider-
ing both one- and three-dimensional continuum distributions.
Blackmann®®) tried to establish the exact frequency distribution
function of vibration for some simple two-dimensional lattices,
and calculated their specific heat. DESOFbOZG) showed theoreti-
cally that the phonon spectrum of crystalline selenium consists
of two distinect bands. Recently, Soga and Hira027)'29) showed
that the heat capacity data of various network forming inorganic
glasses could be represented by the three-band theory using two
Debye temperatures (6,, 63) and one Einstein temperature (6g).
Since & can be omitted when no network modifier exists, the
three-band theory is reduced to the two-band theory with two
characteristic temperatures (91, 83). This two-band theory
was found to be useful to describe the heat capacity data of
binary Fe-B and Fe-P amorphous a]loys.30)

The evaluation of the characteristic temperature by uti-
lizing the temperature dependence of the recoil-free fraction or
second-order Doppler shift has been also made. For example,

Taragin et 31.31) measured the relative value of recoil-free
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3+ 2+

fraction for Fe and Fe

ions in aluminophosphate glass at
various temperatures and calculated the Debye temperature to be
385 K for Fe' and 230 K for Felt, Saegusa and Morrish®2) ob-
tained the Debye temperature of 320 K by measuring the recoil-
free fraction and the second-order Doppler shift of amorphous

Feg By 5Sig 5Cp alloy (METGLASE 26055C). Sawatzky et al.33)
found the Debye temperature of 314 K for iron on octahedral sites
in Feq0, and 366 K for iron on octahedral sites in yttrium iron
garnet. They noted that those Debye temperatures were much lower
than those obtained from specific-heat data. This may be due to
the inadequacy of the Debye theory to analyze the recoil-free
fraction and second-order Doppler shift data and obtain the
characteristic temperature of iron ions or atoms.

In the present section, the ‘two-band theory was applied in
place of the Debye theory to analyze the temperature dependence
of recoil-free fraction and second-order Doppler shift.

In the harmonic approximation, the recoil-free fraction f at
temperature T is given by

£ exp( -4m2< x% >/22), (2.71)

2

where < x¢ > is the mean-square nuclear displacement of the

absorbing nucleus and 1 is the wavelength of the absorbed
radiation. Quantitatively, the Debye model gives the following

expression:

3E 5 SD/T X

[ 1+ 4(T/9D) i — dx 11, (2.72%
2k6 0 e -1

f = exp{ -

where ER is the recoil-free fraction energy, k is the Boltzmann
constant, and 6y is the Debye temperature.

According to the Debye theory, the vibrational distribution
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is given by following an assumption that the whole lattice is
isotropic and thus p(l/)Zal/z. However, in practical solids, the
vibrational distribution is more complicated than the one repre-
sented by Debye’s theory. The freguency mode measured by
recoil-free fraction is associated with acoustic mode and con-
sequently affected not only by the interatomic vibration but also
by the three-dimensional low-frequency vibrations corresponding
to more weak binding of intermolecular type. Therefore, some
modification is needed to include these low-frequency vibrations
if they exist independently. The two-band theory takes care of
this situation. In the two-band theory, the distribution of

frequency of phonon is assumed to be as follows:

9N

— (/x)3v 2 (osvsy )
8,63
plv) = (2.73)
3N
—(h/k) (vaVSvl) .
€
where h is the Planck constant and N is the number of atom. 64

and € 4 are characteristic temperatures defined as follows:

61 - hv,/k, 63 = hv /k. (2.74)
The schematic illustration of Eq.(2.73) is given along with the
vibrational density of states for the Debye model in Fig.2.5.
The mean-square nuclear displacement of a solid following the

two-band model is written as follows:

5 3h® 64/T x
¢ x%> = ————[ 3+ 21n(6,/6,) + 12(1/8,F § T dx
167 Mk91 0 e -1
6 /T 1
+ 4% —_— ax%x 1, (2.75)

93/T x(e*-1)
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where M is the mass of an atom. By substituting Eq.(2.75) into

Eq.(2.71), the following equation is obtained:

ER 93/T X
£ = exp{ - [ 3+ 2In(6,/64) + 12(1/6,F | ax
21{81 0 & -1
6 /T 1
+ 41 dx ]}. (2.76)

6 4/T x(e*-1)
This equation should be comparable to Eq.(2.72). When 6 1=64
=6, it comes to equal Eq.(2.72). And if

T > 68,/2 (6,>84), (2.77)

then Eq.(2.76) can be approximated to the next equation:

Debye Two-Band

p(v)= avZ

p(v)
p(v)

<V

0 vy Vi

eD=th/k e1=hV‘|lk, e3=hV3fk

Fig.2.5 Schematic illustration of the vibrational density of

states for Debye and two-band models.
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E 84-03g

f = exp{ - [ 3 +4T(4/63-1/6) + ———1} (2.78)
2k6 4 T+6 5/2
or
In f = - [ 3 + 4T(4/64-1/61) + —— 1. (2.79)
2k@ 4 T+0 3/2

Thus, by fitting the relative value of recoil-free fraction f/fo
to Eq.(2.79), the two characteristic temperatures, 6, and @4,
can be calculated. As an example, the result of analysis for

amorphous FegqB;, prepared by the melt-quenching method in the

0 -
-1 s
< -0.2F
£
= 03 -
-0.4}F
| | | N
200 300 400 500 600

Temperature (K)

Fig.2.6 Natural logarithms of the normalized absorption area
ln(f/fo) as a function of temperature for an FeB3B17

amorphous alloy:o,experiment;-,calculated.
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Fig.2.7 M8ssbauer spectra obtained with an F983B17 amorphous

alloy at several temperatures.
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Table 2.1 The characteristic temperatures 6; and 63 obtained

from M8ssbhauer measurements

Sample 0 4 (K) 8 5(K)
FegaB 7 605 230
FegpBag 655 185
FegPyg 425 185

present investigation is shown in Fig.2.6. The recoil-free frac-
tion was obtained as the absorption area ratio of the Missbauer
spectra presented in Fig.2.7. It is seen from Fig.2.6 that the
theoretical curve agrees with the experimental data very well.
The similar analysis was made on amorphous Fe-B and Fe-P alloys
and the characteristic temperatures were calculated. The values

are shown in Table 2.1.

2.2.2.2 Second-Order Doppler Shift
In general, the second-order Doppler shift, GD' is express-

ed by

B, & = =g (2.80)

2

where < v® > is the mean-square nuclear velocity of the absorbing

nucleus and ¢ the velocity of light. Since the average kinetic
energy of the vibrations of nuclei is one-half of the total
2 >

vibrational energy in a harmonic approximation, < v is ex-
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pressed as

1 1
£ Ve 3 m— 2(—+ < n; > )hyy, (2.81)
NM 1 2

where N and M are the total number and the average mass of atoms,
respectively, h the Planck constant, v i the phonon freguency,
and < n; > the statistical average of the vibrational guantum
numbers. In the two-band model, the vibrational density of
states is assumed to be given by Eq.(2.73). Then, the second-

order Doppler shift can be derived as

k 66 2+30 2 ot 8./T x°
= - 1 3 3
dD 2 2 ( + 2 S " dx
Mc 891 6193 Q e -1
3T2 QI/T X
+ x die )y (2.82)
91 63/T e’ -1
h -
since £ < n; >v; is equal to | (e V/kT-l) IVD(if)dV- When

i
91 and 93 are set to be equal to the Debye temperature QD'

Eq.(2.82) becomes the same equation derived from the Debye theory

as follows:

9k6 | g @)t %3
Op -~ [ 1 +8(1/8,) 1 ——dx J. (2.83)
16Mc 0 e -1

By using Eq.(2.82), the temperature dependence of the second-
order Doppler shift GD can be calculated when 61 and 6 4 are
known. 1In the experiment, & cannot be obtained directly, be-
cause the observed spectrum shift 6 includes the isomer shift
(chemical shift) & ;g in addition to the second-order Doppler
shift dD. However, 618 is generally regarded as temperature
independent, thus it is possible to compare 6 with ¢ at dif-

ferent temperatures. An example of the analysis using Eg.(2.82)
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is shown for the case of amorphous FegpBsn in Fig.2.8. In order

to obtain the spectrum shift, which is the sum of second-order
Doppler shift and isomer shift, the experimental spectra shown in
Fig.2.9 were decomposed into six Lorentzian curves so as to re-
produce the spectra by shifting the positions of these curves
after changing their intensity and linewidth. As seen from Fig.
2.8, the agreement between the theoretical and experimental re-
sults is fairly good. It is clear that the two-band model is
effective for describing the second-order Doppler shift in amor-

phous iron alloys.

02

6§(mm/s)

| 1 |
200 300 400 500 600
Temperature (K)

Fig.2.8 Temperature dependence of the spectrum shift for an

FQBOBZD amorphous alloy:o,experiment;-,calculated.
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Fig.2.9 MUssbauer spectra obtained with an FegpBag amorphous

alloy at several temperatures.
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2.2.2.3 Isomer Shift

The energy difference between ground and excited states of
nucleus is generally affected by the environment around the nu-
cleus. When the energy differences between the ground and ex-
cited states of emitter and absorber are 69’ and ﬁa,, respec-

tively. the isomer shift is represented as follows:

6 =6, -6, . (2.84)
The energies of ground and excited states of nucleus are calcu-
lated by taking into account that the nucleus has a finite size.
The distribution function of charge of the nucleus is assumed to
be ep(r,) with pnL(r )=0 at r 2R. Here R is an order of 10”13
cm. When the coordinate of the electron, ro, is larger than R,
the electrostatic interaction between the electron and the nu-
cleus is the same as the case that the nucleus is a point charge.
Hence, the interaction between the electron and the nucleus with

a finite size is represented as follows:

Dn(rn)pe{re)

2
AE = - b3 drn dre
< =
Ozrn,regR | r o -r, |
2 p (r_ )
- (-Ze § e £ dr_), (2.85)

where pe(re) is the distribution function and Z is the total

charge of the nucleus written as follows:

Z= 3 pn(rn)drn. (2.86)
Since
1 co rj
= X ————P. (cosa) (2.87
| r -r_ | 1=0 rl+1 1 )
n e >

and
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{ Pl(cosa)sinada =

0

L 2 (1=0)
{ (2.88)

0 (1>0),

where P;(cosa) is the Legendre’s polynominal, Eq.(2.85) leads to

the next equation:

27
2 2 2
AE - Ze | (0)] ry Ey (2.89)
3
where pe(re} is assumed to be egqual to }¢(0):2 and
g 1 2
<r ©> =—2—S v pn(rn)drn- (2.90)

Since <rn2> for the excited state is different from that for the
ground state, the energy difference between ground and excited
states is expressed as follows:

27 2 2

2 2
§ = Ze |g (0)] [<ry, >,-<ry >g]. (2.91)
3

2 2 .
where ir, >g and 5 S denote the average radius of the nucleus

in ground and excited states, respectively. Finally, the isomer
shift is represented as follows:
2

2 2 2 2 2
g = zZe [1¢,(0)] =1 (0)] Tl<ry >o=<rp >,].  (2.92)
3

Therefore, we can obtain information about the electron density

at the nucleus from the isomer shift.

2.2.2.4 Quadrupole Splitting
The quadrupole interaction arises from the fact that the
nucleus is not a sphere. Let's consider the nucleus in the

electrostatic potential, V(r), due to the electrons. When the
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electrons are far enough from the nucleus, V(r) can be expanded

as follows:

2

i av 1 ik AN
V(r) = V(0) + 2 x (—3)g+— Z xx ( i xlo*
i ax 2 i,k ax  3x

(2.93)

The interaction between the nucleus and the electrons is obtain-
able as the integral of the product of Eq.(2.93) and the charge

distribution of the nucleus, ep,(r,). Since

pylrg) = pul-vg) (2.94)

is known from the experiments, the interaction is expressed as

follows:
E = Eg + Eg, (2.95)
where
E, = ex,on(rn)V(O)drn (2.98)
and
e BZV ik
E2 =— Z (—'——k)o Spn(rn)x X d]:‘n. (2.97)

2 i,k 98x* 3x

EO is the energy when the nucleus is assumed to be proint charge.

The charge distribution of the nucleus is defined as

A
epplry) = <w (ryq, yTp) | 2 epd(r-rp)lwn>. (2.98)
p=1
where ¥, is the nuclear wave function, ry, » ry are the

nucleon position vectors and the charge ep=e for protons and ep=0
for neutrons. By substituting Eg.(2.98) into Eq.(2.97), the next

equation is derived:

2
e a Vv 2
E —E(—)y ¥ 1Zr . |w. >
2 0
6 i Bf' 3; " p P =
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2
e a Vv

+?1?£W’° <wnl§(3xp1 xpk frpzdik)lwnx (2.99)
The first term in Eq.(2.99) yields the isomer shift and the sec-
ond term represents the quadrupole interaction. By using the
Wigner-Eckart theorem, the next relation is derived:
i k2 3
E(Sxp Xp “Tp 8 5k) Al_;(IiIk + TpIy) - T(I+41)6 1.
(2.100)

The quadrupole moment, @, is defined as the T33 component of the
tensor in the left hand of Eaq.(2.100) with 1,=1. Therefore,

Q = AI(21-1) (2.101)
is derived. By using Egs.(2.100) and (2.101), the second term in

the right hand of Eg.(2.99) is expressed as follows:

e 32V 3
E Z - Yo [ —(T:I, + I, 1) - I(I41)6 1.
9 er(zr-1y i,k 8% E e g 1B KA ik

(2.102)
By using the Laplace egquation and the asymmetry parameter, 7,
defined as

Voo~V

g e W (2.103)
VZZ
for IVZZIEIVyylzivxxI , Eq.(2.102) is rewritten as follows:
2
e aQ 2 n. .2 _2
Eg =———— [3I, - I(I+1) +— (I, + I_ )1, (2.104)
41(21-1) 2

where q is defined as
eq = sz (2.105)

and designated the electric field gradient, and I, and I_ have

their usual meanings. Eg.(2.104) represents the energy resulting
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7 -
from the non-spherical shape of the nucleus. For 57Fe, 1=3/2 for

the excited state. 1In this case, the eigenvalues of Eg.(2.104)

are obtained from the next secular equation:

3-E 0 {37 0
0 -3-E 0 {37
= Dy (2.1086)
{37 0 -3-E 0
0 {37 0 3-E
The result is as follows:
1
2 1/2
E3/2,_3!2 :‘;—9 aQ(1+7 /3)
Wiy 1/2
Ey/2,-1/2 = o aQ(1+7/3) . (2.107)

As the result, the spectrum is splitted.

2.2.2.5 Hyperfine Field
The magnetic interaction between the magnetic moment due to

nuclear spin and that due to electron spin is expressed as fol-

lows:
) i
L zuBs-rot(uxF)
1
= 2u (s V) (- V)=(s )V 1(—). (2.108)
r

where 4 is the magnetic moment of the nuclear spin, s is the

electron spin and 4p is Bohr magneton. For r#0, Hmag is given

as the dipolar interaction:
(s-u) 3(u-r)(s-r)

Hd (“ZHB)[ 3 = 5 1 (2.109)
r r
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because {?2(1/r1=0. For the complete description of Eq.(2.108),
the case that r=0 should be involved. For that purpose, the next

integral is considered:

1 524 AT 3 (0) 52

| =(—5)aes~~———a [ (—3—)¢ dr, (2.110)
r 9 x 3 3x  r

where ¢ (r) is an arbitrary function which is differentiable.
When the partial differential of a distribution T is written as

(aT/ ax)dist.' Eq.(2.110) can be rewritten as follows:

2 2

2 1 L P 1
(™3 Jatag, =~ 6(r) + 7 — . (2.111)
ax r 3 9 x r

Eq.(2.111) also holds for variables y and z. Also, when the x
and v axes are transformed into x' and y' axes by the rotation of

/4 around the z axis, the next relation holds:

2 a2 a2

1
= — = 7). (2.112)
2 Bx'z oy’

d

%8y

From Egs.(2.111) and (2.112), the next relation is derived:

32 1 32 1

(= ) gieg, T T . (2.113)
ax 3y T X3y r
Eq.(2.113) also holds for the other combinations of x, y and z.
By using Eqgs.(2.111) and (2.113) with Eq.(2.108), the next equa-
tion is derived:
Hmag = (16H/3)ﬂB(S'ﬂ)6(r} + Hy. (2.114)
The first term of Eg.(2.114) is called the Fermi’s contact inter-

action and yields the hyperfine structure in the M8ssbauer spec-

trum. As clearly seen from Eg.(2.114), only s-electrons contrib-

43



ute to the contact interaction. The reason why the s-orbitals,
each of which is filled with paired electrons, bring about mag-
netic fields is ascribed to the exchange interaction between s-
and d-electrons. Since the s-electrons which possess spin paral-
lel to that of d-electrons can not stay nearby the d-electrons
according to the Pauli's exclusion principle, the Coulomb’s re-
pulsion force between the s- and d-electrons is not very large.
On the other hand, the s-electrons the spin of which is anti-
parallel to that of d-electrons are affected by the repulsion
force more largely. As a result, the density of s-electrons
having the antiparallel spin is larger than that of s-electrons
having the parallel spin at the nucleus, leading to the magnetic
field at the nucleus. This magnetic field splits the energy
levels of the nucleus according to Zeeman effect, and therefore,

splits the observed M8ssbauer spectrum.
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2.3 Conclusions

For the purpose of clarifying the cluster spin glass-like
(mictomagnetic) behavior observed in iron-based amorphous oxides
and fluorides, the concept of Shtrikman and Wohlfarth, which
treats the magnetic transition of these amorphous solids as the
superparamagnetism by considering the temperature dependence of
the size of superparamagnetic clusters and existence of the in-
tercluster interaction, was modified by assuming several types of
distribution function of the superexchange interaction between
Fe3+ ions, that is, delta function-like, parabolic and Gaussian
distribution functions. It was derived from the present model
that the spin-freezing temperature increases monotonically with
increasing the average value of the superexchange interaction for
all the distributions examined. This fact led to the inference
that the spin-freezing temperature increases monotonically with
increasing the covalency of Fe-X (X:0, F) bond because the magni-
tude of superexchange interaction is proportional to the co-
valency. This inference will be ascertained in the next chapter.

In the present chapter, the principle of ESR and M8ssbauer
measurements was also described. For the ESR, factors which have
an influence on the linewidth of the ESR spectrum and the physi-
cal meaning of g-value were outlined. For the M8ssbauer meas-
urements, important parameters, that is, recoil-free fraction,
second-order Doppler shift, isomer shift, quadrupole splitting
and hyperfine field were reviewed. In particular, theoretical
expression of temperature dependence of recoil-free fraction and
second-order Doppler shift was derived for the first time for the

two-band model which is more suitable for the description of
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phonons in amorphous solids than the Debye model.
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CHAPTER 3
APPLICATION OF THE THEORY TO IRON-CONTAINING

OXIDE AND FLUORIDE GLASSES

As mentioned in the previous chapter, it is expected that
the spin-freezing temperature increases with increasing the co-
valency of Fe3*-0 and Fe3*-F bonds when the concentration of
Fe3+ and the distribution width of the superexchange interaction
are constant. The isomer shift appearing in the M8ssbauer spec-
trum is closely related to the covalency of Fe3+—0 and Fea+—F
bonds.l)'z) being able to be used as a good parameter of the
covalency. The linear relationship between 4s electron density
at the nucleus of Fe3% ion and the isomer shift was theoretically
shown by Walker, Wertheim and Jaccarino,l) Hence, it is expected
that the spin-freezing temperature of several oxide and fluoride
glasses can be described in terms of the isomer shift value. In
the present chapter, an attempt is made to apply the theoretical
result derived in the previous chapter to the present oxide and
fluoride glasses containing iron so as to clarify the relation
between the spin-freezing temperature and the glass composition.
Furthermore, the frequency dependence of the spin-freezing tem-
perature and the temperature dependence of the susceptibility
observed for several iron-containing oxide and fluoride glasses
are explained within the framework of the present model. Final-
ly, the model is applied to explicate the magnetism of amorphous
oxides in the CaO—Bi203‘F9203 system which show ferromagnetic

character.
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3.1 Effect of Composition on Spin-Freezing Temperature
In Table 3.1, the values of the isomer shift for some iron-

s . 3)-14
based amorphous oxides and fluorides studied so far ) ) are

summarized as well as the spin-freezing temperature. The isomer
shifts for 44Fe203~56P205, 11.8F9203'29.4Pb0-58.BB203 and
]1.9F6203'45.2L120'42.93203 glasses are the new data measured in
the present work. These oxide glasses were prepared by using

the conventional melting-and-quenching method. Representative
M8ssbauer spectra of 44F9203-56P205 and 11.8Fezo3 29.4Pb0O-
58.8B203 glasses are shown in Fig.3.1. It is seen that the major
parts of the iron ions are in Fe(III) state in these oxide glass-
es.

The relation between the spin-freezing temperature and
isomer shift value for those materials in Table 3.1 is shown in
Fig.3.2. 1In order to take into consideration the difference in
the concentration of iron ions among these amorphous oxides, the
term Te/(c-c'), where ¢ stands for the concentration of iron ion
expressed as the atomic ratio of the cation and c’ corresponds to
the concentration where ‘I‘f becomes zero, is plotted as ordinate
in this figure. The parameter ¢’ presents also the concentration
where the clusters of iron ions start to form in the glass. The
value of ¢' has been estimated for several oxide glass systems.
For example, Mendiratta et al.') found ¢' to be 0.036 for
F9203—NiO-PbO—B203 system by applying ac susceptibility measure-
ments. Moon et al.l®) examined the formation of the cluster of
Fedt ions in Fe203~BaO~B203 glasses by means of magnetization and

ESR measurements and estimated ¢'=0.033. For FEZOS-L120~8203
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Table 3.1 The spin-freezing temperature {Tf) and the isomer

shift (18) for iron-based oxide and fluoride glasses

Glass composition Tf(K) Rek.* IS(mm/s) Rer . **
39Fe,04 48Ba0-13B,0, i i 3) 0.24 4)
30Fe,05-45Ba0- 25B,04 Wh; s 8 0.25 5)

11.8Fey05-29.4Pb0-58.8B,04 4.09 7) 0.36 this workD
11.9Fey0q-45.2Li50-42.9B,04 3.3%, 79 8) 0.28 this work
44Fey04-56P,0g 78 9) 0.41 this work
YaFeg0;5 408 10) 0.31 10)
Fe,05 80 11) 0.32 11)
PbMnFeF 11.777  12),13)  0.45 14)
PbyMnFeFg 5.26T  12),13) 0.43 14)

*References for the spin-freezing temperature, **References for
the isomer shift value, a: M8ssbauer effect, b: thermoremanent
effect, c-f: ac susceptibility(c:70Hz, d:83Hz, e:17.3Hz, f:75Hz),
g: de susceptibility

h: These glasses were prepared by using Fezos, PbO, LiZCO3, B203
and (NH,),HPO, as the raw materials. They were mixed and melted
at 1000 to 1200 °C in air. The melt was quenched with a twin-
roller for lithium borate glass and with an iron plate for the
other glasses. The M8ssbauer measurements were carried out at
room temperature by using a 370 MBg 57C0 in Rh as the 7y -ray
source. The calculation of the isomer shift was done by using

the spectrum of a-Fe foil at room temperature.
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Fig.3.2
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system, ¢’=0.061 was revealed by MUssbauer measurements at 4.2

kK.8) 1In the present study, the value of ¢’ is assumed to be

0.04, which is compatible with above-mentioned values. The pa-
rameter Tg/(c-c') is considered appropriate as the first ap-
proximation, because the linear relation between Tg and c-c¢’ was
experimentally observed for cluster spin glasses.161'17) The
trend that Tf/(c—c’} increases with decreasing the isomer shift
seen from Fig.3.2 indicates that the spin-freezing temperature in-
creases with increasing the covalency or the superexchange inter-
action between iron ions. Thus, the present model seems to be
appropriate to describe the effect of glass composition on the

spin-freezing temperature for these iron-based oxide and fluoride

glasses.
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3.2 Measuring Frequency Dependence of Spin-Freezing Temperature

It is known that Vogel-Fulcher empirical lawlB)’lgl well
describes the relation between the spin-freezing temperature and
the measuring frequency for iron-based oxide and fluoride glass-
957)’8)'30}"22) as well as metallic sﬁin glasses.zg) Namely,
measuring frequency v is related to the spin-freezing tempera-
ture as follows:

E
v = vgexpl-———], (3.1)
k(Tg-Tg)

where E i1s the activation energy for the rotation of the magnetic
moment within the cluster. When this equation is applied for the
data of 11.9Fe,04-45.2Li,0-42.9B,04 glass, T becomes 2.7 K.°)

In the model presented in Chapter 2, the relation between

the spin-freezing temperature and the measuring frequency is

represented as the next form for the weak coupling regime (See

Eq.(2.17)):
2
Ej
v = vgexp(-(Eg + )/kTel, (3.2)
ka
where
EK Kv = kTK (3-3)
and
Ef: i mMu3 L2y aa. (3.4)
When TO is defined as
2
kTq = Ei /EK. {3.59

Eg.(3.2) is transformed into the next equation for Ty/Tg>>1 which

is the condition for the weak coupling regime:
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v = vgexpl-Kv/k(Tg-Tg)]. (3.6)

Eq.(3.6) is identical to Eg.(3.1), that is, Vogel-~Fulcher law.
On the other hand, the measuring frequency dependence of the
spin-freezing temperature depends on the distribution function of

superexchange interaction, J, for the strong coupling regime.

Here, we pay attention to only the delta function-like distribu-
tion. In this case, the measuring frequency dependence of the
spin-freezing temperature is represented by Eq.(2.30). By using
this equation with appropriate value for By and Jp=3.0 K, the
experimental data of 11.9Fe203-45.2LiZO-42.QB203 glass can be

well analyzed. The result of the analysis is shown in Fig.3.3.

The value of Jg obtained is almost identical to Ty given when

10

Ts (K)
It
T

| | ] 1
0 01 02 03 04 05
1/ In(vylv)

Fig.3.3 The measuring frequency dependence of the spin-freezing
temperature for 11.9F9203-45.2L120-42.95203 glass.

The solid curve is drawn by using Eq.(2.30) (see text).
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Egq.(3.1) is applied.B) The activation energy for the rotation of
the clusters decreases with temperature in the present model,
which is clearly seen from Fig.3.3, because the cluster size
increases with temperature,. Furthermore, as clearly seen from
this figure, the agreement of the experimental data and the curve
calculated from Eq.(2.30) is rather good.

Figure 3.4 shows the result of the similar analysis on
51.8Fe0-5.8A1,0,°42.45i0, glass.?2) Here, Jy=7.6 K was used
when the data were analyzed. The good agreement between the
experimental data and the calculated curve is observable. Thus,

it is concluded that the present model is alsoc effective for ex-

30
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Fig.3.4 The measuring frequency dependence of the spin-freezing
temperature for 51.8FeO-5.8A1203-42.4Si02 glass. The

solid curve is drawn by using Eg.(2.30) (see text).
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planation of the measuring freguency dependence of spin-freezing
temperature for the strong coupling regime as well as for the

weak coupling regime.
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3.3 Temperature Dependence of Susceptibility

The behavior of the susceptibility as a function of tem-
perature for amorphous iron oxides and fluorides greatly depends
on the region of the temperature. At high temperatures much
above the spin-freezing temperature, the inverse susceptibility
decreases linearly with decreasing the temperature and the effec-
tive magnetic moment obtained from the slope of the line corre-
sponds to the spin-only value for Fe3+. In other words, the
system 1s in a paramagnetic state described by the Curie-Weiss
law. In the region of nearly above the spin-freezing tempera-
ture, the inverse susceptibility vs. temperature curve deviates
from the Curie-Weiss law, with the effective magnetic moment
being smaller. 1In this region, the system is superparamagnetic.
Below the spin-freezing temperature, the susceptibility decreases
with decreasing the temperature as a result of the freezing of
the superparamagnetic clusters. The susceptibility vs. tem-
perature curves obtained experimentally for several amorphous
iron oxides and fluorides are shown in Figs.3.5 and 3.6. In
Fig.3.5, specimens for which the inverse susceptibility vs.
temperature curve exhibits upward curvature in the superpara-
magnetic region are shown. On the contrary. the curves of the
specimens shown in Fig.3.6 exhibit downward curvature.

In the simple superparamagnetism, the temperature dependence
of the susceptibility for the superparamagnets at high tempera-

tures is expressed as follows:

x = N(Msv)z/sm, (3.7)

where x 1is the susceptibility. N, M  and V are the number,
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Fig.3.5 The temperature dependence of the susceptibility for
several oxide and fluoride glasses. The inverse sus-
ceptibility vs. temperature curve in the superpara-

magnetic region shows the upward curvature.

saturation magnetization and volume of the superparamagnetic
particles, respectively. 1In the strong coupling regime in the
present model, the volume of the cluster has the temperature

dependence represented by the next relation:

-1
V oeT (3.8)

Namely, the volume increases with decreasing the temperature.
The number of the cluster is expected to decrease as the tem-
perature decreases nearly above the spin-freezing temperature
because in this temperature region, a larger cluster comes to
incorporate smaller ones. Besides, it is expected that the

saturation magnetization decreases with decreasing Lhe tempera-
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Fig.3.6 The temperature dependence of the susceptibility for
several oxide and fluoride glasses. The inverse sus-
ceptibility vs. temperature curve in the superpara-

magnetic region shows the downward curvalure.
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ture since the negative superexchange interaction is dominant

2
among the spins within the cluster. Therefore, the term N(M_V)
in Eq.(3.7) positively depends on temperature. Thus, when
logp[N(MgV)2] > 0, (3.9)
the x_l versus T curve shows upward curvature and when
(3.10)

logp[N(MV)2] < 0,
the curve shows downward curvature. These curves are schemat-
ically illustrated in Fig.3.7. Tt is found that the experi-
mental curves shown in Figs.3.5 and 3.6 are explainable in terms
of Egs.(3.9) and (3.10), respectively. In other words, the tem-
perature dependence of the susceptibility, especially in the
superparamagnetic region, is describable qualitatively within the
framework of the present modified superparamagnetic model.

When Fig.3.7 is compared with Figs.3.5 and 3.6, it is seen
that the glasses with lower and higher contents of iron tend to
satisfy Eqs.(3.9) and (3.10), respectively. 1In the glasses with
lower content of iron, the number and the volume of clusters do
not depend on femperature so strongly. Hence, the temperature
dependence of the magnetization affects most largely the tempera-
ture dependence of the susceptibility. It is expected that the
magnetization decreases with decreasing the temperature as de-
scribed above. As a result, the temperature dependence of the
susceptibility is represented by Eq.(3.9). On the other hand, it
is expected that in the glasses with higher content of iron, the
volume varies with temperature in accordance with Eq.(3.8). This
temperature dependence of the volume brings about the T3 depend-
ence of x'l. It is thought that the variation of the volume is

the most dominant in the variation of susceptibility with tem-
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Fig.3.7 Schematic illustrations of the temperature dependence

of the susceptibility derived from the present model.
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perature. This leads to the temperature dependence of the sus-

ceptibility represented by Eq.(3.10).
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3.4 Application to Amorphous Oxides of Ferromagnetic Character
Recently., ferromagnetic character with Curie temperature
higher than room temperature has been revealed in several amor-
phous oxides such as ZnO—Bizos-F9203,24) Cao—Bizoa-Fezo3,25'26)
and {La]_xer)MnO3—B20327) systems. They are interesting sub-
stances considering that in most of the iron- or manganese-
containing oxide glasses reported thus far, the predominant in-
teraction among magnelic ions is antiferromagnetic. The previous
studies on amorphous oxides possessing ferromagnetic features
have revealed several anomalies in their magnetic properties.
For instance, the room temperature M8ssbauer spectrum of amor-
phous 202n0'30B1203-50F9203 does not show hyperfine structure
although the Curie temperature of this material is 450 K‘ZB) For
the amorphous 15Ca0-25Biy04-60Fey;049, the magnetization vs.
temperature curve exhibits a maximum when the zero field cooling
is applied and the maximum disappears when the static low field

25) These phenomena imply that the

is applied during the cooling.
ferromagnetic interaction does not propagate in a long range but
is restricted to a short range even below the Curie temperature,
and the freezing of the spins takes place in the mictomagnetic
fashion. In the present section, M8ssbauer measurements were
carried out on amorphous CaD—Bi203—F9203 system and an attempt
was made to interpret the results obtained on the basis of the
mictomagnetism.

Reagent grade CaCO3, 31203 and Fe,045 were mixed thoroughly

so as to make the composition of xCaO-(dO—x)BiZO3-BOF9203 where x

was varied from 0 to 40 mol%. The mixture was pressed under
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hydrostatic pressure of 10 MPa and then sintered in air at 750 to
800 °C for 5 h. The sintered body was melted in an image furnace
with a Xe-lamp as the heat source and quenched by using a twin-
roller rotating at 3000 rpm. The resultant specimen was a thin
foil. It was ascertained by means of X-ray diffraction analysis
with CuKa radiation that the specimen was amorphous.

The specimen was ground into powders and subjected to the
Mbssbauer measurements at room temperature. As the ¥ -ray
source, 370 MBg 57¢o in metallic rhodium was used. The velocity
calibration and the calculation of isomer shift and hyperfine
field were performed by using a spectrum of a-Fe foil at room
temperature.

The Mbssbauer spectra of amorphous 10Ca0-30B1203‘60Fe203,
15Ca0-25Biy04-60Fe,04 and ZOCaO-ZOBiZO3-GOFezOS are shown in
Fig.3.8. Although it is known that these materials exhibit
ferromagnetic character with Curie temperature around 730 K.ZS) a
major part of the spectra at room temperature mainly consists of
a paramagnetic guadrupole doublet with slight absorption peaks
split due to hyperfine field. This indicates that the magnetic
order holds only within a short range and the system lies in the
superparamagnetic state at room temperature. The hyperfine
splitting is brought about by the clusters of larger size the
magnetic anisotropy energy of which is large enough to overcome
the thermal fluctuation at room temperature. Hence, the magnet-
ism of this amorphous oxide system can be well explained by the
model presented in Chapter 2. Namely, since the concentration of
iron ions is almost Lhe same in the present specimens, it is

expected that the freezing temperature is high for the specimen
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Fig.3.8 M8ssbauer spectra of amorphous IOCaO‘BDBi203-60F9203.
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room temperature.
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with the covalency of Fe-0 bond being large.

The covalency of Fe-0 bond can be estimated from the isomer
shift of MOssbauer spectrum as described above. The isomer shift
value along with the hyperfine field was elucidated by fitting
the Lorentzian curves to the experimental spectrum. The composi-
tional dependence of isomer shift obtained from this analysis is
shown in Fig.3.9. In this composition region, the specimens with
Ca0 content being 10, 15 and 20 mol% exhibit the hyperfine struc-
ture in the M8ssbauer spectra at room temperature. Among these
three specimens, the Fe-0 bond in the specimens with 10 and 15
mol% Ca0 is more covalent than thal in the specimen with 20 mol%
Ca0.

The values of the hyperfine field are listed in Table 3.2.
It is seen that the hyperfine field of the specimen of 20 mol%
Ca0 is somewhat smaller than that of the others. 1In this table,
the fraction of the absorption area of four peaks due to hyper-
fine field in the total absorption area of the M8ssbauer spectrum
is also listed. This value is useful for the estimation of the
fraction of spins within the clusters which are already frozen at
room temperature. It is seen that the value for the specimen of
20 mol% Ca0 is smaller than that for the other specimens the same
as the case of the hyperfine field. These facts clearly indicate
that the freezing temperature lies around the room temperature
for these specimens and the freezing temperature of the specimens
with 10 and 15 mol% Ca0 is higher than that of the specimen with
20 mol% Ca0O. This tendency along with the compositional depend-
ence of the covalency of Fe-0 bond is coincident with the theo-

retical prediction mentioned in Chapter 2. A close look at Fig,
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Fig.3.9 Variation of isomer shift with the content of CaO.

3.9 and Table 3.2 reveals that the freezing temperature of the
specimens with 10 and 15 mol% Ca0 is almost identical with each
other although the covalency of Fe-0 bond is somewhat smaller in
the specimen with 10 mol% CaQ. It is expected that the anisotro-

3+

py energy for Fe ions is larger in the 10 mol% Ca0 specimen be-

cause this specimen contains larger amount of Bi3+ ions the 6p
orbital of which has large spin-orbit coupling constant as dis-

cussed in Chapter 4. This effect increases the freezing tempera-

ture of the specimen with 10 mol% CaO.
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Table 3.2 The hyperfine field and the fraction of absorption
area of four peaks due to hyperfine structure for the

specimens with the CaO content of 10, 15 and 20 mol%

* %
Glass composition (mol%) th* (kOe) A (%)
10Ca0-30Bip0y- 60Fey04 506 7
15CaO-25Bi203-60F9203 510 T
20Ca0-20Biy04  60Fey04 474 5

*hyperfine field
**¥fraction of absorption area of four peaks due to hyperfine

structure

Thus, the room temperature Mdssbauer spectra of amorphous
10Ca0-30Biy04-60Fe304, 15Ca0-25Biy04-60Fe,05 and 20Ca0-20Biy04-
60Fe203 have been interpreted well on the basis of the mictomag-
netism. Howevér, the reason why the magnetic interaction among
the iron ions becomes ferromagnetic in this amorphous system
remains still open. At present, the author considers that some

ferrimagnetic microcrystal-like clusters exist in these matters.
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3.5 Conclusions

From the result deduced in Chapter 2, it was expected that
the difference in spin-freezing temperature among various oxide
and fluoride glass systems was explainable in terms of the co-
valency of Fe-0 and Fe-F bonds in these solitls. The relationship
between the spin-freezing temperature observed experimentally and
the isomer shift obtained from the MlUssbauer effect measurements
described in the present chapter seems to support this expecta-
tion gqualitatively.

It was also found that the present model is effective for
description of the measuring frequency dependence of the spin-
freezing temperature and the temperature dependence of the sus-
ceptibility. The Vogel-Fulcher law modified within the framework
of the present model was well applied to explain the experimental
data of measuring frequency dependence of the spin-freezing tem-
perature for the oxide glasses. The value of intercluster inter-
action parameter TO obtained by analyzing the experimental data
on the basis of the present model is physically meaningful. As
for the temperature dependence of the susceptibility, two cases
were expected in the superparamagnetic region which were derived
from the gualitative discussion based on the present model. One
of them is the case that the inverse susceptibility vs. tempera-
ture curve shows the upward curvature and the other is the case
that the curve exhibits the downward curvature. The experimental
curves for several oxide and fluoride glasses were in gualitative
agreement with those derived from the present model.

The present model was also applied to clarify the magnetism

7



of amorphous oxides in the bismuth iron oxide-based system which
show ferromagnetic character. The specimens with 10, 15 and 20
mol% Ca0 and 60 mol% Fe,04 in the amorphous Ca0-Bijs0g3-FeyOg
system exhibited slight peaks splitted due to hyperfine field at
room temperature. The compositional dependence of hyperfine
structure and isomer shift value was well explained in terms of

the superparamagnetic model.
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CHAPTER 4

LOCAL STRUCTURE OF IRON IN OXIDE GLASSES

It was shown in the previous chapter that the spin-freezing
temperature of iron-containing amorphous oxides is intimately
related to the local structure of iron in the solid, especially
covalency of Fe-0 bond and distribution of Fe-0-Fe bond angle.
The former is directly related to the magnitude of superexchange
interaction between iron ions and the latter to the distribution
of the superexchange interaction. The valence state of iron ion
also has an effect on the magnetic properties in a sense that
Fe2+ ion has a large magnetic anisotropy due to the strong spin-
orbit interaction of 3d orbital, while the magnetic anisotropy

3+ ion is small because its orbital angular momentum

energy of Fe
is zero. Thus, the clarification of chemical state of iron in
amorphous oxides is inevitable for the comprehension of magnetic
properties of these materials. In the present chapter, the chem-
ical state of iron in FejyOg-based oxide glasses prepared by using
a twin-roller quenching method is examined by means of magnetic
spectroscopies, that is, ESR and Mbssbauer measurements which are
effective methods for such state analysis. In particular, the
covalency of Fe-0 bond in the oxide glasses, which is one of the

most important factors that predominate the cluster spin glass-

like transition of the oxide glass, is discussed in detail.
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4.1 Covalency of Fe-0 in Oxide Glasses

4.1.1 Binary System

In this section, an attempt was made to clarify the change
in chemical state of iron ions with glass composition for F9203—
based binary oxide glasses by using 57Fe M8ssbauer spectroscopy.
The glass systems studied were FeZOB_PZOS' Fe203—TeOZ. FEZOB-SrO,
Fey,03-Ba0, Fey045-Pb0O and Fey043-BiyOg, and the chemical state of
iron ions examined were the valency of iron ions, the coordina-
tion number of 02~ jons around iron ions and the covalency of
Fe-0 chemical bonds. In particular, the covalency of Fe-0 bond
was systematically discussed on the basis of the concept of elec-
tronegativity.

The glasses were prepared by using reagent-grade Fezoa,
FePOy hydrate, TeO,, SrCOg, BaCO3, PbO and Bi203 as starting
materials. They were mixed in accordance with the glass composi-
tions shown in Table 4.1. The mixtures were melted in an elec-
tric furnace or in an image furnace with a xenon lampl) at 900-
2000 °C depending upon the glass compositions. For the FegOq-
P205 system, FePO4 hydrate was first kept at 400 "C for several
hours so as to exclude water, and then mixed with Fey0q9. The
melts were dropped on a twin-roller rotating at 3000 rpm and
rapidly quenched. The details of the method of preparation and
the glass-forming region for the F9203'P205 and BaO—F9203 systems
will be described in Chapter 6.

The specimens thus obtained were thin foils of about 20 um
thickness. Tt was ascertained that the specimens were amorphous

by means of X-ray diffraction analysis. The M8ssbauer effect
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Table 4.1 MBssbauer parameters for Fe,0,-based glasses

Composition IS Qs Composition 18 Qs
mol% mm/s mm/s mol% mm/s mm/s
Fe,03-P05 Fe;03-Bijy0;4
I+
50 50 P°2+ 0.46 0.89 45 6o 0.32  0.78
Fe3+ LoEl: 2438 50 50 0.29 0.82
60 40 Fez+ 0.47 1.01 g5 40 0.33  0.78
Fe 1.14 2.35
Fe3* 0.43 1.1 Te203-PbO
70 30 e
Fe 1.06 2.45 15 85 0.22 0.81
Fe,04-Te0; 20 80 0.23 0.74
30 70 0.25  0.84
10 90 0.39 0.70
20 80 0.38 0,75 Toz03-8r0
Fe,05-B1,03 50 50 0.23  0.99
6 @b GBE Dbk 55 45 0.24 0.97
20 80 0.28 o0.77 80 40 0.28  0.93
30 70 0.31 0.80 Fe,03-Ba0
40 60 0.22 0.81

measurements were carried out at room temperature. As the 7y -ray
source, a 370 MBq 57Co in metallic rhodium was used. The veloc-
ity calibration and the calculation of the isomer shift were made
by using the six hyperfine spectral lines of pure a@-Fe foil as
reference.

The glass compositions studied and the M8ssbauer parameters
obtained, that is, the isomer shift and the quadrupcle splitting,
were listed in Table 4.1. P505 is well known as a glass network
forming oxide and TeO; can be made amorphous by the splat guench-

ing.2) Fe2* ions were detected in all the Fe,04-P,05; glasses
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but not in any of the F9203—T902 glasses. The values of isomer

shift for Fes+ ijons were in the range of 0.38-0.47 mm/s, indicat-

ing that Fe3* ions occupy the octahedral sites surrounded by 02"
ions in all the glasses.S)

On the other hand, the values of isomer shift for Fe3* ion
in the .other glasses existed between 0.22 mm/s and 0.33 mm/s.
This fact indicates that Fe3' ions are laid on the tetrahedral
sites. F92+ ions were not found in any of these glasses. Table
4.1 also shows a tendency that the value of isomer shift for both
Fe3* and Fe?* ions decreased with increasing Fe,;04 content in
FeZOB—P205 and F9203-Te02 glasses. To the contrary, the isomer
shift increased with increasing Fezo3 in other glasses.

According to Pauling,4) the ionic character of chemical bond

f; is empirically represented as follows:

f1= 1 - exp(~—Bx’), (4.1)
where Ay means the difference in electronegativity between two
bonding atoms. Although a physical meaning of this equation is
poor, it has been used effectively to discuss the nature of
chemical bond gqualitatively. The values of f{ for P-0 and Te-0
bonds were 0.40 and 0.43, respectively. The values of electro-
negativity proposed by Allred and Rochows)'7) were used in cal-
culation. The ionic characters of P-0 and Te-0 are relatively
small, indicating that the valence electrons of O are spent
mostly on the formation of P-0O and Te-0 covalent bonds and con-
sequently contribute little to the 4s orbitals of Fe, when P or
Te coexists with Fe. As a result, Fe-0O bond becomes highly ionic

and the F03+ ion takes six oxygen ions nearby. On the other
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hand, the values of f; for Sr-0 and Ba-0 were 0.79 and 0.80,
respectively, indicating that ionic bond mainly governs these
chemical bonds. The values of fI for Pb-0, Bi-0 and Fe-0, which
were 0.61, 0.57 and 0.58, respectively, are intermediate. Hence,
for example, in the Sr-0O-Fe chemical bond where the electro-
negativities of Sr, O and Fe are 0.99, 3.50 and 1.64, respec-

tively, the Fe-0 bond is more covalent than the Sr-0 bend, so

3

that the formation of sp* or sd? hybrid orbitals becomes easier,

leading to the four-coordinated Fe3+ ion state. This interpre-

tation is in accordance with the principle of electronegativity

8)

equalization which was originally proposed by Sanderson and

9),10)

thereafter developed theoretically by Ferreira, Iczkowski

and Margrave,ll) Politzer and Weinstein.lz)

13)

and Donnelly and
Parr. Within the framework of the principle of electro-
negativity equalization, the electronegativity is defined as
follows:11)-13)

X - =i, (4.2)
where 4 1is chemical potential of atom. The appropriateness
of Eq.(4.2) can be shown as follows. The energy of atom as a
function of valence state is experimentally represented by the
next equation:ll)

E(N) aN + bNZ, (4.3)
where N denotes the number of electrons present around the nu-
cleus minus the atomic number, and a and b are constants peculiar
to the atom. The ionization potential I and the electron af-

finity A of the atom can be derived from Eq.(4.3). The results

are as follows:
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(4.4)

I = E(-1)-E(O0) -a+b

a+b. (4.5)

1

-A = E(1)-E(0)
From Eqgs.(4.2), (4.4) and (4.5), the next relation is derived:
X (T + A )/2. (4.6)

This relation is just the same as the definition of electro-

negativity by Mulliken.ld)

The principle of electronegativity equalization is proved
on the basis of Eq.(4.2) by following Politzer and Weinstein.lz}
A molecule containing atoms the number of which is m is con-
sidered. The total energy of the molecule E is a function of
the number of electrons associated with ith atom n; and the

internuclear distance ry- Then,

dE = 2 ( 3E/ 3n;)_ dn; + 2(3 E/3 rj), drj (4.7)
i J J i

holds. When the molecule is in an equilibrium state, dE=0 and rj

is equal to the equilibrium internuclear separation gy Hence,
;( dE/ Bni)r dn; = 0. (4.8)
i e

Since for the fotal number of electrons in the molecule n,

dn = 0 = ¥ dny, (4.9)
1

for nk(lskﬁm),

dn, = - ¥ dn.. (4.10)
k
itk
Substituting Eq.(4.10) into Eqg.(4.8) yields the next equation:

Z [(3E/ 3ny), , N

»

1;{1 = ( BE/ 3nk)r , n., 13‘”‘( ]dnl E s
e 1

1#k e i
{(4.11)
Since dnl can vary independently,
(OB 8npdp |, on, ik (3B 8np)y o p g (4.12)
e i e i
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From Egs.(4.2) and (4.12),

Tie = &3 (4.13)
is derived. Eg.(4.13) clearly indicates that the electronega-
tivities of each atom in the molecule are identical at equilib-
rium, which is invoked in the principle of electronegativity
equalization.

The covalency of Fe-0 chemical bond can be estimated by

calculating the 4s electron centribution to this bond based on

—y
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Fig.4.1 The relation between the isomer shift and the 4s elec-

tron contribution proposed by Walker et al.ls)
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the experimental data of isomer shift. Walker et 31.15) theo-

retically calculated the relation between the total s electron
density at the nucleus for iron ion and the 4s electron contri-
bution and compared with the experimental values of isomer shift.

The relation between the isomer shift and the 4s electron con-

tribution they proposed is shown in Fig.4.1. This chart was

applied to estimate the 4s electron contribution of iron ions in

7.0F
° ~ F 03-Pb0 56203—8::10
= F9203—Sr0
S 5ot -
3
0 @
T 40
o
'-g’ 301 Fe203—81203
}g 201 I}i;cr “TECb
o 1-0F Fe,0,-P,0c O
. €2 y
| 1 | 1 {5_ | |
0 20 40 60 80

Concentration of F9203 / mol °,

Fig.4.2 Change on 4s electron contribution for Fe3* in Fe,0,-
PZOS' -TeOz, -Sr0, -BaO, -PbO and -B1203 binary oxide

glasses as a function of Fezo3 content.
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the present FeyOg-based glasses. The results of the variation

of the 4s electron contribution for Fe3* and Fe?* ions with Fe,04q
content are shown in Figs.4.2 and 4.3, respectively. It is clear
from Fig.4.2 that the 4s electron contribution for Fe3* ions in
the Fezoa-SrO, F9203—Pb0 and F9203-31203 glass systems is rela-
tively large and decreases with increasing Fe,05 content. As
described above, this fact is attributable to the ionic character

of Sr-0, Pb-0 and Bi-0 bonds. It is also clear that the 4s elec-

100}
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T 80F
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5 70}k
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Fig.4.3 Change on 4s electron contribution for F92+ in Fe203~

P50g glasses as a function of F9203 content.
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tron contribution for Fe3* ions in the Fe,04-P505 and Fey03-Tel,
glass systems is small. This fact indicates that the Fe-0 bond
is highly ionic in those glasses, which is in accordance with the
above-described electronegativity consideration. This situation
is schematically shown for Ba-0-Fe and P-0-Fe bonds in Fig.4.4,
In this figure, the solid and broken arrows represent the major
and minor contributions of electrons, respectively.

In order to see the correlation more clearly, the 4s elec-
tron contribution was plotted as a function of the electronega-
tivity in Fig.4.5. 1In this figure, the value of Xg is defined

as8)

logxg = Z Ty logxi. (4.14)
i

where r; stands for the ratio of ions in each glass, and shown in

L

K : chemical potential

H=-X
X : electronegativity
Fe-0-P Fe-0 - Ba
—-097
-1.64___ -1.64 __
__-206
-350%« -350%%

Fig.4.4 Schematic illustration of the principle of electro-
negativity equalization for the case of P-O-Fe and

Ba-0-Fe bonds.
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abscissa. The values of the 4s electron contribution for the
Fe,03-P305 glasses are the weighted average of F‘e?’+ and Fe?* ions
based on their existing ratio, which is assumed to be egual to
the absorption area ratio of FeS* and Fe2t ions in the Mbssbauer
spectra. The values used in the calculation are listed in Table

4.2. As seen from Fig.4.5, the 4s electron contribution de-

creases with increasing electronegativity. This tendency is

7.0

4.0k s
3.0+

2.0} o &

4s electron contribution / %6

1.0F

0 22 23 2.4 25 2.6 &/ § 28 2:9

Xg

Fig.4.5 Relation between 4s electron contribution and the elec-

tronegativity Xg for F9203—based binary oxide glasses.
QO: Fey03-P305, [J: Feg03-TeOy, M : Fe,045-Biy0q

A: Fej04-Pb0 , @: Fey,0q-8r0 , A : Fey053-Bal
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Table 4.2  Apsorption area ratio for Fe3*t and Fe?*t in

Mossbauer spectra of Fejp03-P,05 glasses

Glass composition Fed* Fe2+
mol%
Fe,03-P,05
50 50 0.46 0.54
60 40 0.68 0.32
70 30 0.68 0.32

compatible with the principle of electronegativity equalization.
The Biy053-Fey0q system only deviates from this tendency. Namely,
the 4s electron contribution increases with increasing the
electronegativity as the content of Fey03 decreases for this
system. This anomalous behavior of the B1203—F9203 system will

be discussed in section 4.2.

4,1.2 Ternary System

In this section, the chemical state of iron in sodium borate
glasses with a high content of iron oxide is examined as an ex-
ample of the ternary system. In this system of sodium borate
glasses, the borate anomaly related to the boron coordination
change occurs. This phenomenon has been investigated by means of
NMR measurements and MD calculation and it is now considered that

the boron atoms coordinated by four oxygens increase with in-
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creasing Na20 content up to 33 mol%, beyond which they start to

decrease.ls)'l7)

In this region of more than 33 mol% Nazo, addi-
tional oxygens introduced by Na,O are considered to play the role
of nonbridging oxygens. According to infrared transmission
spectroscopy, it is reasonable to consider that the coordination
change of the boron atom continues up to 33 mol% Na20_18) Raman
et al.lg) have also studied the sodium borate glasses containing
a small amount of Fe,yOg5 by Mbssbauer spectroscopy and related the
change of the isomer shift to the borate anomaly. In the present
study, an attempt was made to clarify whether the same borate
anomaly could be observed in the glasses containing a large

amount of Fezos and how the covalency of F93+

-0 changed with
composition.

The glasses were prepared by mixing reagent-grade Na,COg,
B,05 and Fey04 in suitable proportions (Table 4.3) and melting
the mixture at 1200-1300 ‘C for 1 h, with intermittent stirring.
Then, the melts were rapidly quenched by a twin-roller and thin
films of glass of about 20 gm thickness were obtained. No
inclusion of the crystalline phase in the glasses obtained was
ascertained by X-ray diffraction analysis. The M8ssbauer meas-
urements were carried out in the same condition as for the
Fezoa-based binary glasses.

The glass forming region is illustrated in Fig.4.6. This
region determined by means of a twin-roller method, was quite
wide when compared with that determined by the regular melt and
quench method using a crucible.zo) The compositional range was:

Na,0 = 0-40 mol%, 60-80 mol%, FepOq = 0-55 mol% and By0q = 10-100
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Table 4.3 M8ssbauer parameters of sodium iron borate glasses

Composition ( mol% ) Isomer shift Quadrupole splitting
Fe,05 NayO ByOg ( mm/s ) ( mm/s )
10 22.5 67.5 0.29 1.01
10 30 40 0.25 1.00
10 45 45 0.24 0.86
20 10 70 0.35 0.87
20 20 60 0.34 0.79
20 26.7 53.3 0.33 1.03
20 30 50 0.30 1.03
20 40 40 0.27 0.97
20 50 30 0.23 0.84
30 23.3 46.7 0.30 0.79
30 30 40 0.23 0.98
30 35 35 0.24 0.91
40 30 30 0.26 0.90
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Fig.4.6 Glass forming region of sodium iron borate system
(twin-roller method).

O: glass, @ : crystal, (@ ,@: glass+crystal

mol%. Figure 4.7 shows a typical M8ssbauer spectrum for 30Na,0-
40F9203-30B203 glass. In a normal run, approximately 8)(105
counts were collected in each of 256 channels and the errors were
obtained from the uncertainty in the peak positions which were of
the order of one channel. All the specimens exhibited well-
resolved gquadrupole doublets in agreement with the results ob-
tained by Burkley et 31.21} The M8ssbauer parameters obtained

for the glasses at room temperature are summarized in Table 4.3,

89



x105

8.1 ’-
SRR St e pRINATS
SR T e JITTT T e
80 =~ -. ;: )
& s
79 t+ B :
7.8 + . "
7.7 + Y
7.6 + _—
T wF
T 1 1 1 ’ 1 1
-4.0 ~2.0 0.0 20 4.0

Velocity (mm/sec)

Fig.4.7 M8ssbauer spectrum of 30Na20-40F9203-30B203 glass.

which shows that over the entire compositional range the values

of the isomer shift exist between 0.23 mm/é and 0.35 mm/s when
referred to pure iron. This suggests that the iron ion exists
3+ jon coordinated by four oxygen ions as indi-

3)

mainly as an Fe

cated by Kurkjian and Sigety.
The variations of the isomer shift and the gquadrupole split-

ting with the ratio of Na,0 to B203 at 20 mol% iron oxide are

respectively. From Fig.4.8, it is

shown in Figs.4.8 and 4.9,
isomer shift decreases with the increase

reveals that

of

apparent that the
Nazo concentration. A close look at this figure

there is a sharp decrease of the isomer shift in the composition
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of nearly 30 mol% Na,0, and it tends to decrease further as the
alkali concentration increases, thereby indicating that an in-
crease in the s-electron density at the nucleus takes place. 1In
these glasses, FeO, tetrahedra form a network structure with 303
triangles and BO, tetrahedra, and in the region of more than 30
mol% Nay0 content, an additional oxygen introduced by Nay0 breaks
the bond in this network structure. As a result, the following

structure appears;

0
|
Nat - 02 - F(|33+ = 1
0]
0.4
o
Q
[14]
E 0.3}
£
£ 0.2}
| -
o
£
201
1 1 1 1 !
0 10 20 30 40 50

Na.zO mol®s

Fig.4.8 Variation of isomer shift with the Najy0O content

91



The oxygen bonded to a sodium ion attracts an outer electron of
the sodium atom strongly because the ionic character of the Na-0Q
chemical bond is large. This attracted electron contributes to
the 4s orbital of F93+ by way of the 2Zp orbital of oxygen, lead-
ing to an increase of the s-electron density of Fe3*. This
should result in a sharp decrease of isomer shift. From this
viewpoint, it is considered that when the alkali content is low,
the oxygen introduced by NaZO does not work as a nonbridging
oxygen but takes the coordinating position of a boron atom as the
fourth oxygen. Thus little change of the isomer shift in the
region of less than 30 mol% NapO content should be observed. The

result shown in Fig.4.8 seems to confirm this consideration. On
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Fig.4.9 Variation of quadrupole splitting with the Na20 content
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the other hand, the sharp decrease of the isomer shift is ob-
servable in Fig.4.8 in the region of more than 30 mol% Na,0,
which fits the above consideration.

Similarly, the quadrupole splitting alsc changes signifi-
cantly at about 30 mol% Na,0 content as shown in Fig.4.9. The
quadrupole splitting tends to increase until N320 reaches nearly
30 mol%, and thereafter decreases as the alkali content in-
creases. When the content of Na20 exceeds 30 mol%, the glass
structure is considered to become more flexible due to an in-
crease of nonbridging oxygens and these oxygen ions coordinate

the Fes+

ion easier and more symmetrically. This structural
change has an influence on the quadrupole splitting, since this
value is a measure of the symmetry of the environment around the
Fe3* jon. In fact, the more the content of Nas0 increases, the
smaller the guadrupole splitting becomes in the region of more
than 30 mol% Na,O content. On the other hand, in the region of
less than 30 mol% Na,yO content, the additional Nag0 does not
break down the network structure but coordinates the boron atom
and may make the glass structure more rigid. As a result, the
quadrupole splitting may tend to increase in this region.

The covalency of F93+—0 bond in the present glasses is also
describable on the basis of the electronegativity consideration.
Figure 4.10 shows the relation between the 4s electron contribu-
tion to the Fe3* or Fe2' ion and the electronegativity defined
in Eq.(4.14) for Najy0-Fe,04-By04 glasses along with the FegOq-
based binary system described in section 4.1.1. This figure

23
also shows the values of amorphous F9203.22) Na,0-Fep0q, )
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Fig.4.10 Relation between 4s electron contribution and the elec-
tronegativity Xg for several oxide and fluoride glass-
es. (Q:Fey053-P305, [J:Fey03-Te0y, W :Fey053-Biy0g,

A :Fe,03-Pb0, @ :Fey03-5r0, <>:Fe,053-Ba0,
@ :Fe,05-Y,05, V :Fey03-Nay0, W :Fe,03-K,0,
A :Fey03-Nay0-B,03, [ )] :Fey0q, O:FEFS-—PbFZ—Man,

Q:Fer—BaFZ-ZrF4. .:FEFg—Ean‘”RFz(R:Pb,Zﬂ}

Kp0-Fey03,23) v,05-Fe,05,24) PoF,-MnF,-FeF,25), BaF,-zrF,-
FeF3,%8):27) and BaF,-RF,-FeFy (R:Pb,zn).27) For all of these
systems, the trend that the 4s electren contribution decreases
with increasing the electronegativity of the glass is observable.
Thus, it is concluded that the covalency of Fe-0 and Fe-F bond in

the glasses is determined mainly by the electronegativity of the
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constituent ions as expected from the principle of electronega-

tivity equalization.
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4.2 Ligand Field around Iron in Oxide Glasses

The symmetry of ligand field around iron is one of the im-
portant factors which determine the magnetic properties of iron-
containing amorphous oxides because it is naturally expected that

the more symmetric the geometrical configuration of the ligands

: -
becomes, the less the overlap of the orbitals between Fe? and

the ligand becomes when the bond length of the Fe3+—0 is kept
constant, leading to a decrease of the covalency of the Fea+-0
bond. Among the Fe203—based glasses systematically studied in
the previous section, the Bis05-Fey05 system is the most inter-
esting because it has a wide glass-forming region and the two
components of the basic system for the amorphous ZnO-Bizoa—F9203
and CaD-Bizo3—F9203 which show ferromagnetic character28:29) g
mentioned in the previous chapters. Furthermore, as described in
section 4.1.1, the Bi,O0g-Feq04 system does not follow the cor-
relation between the 4s electron contribution and the electro-
negativity for amorphous iron oxides and fluorides. In the pres-
ent section, a further examination was carried out by means of
the ESR and M8ssbauer measurements in order to obtain more de-
tailed information about the local structure of iron ions in the
binary B1203-F9203 glasses. In particular, the distribution of
ligand field around iron ions and bonding characteristics of Fe-0
bond were discussed.

Reagent-grade Bi203 and Fe203 were mixed in nominal compo-
sitions of (IOO—x)BiZO3-xFe203 (x = 5~70 mol%) and melted in a
platinum crucible with an electric furnace or in an image furnace

with a xenon lamp at 1000 to 1500 ‘C in air. The melt was

quenched by pouring onto a twin-roller made of stainless steel
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rotating at 3000 rpm. The specimens thus obtained were subjected
to X-ray diffraction using Cu Ko radiation in order to determine
whether the specimen was amorphous or not.

The glass samples were then subjected to ESR and M8ssbauer
measurements. ESR measurements were carried out at room tempera-
ture using a Varian E-Line spectrometer operating at the X-band
frequency (v = 9.5 GHz) with a magnetic field modulation of 100
kHz. The magnetic modulation width and the time constant used

were 8.0 G and 0.25 s, respectively. The M8ssbauer effect meas-

urements were performed at room and liquid nitrogen temperatures

(a)

T gt USSR e
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Fig.4.11 X-ray diffraction patterns of (a)70B1203-30F9203 and

(b)40Bi,04-60Fe,05-
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Fig.4.12 MYssbauer spectra of 60Bi203'40F9203 and 40B1203

60F9203 glasses at room temperature.
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using a 370 MBg 57co in metallic rhodium as a y-ray source. The
velocity calibration and the calculation of isomer shift were
made by using the spectrum of ao-Fe foil obtained at room tem-
perature.

X-ray diffraction patterns obtained for 70Bi203-30F0203 and
40B1203‘60F9203 are shown in Fig.4.11. Both patterns exhibit
the characteristics of the amorphous state. The X-ray diffrac-
tion measurements indicated that the specimens with Fes0q content
of 10 to 60 mel% were amorphous. This result is consistent with
that reported by Ota et al.ZB] Figure 4.12 shows the M8ssbauer
spectra of 60B1203-40Fe203 and 4051203-60F9203 glasses. The

spectra consisted of one symmetric doublet which is attributable
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o

Fig.4.13 The variation of isomer shift with the content of Fej,04.
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to the absorption by F93+ at tetrahedral site, judging from its

isomer shift.so) The absorption peak due to Felt was not ob-

served. The spectra of the other glasses exhibited a similar

appearance. The compositional dependence of the average value of
the isomer shift obtained from the position of the doublet is
shown in Fig.4.13. It is seen that the isomer shift tends to
increase with increasing content of Fezos. This means that the
covalency of the Fe3*-0 bond decreases as the content of iron ion

increases.ls)

ESR spectra of 90Bi,Oq4 10Fep05, 60Biy05-40Fey05 and
40B1203-60F9203 glasses are shown in Fig.4.14. The intensive
spectral line centered at about g=2.0 is clearly seen for these
three specimens. 1In addition, a weak signal at about g=4.3 is
seen for only the glass with 10 mol¥% Fezoa. According to the
previous investigations,al)_34) for the oxide glass with the
Fey,04 content larger than about 3 mol%, the spectral lines cen-
tered at g=4.3 and g=2.0 are ascribed to isolated Fe°? in the
orthorhombic crystal field and Fe3+—0—Fe3+ spin pair, respective-
ly. Moon et al.31) carried out ESR and magnetization measure-
ments on BaO-4B,05 glasses containing Fezo3 and revealed that
the decrease of the relative intensity of the signal at g=4.3
with increasing the content of F9203 above 3 mol% corresponds to
the formation of antiferromagnetic spin pairs between FeB+ ions.
The fact that the clusters of F93+ are present in the glass with
low content (3-6 mol%) of Fe,04 was also demonstrated for the
LiZO-FGZOB—BZOB glasses by means of M8ssbauer measurements at
1.2 K.35) It is likely that the same interpretation on the ESR

spectra of the present 31203-F9203 glasses is reasonable and it
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Table 4.4 Compositional dependence of the effective g-value

Composition ( mol% ) effective g-value
Biy0g Fe,0g
90 10 2.02
80 20 2.03
70 30 2.03
60 40 2.04
50 50 2.09
40 60 2.08

is concluded that for the present glasses almost all of the Fedt

ions form spin pairs or clusters where dipolar and superexchange
interactions between FeS' ions occur. The discussion on the
clustering of Fe3+ ions is given in more detail in Chapter 5.

The compositional dependence of the effective g-value ob-
tained from the ESR spectra is shown in Table 4.4. The effective
g-value is larger than 2.00 for all of the glasses and the devia-
tion from 2.00 increases monotonically with increasing content
of iron ion. The value at 50 mol% Feo,0q4 departs somewhat from
such a tendency. A similar departure is alsc observed for the
case of the isomer shift as seen from Fig.4.13. These facts may
indicate that any structural change occurs at 50 mol% Fey0gq,
although decisive evidence has not been obtained.

The deviation of the effective g-value from 2.00 is partly

ascribable to the contribution of orbital angular momentum to

102



the magnetic moment of Fed*t. According to Kittel3%) and Van

vleck,37) the fraction of the magnetic moment due to the orbital
angular momentum, l1_(orb), to that due to spin angular momentum,
IS(spin). is expressed as follows:

I,(orb)/Ig(spin) :‘%'g -1, (4.15)
where g denotes the g-value obtained by the microwave magnetic
resonance absorption experiments. The fact is explainable in
terms of the effect of Bi3* jons: contribution of the orbital

3+

angular momentum to the magnetic moment of Fe is not absent in

the present Bis03-Fep0q4 glasses in spite of the zero value of
orbital angular momentum quantum number of a free F93+. It is
known that the spin-orbit interaction of the 6p orbital of B13+
is large, and this interaction has an influence on the electronic
state of Fe3+ through the 2p orbital of 02'. According to

Shinagawa and Taniguchi.as] the spin-orbit coupling constant of

the 2p orbital of 02_ bonded to Bi3+, §*2p’ is expressed as

follows:
¥ = B 4.16
where sz and Cﬁp are the spin-orbit coupling constants of the

2p orbital of a free 02~ and that of the 6p orbital of Bid3*,

respectively, and S is the overlap integral between the 2p orbit-
al of 02” and the 6p orbital of Bi3*. This equation indicates
that the Bid* ion makes the spin-orbit interaction of the 2p
orbital of 02~ bonded to Bi®* ion larger. As a result, the 2p
orbital of 02' with a large spin-orbit coupling constant inter-
acts with the 3d orbital of Fe3' bonded to this 02~ jon, leading
to the appearance of the orbital angular momentum which contrib-

utes to the magnetic moment of Fe3+. The reason for the experi-
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mental fact that the deviation from 2.00 increases with increas-
ing the content of Fey03 is not clear at the present time. It
may be due to an increase of strength of the dipolar interactions
between Fe3' ions. It is considered that the strong dipolar
interaction, which is more predominant in the glass with a higher
content of Fe;04, causes a localized magnetic field at Lhe site
of Fe3+ and increases the effective g-value.sg)

In order to obtain further information about the local
environment around iron ions, the distribution of the electric
field gradient (EFG) was estimated from the M8ssbauer spectra.

According to Eibschlitz et al.,qo) the spectral line is expressed

by using the EFG distribution function, p()V|), as follows:

® w2 p(vl)

f{z) = h } dav, (4.17)

~a>“2 + 4(z—V)2

where w is the natural linewidth of the M8ssbauer spectrum.
p(|V]) is expressed as follows:%0)

Y
EXP{-[(VM-V)/xIVM] 1} (0<V<vy)

p(V) - , (4.18)
exp{-[(V-Vy)/x5Vyl "} (Vy<V<m)

where VM is the EFG giving the peak of the distribution and X1
Xg, ¥; and ¥ are positive parameters. The result of the parame-
ter fitting for the 6081203-40F9203 glass is shown in Fig.4.15,
where the solid curve was calculated by using Eq.(4.17) on the
basis of the distribution function shown in Fig.4.16. The
agreement between the calculated curve and the experimental
spectrum was very excellent. Similar resultls were also obtained

for other glasses.
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Fig.4.15 Mdssbauer spectrum of 60Biy0q5-40Fe,04 glass at room
temperature. The solid curve is the spectrum simulated
by considering the distribution of electric field

gradient (see text).

The average value of EFG defined as
co

(vi = 1 [vi-p(IVl) dlvi (4.19)
0

was evaluated from the distribution function for each glass and
plotted against the content of Fe203 in Fig.4.17. In this
figure, the value of eQ|V| where e is the elementary electric
charge and Q is the quadrupole moment of 57pe nucleus is plotted

as the ordinate. 1t is seen that the average EFG increases with
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Fig.4.16 The distribution function of electric field gradient

for 60B1203-40F9203 glass.

increasing content of Fe203, indicating that the FeD4 tetrahedra
become more asymmetric with an increase of Fezoa. In such a

3+ ions take part in the constitution of

glass, most of the Fe
the random network, which may lead to the asymmetry of Feo4

tetrahedra. Since it is considered that the P93+ forms the das
or sps hybrid orbital, this asymmetry leads to less overlap be-
tween the 4s orbital of F93+ and the 2p orbital of 02'. There-
fore, in the glass with higher content of Fey;04 where the degree
of asymmetry of Feoq is larger, the 4s electron density of F93+
is smaller. This inference is compatible with the compositional

dependence of the isomer shift, that is the 4s electron density,

mentioned above. Thus, the effect of asymmetry of FeO, pre-
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Fig.4.17 The variation of the average value of electric field

gradient with the content of Fey0g4.

dominates over the covalency of Fe-0, leading to the deviation
for the B1203—F9203 glasses from the correlation that the 4s
electron density decreases with increasing the electronegativity
described in section 4.1.1.

A slight decrease of the average EFG at the composition of
60 mol% Fe203 may be attributed to the precipitation of micro-
crystals in the 40Bi,0q-60Fey,03 glass although they were not
detected by X-ray diffraction analysis. It is inferred that the
more symmetric configuration of 02~ around Fe®* in the micro-
crystal makes the average EFG for the 40Bi,05 60Fe,03 glass

smaller. The precipitation of microcrystals is demonstrated in
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Fig.4.18 MUssbauer spectrum of 40B1203-60F9203 glass at 77 K.

the M8ssbauer spectrum at 77 K as shown in Fig.4.18. The weak
peaks, split due to the internal field, are clearly seen at about
-7.0, -83.9, 4.9 and 7.8 mm/s in addition to the doublet in the
central position. These additional peaks are ascribable to the
ferri- or antiferromagnetic microcrystals having a magnetic
transition temperature lower than room temperature or showing
the superparamagnetism at room temperature, as in the case of

BiF903p Q"FEZO:} and szF9409.
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4.3 Conclusions

The valence state and coordination number of iron ions and
the covalency of Fe-0 bond were examined on several binary and
ternary oxide glasses containing a large amount of Fezo3 by means
of 57Fe Mbssbauer spectroscopy. It was found that iron ions

existed as F93+

ions in all the glasses except the Fey0q-Py0g
glasses in which Fe?t jons coexisted. It was considered that the
coordination number of oxygen ions around Fed+ ions was six in
the Fey03-P,05 and Fe,05-TeO, glasses while Fe®' ions in other
glasses were coordinated by four oxygen ions. The covalency of
the Fe-0 bond was large in the FeZO3—Sr0. FezO3—Ba0 and Fezoa-PbO
glasses but very small in the Fe203—P205 and F9203—Te02 glasses,
showing that the chemical state of iron ion is greatly affected
by other cations coexisting in glass. This fact was explained

by considering the difference of electronegativity of the con-
stituent cations.

In the Nazo—FeZOS—B203 system, sharp increase of the co-
valency of Fe3*-0 bond was detected at 30 mol% Na,sO content,
corresponding to the borate anomaly. As for the binary Bi203—
F9203 system, MBssbauer measurements on the glasses with 10 to
60 mol% Fep05 revealed that the isomer shift of Fe3* increases
monotonically with increasing the concentration of Fey04. This
fact indicates that the covalency of F93+-0 bond decreases as
the concentration of iron ion increases. On the other hand, from
the ESR measurements, it was found that the effective g-value is
slightly larger than 2.00 for all of the glasses and the devia-

tion from 2.00 increases with increasing the FeZO3 content.. The
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deviation from 2.00 was attributed to the large spin-orbit coupl-
ing constant of 6p orbital of Bi3* and the dipolar interactions
between Fe3+ ions.

The distribution funétion of electric field gradient around
Fe3+ in the present glasses was estimated by analyzing the
M8ssbauer spectra obtained experimentally. The average value of
electric field gradient calculated using the distribution func-
tion increases with the content of Fey0g9. 1In other words, the
FeO4 tetrahedra are more asymmetric in the glass containing
larger amount of Fezog. This compositional dependence of the
average electric field gradient is compatible with that of the

isomer shift.
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CHAPTER 5

IRON ION CLUSTER IN AMORPHOUS OXIDES

As discussed in Chapter 2, the behavior of cluster spin
glass-like transition observed experimentally in oxide and fluo-
ride glasses containing magnetic ions has been often explained
in terms of superparamagnetic model by assuming the existence of
concentrated regions of magnetic ions in the glass. The model
firstly proposed by Verhelst et al.l) to interpret the tempera-
ture dependence of susceptibility for cobalt and manganese alu-
minosilicate glasses as progressive freezing of superparamagnetic
monodomains (in other words, cluster) has been utilized to ex-
plain the time dependence of remanent magnetization and the tem-
perature dependence of ESR spectral shift of those glasses.z)'BJ
Sanchez et al.4) performed ac susceptibility measurements on
FeO~A1203—Sioz glasses and stated that the spin freezing process
of the glasses is a relaxation phenomenon of clusters rather
than a coopera;ive magnetic transition of the ensemble of spins.
Renard et 31.5) also confirmed the superparamagnetic region near-
ly above the spin freezing temperature for PanFeF7 and szMnFng
glasses by using the susceptibility and M8ssbauer measurements.

A similar result was reported for 50F9203-35B30‘15B203 glass,
whose temperature dependence of M8ssbauer spectrum manifested the
superparamagnetic transition of the magnetic clusters.ﬁ) Thus,
it seems clear that there exist assemblage states of magnetic
ions which determine the magnetic properties of the glass. It
has been considered thal such a clustering of magnetic ions in

the high concentration region is ascribed to the phase separation
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of the glass.l)’ﬁ)

On the other hand, clustering or pairing of magnetic ions in
low concentration region has been also observed. As for Feot
ions, their clustering in the low concentration region can be in-
ferred from the variation of ESR spectrum. One of the examples
is the early work done by Moon et a1.7) They revealed with the
aid of magnetic susceptibility measurements that in BaO-4B,04
glass containing a small amount of F9203, the relative change of
ESR spectral lines centered at g=4.3 and g=2.0 was closely re-
lated to the clustering reaction of FeB+ ions. Namely. a monoto-
nous increase of the relative intensity of ESR signal at g=2.0
above 3 mol% Fe,04 was attributed to the increase in number of
F93+ ion clusters. Thereafter, this interpretation has been
applied to the glasses in the PbO—FeZO3—B203.8} PbO—FQZOB—SiOE.g)
CaOFFezOg-Siozlo} and other systems. However, the reason why the
magnetic ions tend to form clusters even in the low concentration
region is still unclear. Extensive information about the effects
of melting temperature, cooling rate, heat treatment, glass com-
position, additives and preparation process on the clustering of
magnetiec ions is needed to solve this problem. As far as we
know, however, little data are available except the study about
the effect of titanium ion on the clustering of iron in boro-
silicate glasses reported by Trombetta et a1.1l)

Thus, in the present chapter, the effect of melting tempera-
ture on the clustering of iron ions in barium borate and lead
borate glasses whose magnetic structure and properties were in-

vestigated most extensivelys_s'lz-lﬁ) was examined by means of



ESR measurements. The results obtained were discussed qualita-
tively from thermodynamical viewpoints. Besides, the variation
of the state of clusters with glass composition in lithium borate
glass system, in which the oxygen coordination number for boron
ion is known to vary with alkali oxide content the same as the
sodium borate glasses discussed in Chapter 4, was examined, and
the effect of glass structure on the clustering of iron ion was
discussed. Furthermore, the state of iron ion cluster in oxide
glasses prepared from gels by using the sol-gel method was exam-

ined and compared with that in the melt-derived glasses.



5.1 Iron Ton Cluster in Oxide Glasses Derived from Melt

For barium borate and lead borate glasses, glass samples
were prepared from the reagent-grade FezOS. BaCOa, Pb304 and
H3803 as starting materials. They were mixed so as to make RO-
2B,05 (R: Ba, Pb) glasses with various concentrations of Fe,04
(1 to 10 mol%). The mixture was melted in a Pt-Rh crucible at
1260 "C for barium borate glass and 1150 ‘C for lead borate
glass, respectively, for 1 h in air, and then remelted at various
temperatures from 850 to 1250 “C for 1 h in air. The melt was
then poured on an iron plate and gquenched by being pressed rapid-
ly with the other iron plate. For the lithium borate glasses,
the ratio of LiZO to 8203 was varied with keeping the concentra-
tion of Fey0q to be 4 mol%. The mixture of the raw materials
(Fep0g, LiyCO5 and HgBOgz) was melted at 1100 “C for 30 min in
air. Then, the melt was made into glass by the same procedure
used for the barium borate and lead borate glasses. It was as-
certained by means of X-ray diffraction analysis with Co K«
radiation that the samples thus obtained were amorphous.

The glass samples were ground into powders, and a small
amount of powder (about 100 mg) were placed in a silica tube and
then subjected to ESR measurements. The ESR measurements were
carried out at room temperature using Varian E-Line spectrometer
operating at X-band frequenecy (v - 9.5 GHz) with a magnetic
field modulation of 100 kHz. The magnetic modulation width and
the time constant used were 8.0 G and 0.25 s, respectively.

For barium borate and lead borate glasses, Missbauer meas-

urements were applied in order to obtain further information
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about the local environment of iron ions, in particular the

effect of melting temperature on the formatiocn of F92+ ion in the
glasses. The MOssbauer measurements were carried out at room
temperature using the powder samples. As the ¥ -ray source, a
370 MBg 57Co in metallic rhodium was used. The velocity calibra-
tion and the calculation of the isomer shift were made from the
spectrum of @ -Fe foil at room temperature.

The ESR spectra obtained for Ba0-28203 and PbO-2B203
glasses containing 1,5 and 10 mol% Fey04 are shown in Figs.5.]
and 5.2, respectively. These spectra are the ones for the glass-
es prepared by melting at 1150 *C. Two distinctive spectral
lines at g=4.3 and g=2.0 appeared in all of the spectra. Accord-
ing to the previous studies,17)'lg) the former is attributed to
the isolated Fe3*t ion in the orthorhombic crystal field. Castner
et a1.17) successfully showed the effective g-value of 30/7
(4.3) by solving the eigenvalue problem for the next spin Hamil-

tonian:

2 1
)J¥ EGHS + D[S, ~ =s(5+1)] + E(sz— syz) (5.1)

under the conditions that D=0, E#0 and E>>gfH. Later, Wickman
et al.la) revealed that E/D- é and D>>gfBH yield g=4.3 for Eg.
(5.1) and demonstrated that the orthorhombic crystal field gives
the signal at g=4.3. This interpretation was supported by the
computation by Brodbeck.19)

On the other hand, the resonance signal at g=2.0 is attrib-
utable to the clustered Fe°* ion.7),20) It was observed that the
intensity of this signal at liquid helium temperature was much

weaker than that at room temperature for a basalt glass.zo) This
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Fig.5.1 The variation of ESR spectrum with the content of Fey04

for Ba0-2B,04 glass.
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fact clearly indicates that the signal at g=2.0 corresponds to

the Fat

ion cluster within which the antiferromagnetic interac-
tion is predominant at liguid helium temperature. Hence, Figs.
5.1 and 5.2 show that clustering already occurs in the glass con-
taining a small amount of iron ions such as 5 mol% Fey04. This
result is in agreement with the result of ESR measurements by
Mendiratta and Sousa'®) that the formation of Fe3* ion cluster
starts to take place at the concentration of 3.2 mol% Fe203 in
PbO-2B203 glass.

The variation of the ESR spectrum of BaO—2B203 glass con-
taining 5 mol% Fey0q with melting temperature is shown in Fig.
5.3. A close look at this figure reveals that the intensity of
the spectral line centered at g=4.3 increases while that centered
at g=2.0 decreases as the melting temperature is raised, indicat-

3+ icns is larger when

ing that the fraction of the clustered Fe
the melting temperature is lower. The similar result was ob-
tained for PbO-2B,0g5 glass containing 5 mol% Fey0q as shown in
Fig.5.4. In order to see this tendency more clearly, the value
Ng=2.0/Ng:4.3' where Ny_o and Ng-4.3 are the integrated in-
tensity of the signals centered at g=2.0 and g=4.3, respectively.
is plotted against the melting temperature for these two glasses
in Figs.5.5 and Fig.5.6. The parameter N was estimated from the
next approximate relation:

N = h(aw)Z, (5.2)
where h is the peak-to-peak height and AW is the linewidth of
the signal. As clearly seen from these figures, Ng=2.0/Ng:4.3

decreases monotonically with increasing the melting temperature.
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Fig.5.3 The variation of ESR spectrum with the melting tempera-
ture for Ba0-28203 glass containing 5 mol% F9203. TM

denotes the melting temperature.
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Fig.5.4 The variation of ESR spectrum with the melting tempera-

ture for PbO-2B203 glass containing 5 mol% Fe,04.
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Fig.5.5 The variation of the integrated intensity ratio of the
signal at g=2.0 to that at g=4.3 with the melting tem-

perature for BaO-2B504q glass containing 5 mol% Fe,0O4.

Namely, the lower the melting temperature is, the more the number
of the clustered ions becomes.

M8ssbauer spectra of Ba0-28203 and Pb0-2B203 glasses con-
taining 5 mol% of Fe,05 obtained at various melting temperatures
are shown in Figs.5.7 and 5.8, respectively. A slight absorplion
peak due to Fez+ ion can be seen in the specimens melted at high-
er temperatures. The doublet due to Fe3+ ions is asymmetric in
all the specimens. Several causes are possible for yielding such
an asymmetric peak. One of them is related to the spin-spin
relaxation. When Lhe relaxation rate of spin-spin interaction is

different belween two ¥y -ray transitions corresponding to two
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Fig.5.6 The variation of the integrated intensity ratio of the
signal at g=2.0 to that at g=4.3 with the melting tem-

perature for Pb0-28203 glass containing 5 mol% Fezo3.

excited levels of nuclear spin due to quadrupole splitting, the
absorption peak becomes asymmetrical.zl]_23) Another possibility
is the coexistence of Fe3' ions laid on tetrahedral and octahe-
dral sites in the glasses.24) It is not clear which is a better
reason for the present glasses at present. Thus, in this study,
an attempt was made to decompose the experimental spectrum into
two couples of Lorentzian curves which correspond to the absorp-

2+ 3+

tion due to Fe ion and Fe ion, respectively. Here, the in-

tensity and the linewidth of two Lorentzian curves which consti-
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Fig.5.9 Result of parameter fitting for MUssbauer spectrum of
BaO-2B203 glass containing 5 mol% Fe,04 prepared by
melting at 1250 "C. The broken and dotted curves are

due to Fe3+ and Fe.2+ ions, respectively.

tute one gquadrupole doublet were allowed to vary with keeping the
areas of them equal with each other. As an example, the result
of the analysis for the barium borate glass melted at 1250 "C is
shown in Fig.5.9. The solid curve is the calculated one, which
agrees with the experimental data well. The M8ssbauer parame-
ters obtained from the analysis are summarized in Tables 5.1 and
2+

5.2. It is seen from these tables that slight amounts of Fe

ions are present in Lhe glasses and their amounts increase with
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M8ssbauer parameters for the Ba0O- 2B

taining 5 mol% Fezoa.

203 glass con-

TM' IS, QS5 and A denote the

melting temperature, isomer shift, quadrupole split-

ting and integrated intensity ratio, respectively.

Fe3+
18 Qs
(mm/s) (mm/s)

F92+
A IS RS A
(%) (mm/s) (mm/s) (%)

0.31 1.04
0.31 1.04

0.31 1.02

99 1.11 2.64 1
98 1.11 2.64 2
94 1.12 2.63 6

Table 5.1
Ty
("C)
950
1150
1250
Table 5.2

taining 5 mol% F9203.

melting temperature,

MYssbauer parameters for the Pb0-2B203 glass con-
Ty» 18, @5 and A denote the

isomer shift, quadrupole split-

ting and integrated intensity ratio, respectively.

I8 Qs A I8 QS A
("C) (mm/s) (mm/s) (%) (mm/s) (mm/s) (%)
850 0.33 0.91 99 1.10 2.43 1
1000 0.32 0.96 98 1.10 2.43 2
1150 0.32 0.93 96 1.10 2.43 4
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increasing the melting temperature. The isomer shift and the

quadrupole splitting of Fe3+ ion do not vary so drastically with

the melting temperature. Further, it is observed that the quad-
rupole splitting value is larger for both Fe3* and Fel* ions in
the BaO-2B203 glasses than in the Pb0-25203 glasses.

The variation of ESR spectrum with composition for the lith-
ium borate glasses is shown in Fig.5.10. Two distinctive signals
were observed at g=2.0 and g=4.3 for all the glasses. The inte-
grated intensity ratio, Ng:Z.O/Ng=4.3' was estimated from the ESR
spectra and plotted against Li,0 concentration in Fig.5.11. The
intensity ratio decreased until the Liy0 content reached about
30 mol% at which the intensity ratic became minimum value, and
then increased rapidly with increasing LiZO concentration., Since
the ESR signals at g=2.0 and g=4.3 are attributable to the clus-
tered and the isolated Fe3' ions for the present glasses,ZS} Fig.
5.11 indicates that the number of Fe3* ion clusters decreases
with an increase of the Lig0O content in the region of LipQ con-
tent less than 30 mol% and increases drastically when the Liy0
content exceeds 40 mol%.

As shown in Figs.5.5 and 5.6, the clustering of Fe3% ion
proceeds in the glass melted at lower temperature. This phenome-
non will be treated here from the thermodynamical viewpoint with
some assumptions. It is assumed first that the formation of
clusters occurs in the molten glass and the structure of the
glass more or less reflects the structure of the melt from which
that glass is formed. Thus, the next chemical equilibrium which
occurs in a mollen glass is taken inlo account:

Fedt (i) =Fe3*(¢), (5.3)
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where FeS*(i) and Fe3*(c) are the isolated and clustered Fe3*
ions, respectively. Although this chemical equilibrium is not
maintained but changed during the cooling process, it is reason-
able to assume that the state of Fea+ ions in the glass prepared
by melting at higher (lower) temperature reflects that in the
molten glass at higher (lower) temperature. The effect of F02+
ion is negligible because of its small amount as demonstrated by
the M8ssbauer spectra. Since the eguilibrium constant of Eq.
(5.3) can be written as

K = exp(-AH/RT)exp(AS/R). (5.4)
the experimental results shown in Figs.5.5 and 5.6 clearly in-
dicate that in order for the clustering reaction (forward reac-
tion of Eq.(5.3)) to take place, the decrease of enthalpy is
required when the amount of magnetic ions is much smaller than
that of non-magnetic ions. Indeed, it was demonstrated by Moon

26)

et al.7] that calculation for random formation of cluster does

not agree with the experimental result of Ba0-4B,045 glass con-

3+ ions. In other words, change of configurational

taining Fe
entropy is disadvantageous for the cluster formation in the low
concentration of magnetic ions. Although the reason of the de-
crease in enthalpy is not completely clear at the present time,
it may be partly attributed to the decrease of energy of the
system due to dipolar and superexchange interactions among iron
ions in the cluster as well as the relative site energy proposed
by Mendiratta and Sousa.le)

+ .
The compositional dependence of the number of F93 ion clus-

ter for the lithium borate glass system shown in Figs.5.10 and
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Fig.5.10 The variation of ESR spectrum with the composition for

L120—5203 glasses containing 4 mol¥% Fezos.
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Fig.5.11 The variation of the integrated intensity ratio of the

signal at g=2.0 to that at g=4.3 with the LiZO content

for LizO—B203 glasses containing 4 mol% Fe,04.

5.11 clearly indicates that the state of F93+ ion cluster strong-
ly depends on the glass structure. According to the NMR study on
Liy0-B,04 glasses by Bray and O'Keefe,ZT} the fraction of the
number of four-coordinated boron ion increases with increasing
the Lizo content in the region of less than 30 mol% Liy0 in ac-

cordance with the next equation:

g (5.5)
4 1-y

where y denotes the molar fraction of Li,O. The Li20 content
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dependence of Ny begins to deviate from Eq.(5.5) at 30 mol% Lizo.
The value of N4 reaches a maximum at 35 to 40 mol% Li,O and then
gradually decreases with increasing the Lij0 content. This fact
indicates that the nonbridging oxygen begins to form at 30 mol%
Li20 and the number of nonbridging oxygen increases with further
increase of Lis0 content. In particular, the rate of increase in
the number of nonbridging oxygen becomes more rapid when the con-
centration of Liy,0 is beyond 40 mol%. Tt is considered that
these glass structures are gradually constructed during the cool-
ing process from the melts and the construction of these glass
network structures is predominant even when a small amount of
F93+ ions are incorporated into the L120~3203 molten glass. The
Fe3* ions incorporated tend to occupy preferable sites in the
L120-3203 glass network so as to form Fe3+—0—Fe3+ pairs during
the cooling process because the enthalpy for the cluster forma-
tion is negative as described above. However, it accompanies
difficulty for the Fe3+ ions to take preferable sites in the
glasses with less than 30 mol% Lizo because the network structure
of these glasses is rigid due to nonexistence of the nonbridging
oxygen ions and formation of four-coordinated boron ions. There-
fore, the change of entropy instead of enthalpy determines the

3+

state of Fe ions in these glasses, resulting in a large number

3+ ions. The decrease in the number of clustered

of isolated Fe
Fed* ion with the increase of the Li,O content in this composi-
tion range, which is shown in Figs.5.11, is explainable in terms

of the fact that the addition of Li,0 increases the number of

four-coordinated boron to make the glass network more rigid. On
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the other hand, the network structure of the glasses with more
than 30 mol% LipgO is more flexible because of the presence of
nonbridging oxygen ions, so that the Fe3+ ions can readily take
situations with lower internal energy, i.e. Fes*'—()—FeH+ pairs.
As a result, the number of cluster increases with increasing the
content of LiZO. In particular, a great number of clusters are
formed in the glass with the LiZO content of about 50 mol% where
about 70 % of the present boron ions possess one nonbridging
oxygen, which can be estimated from the experimental results by

Bray and O'Keefe.ZT)
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5.2 Iron lon Cluster in Gels and Gel-Derived Glasses

Nowadays, the sol-gel method is prevailingly utilized for
preparation of oxide glasses and ceramics. The superiority of
this method lies in the fact that it makes us possible to mix
starting materials at molecular level and the resultant product
is expected to be homogeneous.zs) For example, fine ceramic
particles prepared by this method give us homogeneous and denser
sintered bodies at lower elevated temperatures than conventional
solid state reactinn.zg}msq) Besides, by utilizing this method,
ceramic fibers39)-38) 4nq thin filmsag}_43) can be produced from
sol-derived precursor gels with such shapes. Because the sol-gel
process to produce glass is rather different from the melt-
quenching method, it is interesting to clarify whether the Fea+
ion pairs or clusters detected in the melt-derived glasses are
also formed in sol-gel-derived glasses or not. 1In the present
section, an attempt was made to characterize the state of Fe:3+
ions in the sol-gel-derived amorphous Fe203~5i02 system by means
of ESR spectroscopy.

Silicon tetraethoxide, Si(0CyHgz)4 and tris(acetylacetonato)-
iron(II1), Fe(acac)a were used as the starting reagents. They
were weighed to produce nominal compositions of xFe203~(100—x)-
510, (mo1%) with 0.5<x<10 and added into ethanol used as a
solvent. The mixture of ethanol, water and 35 wt% hydrochlorie
acid as a catalyst of the prescribed amounts (Table 5.3) was then
added slowly into the alkoxide-acetonato mixed solution under
stirring. During this process, Si(OC2H5)4 and Fe(acac)3 were
dissolved completely and a clear sol solution was obtained.

After being stirred overnight for the further hydrolysis reac-
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Table 5.3 Amounts of starting chemicals for the preparation of

the Fe203—5i02 glasses by the sol-gel method

Composition (mol%) Fe(acac), Si(OC,Hy), C,H,OH H,0 HCl

ay

Fe,0, Si0, (g) (2) - (ml) (ml) (ml)
0.5 99.5 0.35 20.73 87.6 27.0 0.1
0.7 99.3 0.49 20.69 87.6 27.0 0.1
1 99 0.71 20.62 87.6 27.0 0.1
1.5 98.5 1.06 20.52 87.6 27.0 0.5
2 98 1.41 20.42 87.6 270 0.5
3 97 2.12 20.21 87.6 27.0 1
4 96 2.83 20.00 87.6 270 1
5 95 3.5 19.79 87.6 27.0 1.5
7 93 494 19.37 87.6 270 2

10 90 7.06 18.75 87.6 27.0 3

tion, the resultant sol solution was heated to 60 °C until a
homogeneous desiccated gel resulted. The above procedure to
prepare gels is shown schematically in Fig.5.12. The desiccated
gels obtained were ground into powders and heat-treated at sev-
eral temperatures ranging from 300 "C to 800 °C for 24 h in air.
X-ray diffraction analysis was carried out to ascertain whether
the specimens thus obtained were amorphous or not, and to iden-
tify the crystalline species if precipitated. ESR measurements
were carried out at room temperature on the gels and heat-treated
specimens using a Varian E-Line spectrometer operating at X-band
frequency (v = 9.5 GHz). The condition for the measurements was
the same as that described in section 5.1.

The results of X-ray diffraction analysis are summarized in
Table 5.4. As seen from the table, all of the desiccated gels

and the heat-treated specimens with x<4 were amorphous while a-
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Si(0CyHg )A HzO
Fe(acac)y HCl
CQH50H C2H§3H

Mixing under
stirring

Sol
f——Gelling at 60°C

Bulk gel in the Fe;03-Si0;
system

Fig.5.12 Flow chart for preparing gels of the Fe203—~8102 system.

Table 5.4 Results of X-ray diffraction analysis

Sample Heat treatment temperature (°C)
Fe,0; (mol%)  gel 300 400 500 600 700 800

X= 2 A A A A A A A
x=3 A A A A A A A
X=4 A A A A A A &
x=5 A H H H H H H
x= 7 A H H H H H H
x=10 A H H H H H H

A Amorphous, H:Hematite
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F9203 precipitated in the heat-treated specimens with x>5. The

precipitation of other crystals than a-Fey0q was not observed.
ESR spectra of the desiccated gels are shown in Fig.5.13.

Three distinctive resonance signals centered at g=6.0, 4.3 and

2.0 are observed. While the intensity of the signal centlered at

1 l 1 | |
1 2 3 4 5
External field / kG

Fig.5.13 ESR spectra of the desiccated gels with nominal com-

positions of xFey0jy (100-x)5104.
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g=2.0 decreases at first and thereafter increases as the concen-
tration of iron ions increases, that centered at g=4.3 increases
at first and thereafter decreases. According to the previous
investigationS,”)'la] the isolated F93+ ions in axial crystal
fields give the signals at g=2.0 and 6.0, whereas the signal at
g=4.3 is assigned to those in orthorhombic crystal fields. The
Fe3+ ions in spin pair Fea"'—O-FeS+ also give a signal at g=2.0.

To see the variation of intensity of these signals more clearly,

0 2 4 6 8 10
F€203 Content (mOIOIo)

Fig.5.14 Composition dependence of the intensity ratio r q of

g=4
the signal at g=4.3 to that at g=2.0 for the gel.
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the ratio of the signal intensity at g=4.3 to that at g=2.0,
rgz4.3 was plotted against the concentration of Fey03 in Fig.
5.14. 1In estimating Tg=4,3" the intensity N of the signal was
determined from Eq.(5.2). It is seen from this figure that the
ratio rg_4 g increases for x<3 and decreases for x23, indicat-
ing that some change of the state of Fed*t ions occurs at x=3.
From the fact that the signals at g=6.0 appear distinctly for
x<3 while they almost disappear for x23 as seen in Fig.5.14, it
can be stated that a large part of isclated iron ions exist at
the axial sites for x£3 while they scarcely exist in the range
x23. The signal at g=2.0 observed for x<3 decreases in inten-
sity along with the signal at g=6.0 with increasing x, indicating
that it 1s attributed to the isolated iron ions at the axial
sites but not to the spin pairs. On the other hand, the signal
at g=2.0 for x23 is not imputable to the isolated iron ions at
the axial sites but the spin pairs because its intensity in-
creases without any indication of appearance of the signal at
g=6.0 with increasing the concentration of iron ions. Thus, it

is concluded that the signals at g=2.0 for x<£3 and x23 are atl-

tributable to the isolated F93+ ions in the axial crystal fields
and the spin pairs, respectively. Moreover, it is seen from the
3+

variation of Tg-4,3 that the fraction of isolated Fe iens in
the axial crystal fields decreases with increasing the Fe,03 con-
tent up to 3 mol% of Fezoa, above which the number of spin pairs

increases.

Recently, Tanabe et 31.44) have reported that F93+ ions have

a tendency for forming an iron(11I) hydroxide rather than Fe-0-Si
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bond in the Fey03-5i0j gels when the amount of water added for
hydrolysis is large compared to that stoichiometrically required.

Since the molar ratio of water to Si(0CyHg), in the present study

is larger than 15 (Table 5.3), a large part of the Fe®* ions are

coordinated by OH™ and H,0 in the gels. Besides, because the
acetylacetonato complex is relatively stable against the hydro-
lysis in general, several acetylacetonato groups which coordinate
the Fedt ion may remain unchanged. Therefore, it seems plausible
to consider that most ¢f the F93+ ions are present in the form of
[Fe(OH), (Hy0) (OR)g_y 1¥™3 (R=Si, C(CHz)CHCOCH3 etc.) in the
gels. Accordingly, the symmetry of this complex may change from
the axial symmetry to the orthorhombic one as the concentration
of iron ions increases.

The variations of the ESR spectra with the heat treatment
temperature for 1Fe;05-995i0, and 3F9203-978102. which are amor-
phous at any heat treatment temperatures as revealed by X-ray
diffraction, are shown in Figs.5.15 and 5.16, respectively. Both
figures show that the intensity of the signal at g=4.3 decreases
and the signal at g=2.0 becomes sharper as the heat treatment
temperature is raised. Figure 5.17 shows the variation of the
ESR spectrum of the specimen heat-treated at 500 °C for 24 h with
FezO3 content. It is found that the intensity of the resonance
signal at g=4.3 decreases monotonically with increasing the con-
centration of Fey0g3.

From the ESR spectra of the heat-treated specimens having

x=1 and x=3, shown in Figs.5.15 and 5.16, Tg=4,3 Was estimated

and plotted against the heat treatment temperature in Fig.5.18.
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This figure also shows the results for specimens with x=0.5, 2

and 4. It is found that the value of rg:4 3 decreases as the

heat treatment temperature is increased, indicating that the

number of spin pairs gradually increases with the increase of

heat treatment temperature. From these facts, it is considered

that the isolated Fe3* ions possibly presenting as an iron(IIT)

hydroxide or iron(I1I11) partly coordinated by acetylacetonato

700°C

800°C

] 1 | ] |
1 2 3 4 5
External field 7 kG

Fig.5.15 ESR spectra of 1Feg03-99510y gels heat-treated at
several temperatures. T denotes the heat tLreatment

temperature.

143



groups in the gels as mentioned above may undergo the following

polycondensation reaction:
Fe-OH + HO-Fe ——>Fe-0-Fe + HZO' (5.6)

or pyrolysis reaction of residual acetylacetonato groups schemat-

ically represented by the next equation:

CH
_,.o:c’: s 0,
Fe ,CH —— Fe-0-Fe + COy, + Hy0 (5.7)
~ Z
0-cZ
CHg

g-value
6.0 43 20

T=300°C
400°C
500°C

600C
700°C

¢

W

800°C

] 1 ] I 1
1 2 3 4 5
External field 7/ kG

Fig.5.16 ESR spectra of 3F9203-978102 gels heat-treated at

several temperatures.
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to form spin pairs during the heat treatment process.

The variation of Te-4,3 with the Fe203 content estimated
from the ESR spectra given in Fig.5.17 is shown in Fig.5.19 to-
gether with the results of the other heat-treated specimens. It
is observed that Ty-4.3 decreases monotonically with the increase
of FeyOq content in all the specimens, indicating that the number

3+

of spin pairs becomes larger as the concentration of Fe ions

L I 1 | l
1 d 3 4 5
External field / kG

Fig.5.17 ESR spectra of xFezos-(IOO-x)SiOZ gels heal-treated at

500 °C.
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Fig.5.18 Variation of the intensity ratio Tg-4.3 of the signal
at g=4.3 to that at g=2.0 with heat treatment tempera-
ture for xFey03-(100-x)Si0, gels. (O %=0:5, XAi x=1;

.: x=2 D: x=3, A: x=4)

increases. A similar concentration dependence of Fo=4.3 has been
reported for CaO-SiOz and O.ZCan-O.BCaO-SiOZ glasses prepared

from the melts.]ol

However, the absolute values of Tg-4,3 in the
present glasses are much smaller than those in both Ca0-Si05 and
U.ZCan'D.BCaO-SiOZ glasses, in other words, the signals at g=2.0
due to spin pairs are much more intensive. This fact may suggest
that F93+ ions form spin pairs more easily in the present sol-

gel-derived F9203—5302 glasses than in the above-mentioned melt-

derived silicate glasses, although the glass compositiion is dif-
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Fig.5.19 Composition dependence of the intensity ratio To-4.3 of
the signal at g=4.3 to that at g=2.0 in the specimen
heat-treated at several temperatures. ((: 400 °C,

@®: 500 ‘c, (0: 700 °C)

ferent, making the simplified comparison difficult. This result,
however, disagrees with that by Yoshio et al.45}, who stated that
there exist isclated F93+ ions in the sol-gel-derived silicate
glasses containing F9203 as large as 30 mol% on the basis of IR
spectroscopy, namely F93+ ions are homogeneously distributed in
that glass. Furthermore, it has been revealed from the ESR
measurements that Tid* ions in the sol-gel-derived Bzoa—SiOZ—TiOZ
glasses were distributed very homogeneously.qﬁ) The discrepancy

between the present result and the previous ones may be explain-
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able in terms of the difference in the amount of water added for
preparing gels. In the case of F9203—5102 and B203-5102-T102
glasses previously studied, the water was supplied from the
humidity in air. 1In such a case the amount of water consumed for
hydrolysis of starting materials is very small, leading to the
formation of Fe-0-Si or Ti-0-Si bonds in the gels.44) As a
result, the gels thus obtained may possibly be converted to the

3+ 3+ ions.

glasses containing homogeneously distributed Fe or Ti
On the other hand, the amount of added water is very large in the
present case. Besides, alkoxides of iron or titanium were used
as the starting materials. They are subject to hydrolysis more
readily than the acetylacetonato complex used here. Hence,
[Fe'(OH)K(Hzﬂ)y(OR)s_x_y]y_3 instead of Fe-0-Si bond mainly forms

in the gels, making the spin pair formation easier in the heat-

treated specimens as described above.
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5.3 Conclusions

The ESR measurements on BaO-2B,04 and Pb0-2B,05 glasses
containing 5 mol% F9203 prepared by melting at several tempera-
tures from 850 to 1250 "C revealed that the intensity of the
spectral line centered at g=2.0 decreases while that at g=4.3
increases with increasing the melting temperature. Namely, the
higher the melting temperature became, the less the amount of the

3+

clustered Fe ions in the resultant glass became. This fact

shows that a chemical equilibrium between isclated and clustered

F93+ ions, which has an influence on the state of FeS+

ions in
the resultant glass, exists in the molten state and that the
driving force for the clustering is the decrease of enthalpy.
This decrease of enthalpy may arise from dipolar and superex-

3+

change interactions among the Fe ions.

The state of F93+ ion cluster depended on the LipsO content

+ .
3 ion cluster

for the lithium borate glasses. The number of Fe
decreased with increasing the LisO content in the range of less
than 30 mol% LipO, while it increased rapidly in the range of
more than 40 mol% Li,O0. This fact was explained in terms of the
Lizo content dependence of the flexibility of glass network
structure which results from the variation of oxygen coordination
number to boron ion and the change of the number of present non-
bridging oxygen ions with glass composition.

The state of Fe3' ions in the sol-gel-derived gels and
glasses of the Fep03-5i0, system can be summarized as follows.
3+

In the gels with low Fe,04 content, Fe ions are present as

isolated ones situated in the axial crystal fields. The number
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of them decreases while that of the isclated Fe3t ions in the
orthorhombic crystal fields increases as the concentration of
Fey,05 increases up to 3 mol% of F9203. Above 3 mol%, Fe-0-Fe
spin pairs are formed. In the glasses obtained by heating the
gels, almost all the Fea+ ions are present as Fe-0-Fe spin pairs.
The fraction of Fe3+ ions forming spin pairs becomes larger as
the concentration of iron ions is increased and the heat treat-
ment temperature is raised. It is considered that the state of
Fe3* ions in the sol-gel-derived glasses depends on the chemical

3+

environment of Fe ions in the precursor gels.
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CHAPTER 6
MAGNETIC PROPERTIES OF IRON OXIDE-BASED

FINE PARTICLES AND THIN FILMS

The magnetic behavior of fine particles and thin films based
on iron oxide has several common features with that of iron-
containing amorphous oxides because in fine particles and thin
films, major part of the magnetic moments are present at the
surface and are necessarily forced to be in random arrangements.
It has been reported that there exist a distribution of hyperfine
field and a reduction of the superexchange interactions due to
the surface effect for several iron oxide-based fine particles
and thin films as well as bulk surface.l)_s) Besides, in partic-
ular for the thin films, anisotropy due to their shape effect
manifests in the magnetic properties. Furthermore, it is well
known that the fine particles of sufficiently small size show
superparamagnetism which essentially dominates the cluster spin
glass transition of iron-containing oxide and fluoride glasses as
described in details in the previous chapters.

From a viewpoint of practical applications, iron oxide-based
fine particles and thin films are superior magnetic materials.
The formers are utilized as excellent precursors for ferrite
ceramics, magnetic recording medium and magnetic fluid. For
example, 7 -Fey04 crystal in acicular shape is the most available
material for the magnetic recording tape. The thin films are
used as several kinds of electronic and optoelectronic devices

such as magnetic head material, magnetic Kerr effect device,

optomagnetic recording medium and so forth.
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In the present chapter, firstly, local structure and mag-
netic properties of-fine particles precipitated from oxide glass
are investigated. At the same time, the change of structure and
magnetic properties during the crystallization process of the
glass is examined so as to compare the structure of glass with
that of ecrystals precipitated. Fey053-P50g and BaO-Fe,04 glasses
are chosen for the investigation because they are interesting
from a viewpoint that the F93+—D bond is most covalent in the
former and is most ionic in the latter among the oxide glasses
studied in this thesis, and significant amounts of F92+ ions
coexist in the iron phosphate glasses but do not in the barium
iron oxide glass (see Chapter 3). Secondly, Fe304 and 7-Fe203

thin films are prepared by utilizing the sol-gel method and their

magnetic properties are studied.
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.1 Magnetic Properties of Fine Particles Precipitated from Oxide
Glasses

6.1.1 Precipitates from Iron Phosphate Glass

The glass samples were prepared by using reagent-grade Fey0q
and FePO,y hydrate as starting materials. FePOy hydrate was kept
in an electric furnace at 400 "C for several hours for the pur-
pose of excluding water, and then it was mixed thoroughly with
Fey0gq in suitable proportions (Table 6.1) and sintered at 200-900
°C for 3 h in air. The resultant material was melted by heating
it in an image furnace with a xenon lamp and the melt was rapidly
guenched by falling it on a twin-roller rotating at 3000 rpm.
The cooling rate of this method is about 10° K/s. The specimen

obtained was a thin foil of about 20 um thickness.

Table 6.1 Compositions of Fe203—P205 binary system and results

of X-ray diffraction analysis

Composition (mol®)  Results of X-ray diffraction

F9203 ons
50 50 Amorphous
60 40 Amorphous
70 30 Amorphous
75 15 Amor phous
76 24 Amor phous
7T 23 Feg0, precipitated
80 20 Fe;0, precipitated
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X-ray diffraction measurements with Cu Ka radiation were em-
ployed to determine whether the specimen was amorphous or not.

For the heat treatment experiments, the 70FezO3~3OP205 glass
was used. The reason for the choice of this composition will be
described below. The heat treatment was carried out in an elec-
tric furnace at various temperatures from 220 to 710 °C for 5 h
in air. The crystals precipitated in the heat treatmenlL process
were ascertained by X-ray diffraction analysis.

The samples thus obtained were subjected to ESR and M8ss-
bauver effecl measurements. The ESR measurements were made using
a JEOL PE-2X spectrometer operating at X-band frequency (v =9.4
GHz) with 1.0X10°4 T magnetic modulation width at room tempera-

2+ jons in Mg0 were used as the

ture. Reference signals of Mn
standards for the linewidth and effective g-value. The M8ssbauer
effect measurements were carried out at room temperature by using
a 370 MBg 57co in metallic rhodium as the 7 -ray source.

The compositions of the specimens prepared to select a glass
having no trace of microcrystals are summarized in Table.6.1
along with the results of X-ray diffraction analysis. The X-ray
diffraction pattern of the specimen exhibited an amorphous state
until the concentration of Fe, 05 reached up to 76 mol% and showed
the appearance of Fe;0, when the content of Fey0q exceeded 77
mol%. However, in the X-ray diffraction patterns of 75F9203'
25?205 and 76Fé203-24P205 one very weak peak was noticed in the
halo pattern. The existence of a minute amount of some micro-
crystalline phase was confirmed by employing ESR and M&ssbauer

effect measurements on the three specimens, 70F9203-30P205.
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756Fe04 - 25Py05 and 76Fey04-24P50,.

ESR spectra of these specimens are shown in Fig.6.1. The
linewidth and effective g-value obtained from these spectra are
summarized in Table 6.2. As seen in Fig.6.1, the spectra of

75F9203 25P205 and 75F9203 24P205 were different from that of

0.7Fe;04 0.3R;04

075Fe;04 0.25R,05

0.76Fe;040.24R,05

! | | 1 |

0 1 2 3 4 5
External field (kG)

)]

Fig.s-l ESR SPE’Ct!‘& of 70F9203'30P205, 75F920325P205 and
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70Fey04 30P,05. The latter consisted of only one broad peak
centered at g=2.0, but the former spectra were composed of two
peaks at g=4.3 and 2.0.

Table 6.3 shows the results of MUssbauer effect measure-
ments. F92+ ione were detected in all the specimens. It is
apparent from this table that the values of the guadrupole split-
ting of Fe3' ions in both 75Fe,04 25P,05 and 76Fe,03 24P,05 are
significantly smaller than that in 70F9203-30P205. This fact
means that the symmetry of Fe3+ ion sites is more distorted in
70Fey04-30P,05 than in 75Fey04-25P,0; or 76Fey05-24P505, be-
cause the quadrupole splitting is a measure of the symmetry of
the environment around an iron ion. This result of M&ssbauer
effect measurements indicates the precipitation of some micro-

crystals in both 75F9203-25P205 and 76Fe203'24P205. while no

Table 6.2 ESR linewidth and effective g-value of 70F9203-30P205,

Composition (mol %) Line width g-value

Fe;,03 P705 (G)
70 30 1780 2.38
1610 2:18

75

4 460 =4.3
76 24 1230 218
510 =43
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Table 6.3 Results of M8ssbauer effect measurements of 70Fe,04

Composition (mol®%) Isomer shift Quadrupole splitting
Fe203 PZOS (mm/sec) (mm/sec)
3+ 3+
70 30 Fez‘ 0.43 Fe 1.18
FeZ* 1.06 FeZ* 245
3+ 3+
75 25 Fez’ 0.41 l-‘|=.'2+ 0.79
Fe 1.22 Fe 2.41
3« 3+
76 24 Fez' 0.36 Fl.e2 0.78
Fe 1.10 Fe<' 226

crystalline phase existed in the 70Fe,04-30Py0g specimen. Thus,
this composition was used for the following heat treatment ex-
periments.

The kinds of crystals precipitated in the 70F9203-30P205
specimen during the crystallization process are summarized in
Table 6.4. As seen in this table, a—Fe203 precipitated at 420
"C, and at 500 °C Fe?* ions formed iron metaphosphate Fe(POg),.

Figure 6.2 shows the ESR spectra of the quenched 70Fe,05-
30P205 glass and the specimen heat-treated at 710 °C. The former
is apparently much broader than the latter. This fact indicates
that the ligand field around Fe®t fluctuates in 7OF9203~30P205
glass. Generally, spin Hamiltonian yielding the energy levels of

spin is written as follows:
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Table 6.4 Precipitated crystals through the crystallization

process of 70Fey04-30P505 glass

Heat treatment Results of X-ray
temperature diffraction
and time (°C,h)

300, 5 Amorphous
400, 5 Amorphous
420, 5 a-Fey0q
500. S a-Fey 05, Fe(PO3);
600, S a-Fe, 04, Fe(PO3),
710, 5 a-Fe,05 ,FePQ, ,
Fe3P0q
)= gBHS + Dis. -s(s+1)/3) + E(s,0 -8 ) + (as6)(s, +s, 45, -
F5(5+1)(35°+35-1)) + Hgg + Hpp + Hg. (6.1)

The first term is Zeeman energy and the second and the third

terms are ligand field energies. The fourth term is fourth di-

mensional one of spin peculiar to Fe3+. spin quantum number of

which is larger than 2. H th and HQ correspond to Hamilton-

ss’
ian representing spin-spin interaction, hyperfine inleraction and

quadrupole interaction of nucleus, respectively. If there exists
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0.7 Fe203 0.3P205
Quenched
M| 1 | | 1 |
0 1 2 3 4 5 6

External field (kG)

Fig.6.2 ESR spectra of 70F9203-30P205 quenched glass and heat-
treated at 710 °C. T, means the heat treatment tempera-

ture.

a variation of ligand fields, the crystal field parameters D and
E are not uniform but fluctuate. So, Hamiltonian must be affect-
ed by the fluctuation, and the eigenvalue of Hamiltonian, that is
the energy level of spin, should have a distribution. Therefore,

the ESR spectrum of 70F9203-30P205 glass is expected to exhibit a

163



very broad tail as observed in Fig.6.2,

The change in linewidth of ESR spectra appearing during the
heat treatment process is shown in Fig.6.3, along with the change
of effective g-value. The linewidth started to decrease at about
300 °C and took a minimum at about 340 °C, beyond which it in-
creased. When the heat treatment temperature exceeded 500 "C, it
decreased again rapidly. A similar tendency was seen on the
change of effective g-value.

The linewidth of the quenched 70Fe;04 30P205 glass was 1780
G, which is much larger than that of the specimen heat-treated at
710 °C (160 G). The latter is attributable to the parasitic
ferromagnetism of a—FEZOB.B}'T) which causes a strong super-

exchange interaction at room temperature. According to the

Anderson-Weiss theory,sl the observed linewidth is represented as
follows:
(10/3) (AH,)? + (aHy)?2
P
AH = ' (6—2)

AHg

where AHP' aHe and AHH represent the linewidth due to dipole-
dipole interaction, superexchange interaction and fine structure
field, respectively. Therefore the linewidth of the specimen
heat-treated at 710 "C should become very narrow due to the pre-
cipitation of a-Feyp0g5. On the other hand, dipole-dipole inter-
action governs the magnetic interaction between iron ions in the
quenched glass. Consequently, the linewidth of the quenched
glass becomes broadened as indicated in Eq.(6.2).

A complicated change of linewidth with heat treatment tem-
perature shown in Fig.6.3 requires another mechanism of line

narrowing than the superexchange interaction in the precipitated
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Gerr

Fig.6.3 Change of linewidth and effective g-value of ESR spec-
trum through the crystallization process of ?0Fe203

30P205 glass.

a—Fezoa. According to Néel,g) a-Feg0q is also known as a com-
pound which shows superparamagnetism when the size of the par-
ticles is sufficiently small.

The smallness of the size of a-Fey0g precipitated in this
temperature range can be demonstrated by the result of M8ssbauer
effect measurements. The Mbssbauer spectrum of the specimen

heat-treated at 500 °C is drawn in Fig.6.4 along with the spectra
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of the gquenched glass as well as the specimen heat-treated at 710

“C. Although a—F9203 has already precipitated in the specimen

heat-treated at 500 "C as ascertained by X-ray diffraction analy-

sis shown in Table 6.4, the sextet peak due to the internal field

in a-Fep045 did not appear in this specimen. This fact indicates

that o _FEZOB

in this specimen is small and shows superparamag-

0.7 F92030. 3P205
T AT S T T e, I T
. -‘H'
gy T
g L* Quenched
Y
o B
y
L e T e et 5 B T A e RS
. k. e
ol RPery
: .
. TA = 500 G
Y
TR L, g cam AN ety P
? ",_" J".'- - .r':,-\_ -_v i ‘,"-,:"#"'\'-_'“'\*;..""
.
[ ]
TA=710"C
P s
i
S S T T I T T N T O O O A Y|

-10

-8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/sec)

Fig.6.4 M8ssbauer spectra of quenched, heat-treated at 500 "C

and heat-treated at 710 °C 70Fe203-30P205 glass.
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netism. The existence of superparamagnetism can be seen in the
ESR spectrum of the specimen heat-treated at 400 °C shown in
Fig.6.5. The shoulder at about 1800 G is attributable to Fe°*
ions which still exist in the glassy state in this specimen, and
the peak at the higher field is due to Fe3* ions in the super-
paramaghetic a-Fe,0q particle. This ESR spectrum is very simi-
lar to that of ultrafine particles of Feq04 in various liquid
observed by Sharma and Waldner.10)

The line narrowing due to superparamagnetism was observed by

Sharma and Waldner,lo) who investigated ultrafine particles of
T, =400°C
| 1 | 1 | 1
0 1 2 3 4 5 6
Hey/ 10T

Fig.6.5 ESR spectrum of 70Fej;03-30P504 glass heat-ireated at

400 °C
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Fe304 in various ferrofluids by means of X-band ESR measurements,

They defined the superparamagnetic narrowing faclor f as follows:

¥ = TSPITL

MsvfykTTL, (6.3)

where Tgp and 7y are the superparamagnetic relaxation time and

P
Larmor precession time, respectively, M, is the saturation mag-
netization, V is the volume of the superparamagnetic particle,
and ¥ is the gyromagnetic ratio. The proportional relation
between the superparamagnetic narrowing linewidth and the volume
of the particle was demonstrated by the data measured by Aharoni
and Litt.ll) The increase in linewidth with increasing heat
treatment temperature from 340 to 500 "C observed in the present
study is attributable to the growth of a—Fe203 crystallites.

When the heat treatment temperature exceeded 500 °C, the
linewidth decreased sharply. As described above, this narrowing
is assigned to superexchange interaction owing to Fe3* in a-
Fe203 particles, the size of which is large enocugh not to show
superparamagnetism. This interpretation agrees with the M8ss-
bauer spectrum of the specimen heat-treated at 710 "C in Fig.6.4,
which exhibited internal field lines. The internal field of a-
F9203 in this specimen is estimated to be 506 kOe.

As for the effective g-value, it was 2.00 for the specimen
heat-treated at 710 "C. This value is reasonable for FeS' ions
because the spin state of Fe3+ is 685/2 and its orbital angular
momentum is zero. The effective g-value of the quenched 70Fe 04
30P205 glass was 2.38, larger than 2.00. This deviation from
g=2.00 is ascribed to the contribution of orbital angular momen-

tum to the g-value. The fraction of the orbital angular momentum
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to the spin angular momentum is represented by the following
12),13)

relation:

e =g/f2 - 1. (6.4)
In the case of 70F9203'30P205 glass, £=0.19. As described
above, however, the orbital angular momentum quantum number of
Fe3+ is zero, so that & should be zero. The reason why & was
not zero in the 70F9203-30P205 glass is not clear at present, but
might be related to the existence of Fe2+ ions in this glass.
Fe2' is known as an ion which is magnetically extremely aniso-
tropic. The spin state of Fe?% is 8=2, L=2, indicating that the
orbital angular momentum remains. In a general crystal such as
an ionic crystal, this orbital angular momentum is quenched be-
cause of strong orbital-lattice interaction. Since there is a
distribution of ligand field in this glass as described above, it
is predictable that gquenching of orbital angular momentum is not
caomplete. Moreover, it may be presumed that there exists a reso-
nance structure in this glass like the next one:

Fe2?-p2 - pedt ——= pedt-0? -Fe?t. (6.5)

2+ has an effect on F93+ by way of such a

It is considered that Fe
resonance. As a result, the effective g-value becomes signifi-
cantly larger than 2.00.

The change in linewidth of M8ssbauer spectra appearing dur-
ing the heat treatment process is shown in Fig.6.6. The line-
width of Fe3+ did not change until the heat treatment tempera-
ture reached up to 300 °C and decreased monotonically when the

heat treatment temperature exceeded 400 “C, at which a-Fep0Og

microcrystals started to precipitate according to the X-ray dif-
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fraction measurements. The linewidth of F92+ also decreased at
400 °C. This demonstrates a distribution of electric field gra-

3+ 2+ ions in this glass. Eibschlitz et

dient around both Fe and Fe
al.14} studied vitreous yttrium iron garnet by MUssbauer effect
measurements and succeeded in fitting the computed absorption
line to the experimental spectrum by assuming an asymmetric non-
Gaussian distribution of electric field gradient. Their method
has been already applied to the examination of the ligand fields
around iron in Bi,04-Fe,045 glasses in the present thesis as de-
scribed in Chapter 3. The existence of distribution of electric

field gradient, that is a fluctuation of ligand field around F93+

. 0.8F
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o
b
£ o0.6f
= Fe3*
< a3 Fel*
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c
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Fig.6.6 Change of linewidth of M8ssbauer spectra through the

crystallization process.
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jons, in the 70F9203~30P205 glass is ascertained by the shape of
ESR spectra as mentioned above.

The change of isomer shift is shown in Fig.6.7. The isomer
shift of Fe3+ in the quenched T0Fep0q-30P,0g5 glass was 0.43 mm/s
when referred to pure iron. The isomer shift of F93+ decreased
slowly through the crystallization process. On the contrary, the

isomer shift of Fe2*

increased with increasing heat treatment
temperature.

The change of quadrupole splitting, which is a measure of
symmetry of the shape of electron clouds around an iron ion, is
shown in Fig.6.8. The quadrupole splitting of Fe2+ decreased at
first and then increased as Fe(PO3)2 crystal grew. This change
corresponds to the change of iscomer shift.

The isomer shift of F93+ in the gquenched 70Fey04-30P505
glass (0.43 mm/s) shows that Fe*t ions in this glass are coor-
dinated by six 02" ions as indicated by Kurkjian and Sigety.15)
The change of isomer shift reflects the change in distance be-
tween an iron ion and an 02~ ion.ls) As discussed in detail in
Chapter 3, a smaller value of isomer shift shows a higher density
of 4s-electrons around an iron ion, indicating the shorter dis-
tance between an iron ion and an 02~ ion. Therefore, the de-
crease of isomer shift of Fe®* exhibits the decrease of the dis-
tance between Fe3* and 02~ ions through the crystallization proc-
ess and the increase of isomer shift of Fe2t shows that the dis-
tance between Felt and 02~ ions in 70Fe50q- 30Py05 glass is small-
er than that in Fe(PO3), polycrystal.

The quadrupole splitting of F93+ directly reflects the geo-
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metrical symmetry of the coordination state of 02_ ions, because
the 3d-orbitals of Fe®* is hall filled and the electric field
gradient caused by 3d-electrons is tetrahedrally symmetrical.
Hence, the decrease of quadrupole splitting of Fe3+ through the
crystallization process reveals that the coordination state of
02~ ions around FeS' in ?0F9203-30P205 glass is more asymmetri-
cal than that in a-Fey04.

2* after Fe(POg), precipi-

The increase of isomer shift of Fe
tated may be explained by the decrease of 4s-electron density of
Fe2+ as described above. Because of the decrease of 4s-electron

2+ interacts more easily with

density, the nucleus of iron in Fe
3d-electrons. Since five 3d-orbitals of Fe2* is filled with six
electrons, the electric field gradient induced by 3d-electrons of
Fel* is significantly asymmetrical. So, the quadrupole splitting

of Fe?*' increases with decreasing 4s-electron density as Fe(P0g),

crystals grow.

6.1.2 Precipitates from Barium Iron Oxide Glass

It has been revealed experimentally that the compositions
in the vicinity of an eutectic point can be converted to glassy
states more easily than the other compositions when the rapidly
quenching method is applied. For BaO—F9203 system, attempts were
made to prepare glass by using gun method17) and single-roller
method!8) thus far and it was reported that the glass-forming
region lies in the range of 30-60 mol% Fey,04 for the gun method
and 38-45 and 55-70 mol% F9203 for the single-roller method, res-
pectively. Namely, the glass-forming region extends around the

eutectic points in the phase diagram of BaO—F9203 system.lg)
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Thus, in the present study, an attempt was made to prepare the

glass with the compositions around the eutectic points by using
the twin-roller quenching method.

Reagent-grade BaCOS and Fey0q9 were used as starting materi-
als for the preparation of glass. They were mixed thoroughly in
prescribed compesitions (Fig.6.9). The mixture was pressed under
hydrostatic pressure and sintered at 900 "C for 3 h in air. The
sintered body thus obtained was melted at about 2000 °‘C in air by
using an image furnace with a xenon lamp. The melt was quenched
by dropping on a twin-roller made of stainless steel rotating at
3000 rpm. Thus, a specimen of about 20 gm thickness was ob-
tained. X-ray diffraction analysis was carried out in order to
ascertain whether the specimen was amorphous or not.

The glass-forming region obtained is shown in Fig.6.9. As
clearly seen in this figure, the composition 60Ba0-40Fe203 only
vields a stable glass: specimens with the other compositions
include crystalline phases. In particular, although X-ray dif-
fraction pattern of the specimens with compositions around 60

mol% FeqO4 shows halo pattern as a whole, a slight amount of

Baol—L— 1 | @O-0-0—0-0-1—1—"—IFep0,

0 20 40 60 80 100
(mOl’fo)

Fig.6.9 Glass-forming region of BaO-FeyOz system by twin-roller

method. (Q: glass, @® : crystal, ( : glass+tcrystal
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crystalline BaFelzolg was detected. The narrower glass-forming
region obtained by the present twin-roller method compared with
those by the previous gun method and single-roller method is
attributable to the slower cooling rate of the present method.
Thus, the BOBaO-40Fe203 glass was subjected to the subsequent
experiments of heat treatment.

The heat treatment of the glass was performed at 300 to 700
“C for 5 h in air. The crystalline phase precipitated was iden-
tified by means of the X-ray diffraction analysis. The heat-

treated specimens as well as the quenched glass were then sub-

Table 6.5 Precipitated crystals through the crystallization

process of 60Ba0-40Fe,045 glass

Heat treatment Results of X-ray
temperature diffraction
and time (°C,h)

300, 5 Amorphous
400, 5 Amorphous
440, 5 BaFeZOL, BeszezO5
500, 5 BaFeZOA, Bazt'-‘ezo5
600, S BaFeZOA, BazFeZO5
700, 5 BaFe,0, , Ba,Fe,0g

176



jected to the ESR and MUssbauer effect measurements with the same
conditions as described in section 6.1.1.

Table 6.5 shows the results of X-ray diffraction analysis
performed on the heat-treated specimens. The specimens heat-
treated at 300 °C and 400 "C do not contain any crystalline
phases, that is they are amorphous. When the heat treatment
temperature was raised up to 440 °C, BaF9204 and Ba2F9205 crys-
tals were precipitated from the glass. Only these two crys-
talline phases were detected in the specimens heat-treated at
higher temperatures than 440 “C. The BaFey04 is known as anti-
ferromagnetic crystal with Néel temperature of 880 K_ZO]

The M&ssbauer spectra of several specimens are shown in
Fig.6.10. The isomer shift value of the as-guenched glass is
0.22 mm/s as described in Chapter 4, which is in agreement with
the value for the glass with the same composition prepared by
the single-roller method.ls) However, the gquadrupole splitting
of the present glass, 0.81 mm/s, is somewhat smaller than that of
the glass prepared by the single-roller method, i.e. 0.91 mm/s.
This discrepancy may arise from the difference in the cooling
rate of these two methods. For the present twin-roller quench-
ing method, the cooling rate of which is slower as mentioned
above, the structural relaxation of the glass proceeds more read-
ily during the gquenching process. As a result, the structure of
FeO4 units approaches the structure in the crystalline states and
becomes more symmetrical, resulting in the smaller value of quad-
rupole splitting. These facts indicate that the bond angle of

O—Fe3+-0 is more changeable than the bond length of F93+-0 in the

177



0.6Ba0 OAF9203

Quenched
e ' s N P i S _‘.Wcmmww*

Tpa=44 0°C
G -‘“,/v—f-'-‘-'-'—-\ ¥ /‘-""""’-'.v""m""‘"’*;rm'“

TA=600C

T L

AN TR TN N TN (NN NN N N AN (N N |
-12-10-8-6-4 -2 0 2 4 6 8 10 12
Velocity (mm/sec)

Fig.6.10 M8ssbauer spectra of quenched, heat-treated at 440 'C
and heat-treated at 600 °C 60BaO-40Fe,04 glass. T,

means the heat treatment temperature.
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glassy state.

Both the isomer shift and the quadrupole splitting decrease
with increasing the heat treatment temperature as shown in Figs.
6.11 and 6.12, respectively, where the open circles are estimated
from the paramagnetic peak appearing in the central position of
the spectra and the solid circles are estimated from the splitted
peaks due to hyperfine field. Especially, sharp decrease is ob-
servable at the heat treatment temperature wherein the crystalli-
zation takes place. These facts indicate that the distance of
Fe3*-0 is shorter and the FeO4 tetrahedron is more symmetric in
the crystalline state. The extremely small value of the isomer
shift obtained from the paramagnetic peak for the specimens heat-
treated at 600 ‘C and 700 °C may suggest the coexistence of Feq+.
Therefore, it is plausible that BaFeOq_s or BaFeOg precipitates
in addition to Ba,Fes0gf in these specimens.

A close look at Fig.6.12 reveals that the gquadrupole split-
ting of BaFe204 decreases monotonically with increase of the heat
treatment temperature (solid circles). Since the increase of the
heat treatment temperature means the growth of BaFe,0,4 crystal,
this tendency shown in Fig.6.12 indicates that the quadrupole
splitting is larger for the BaFe,04 particle with smaller size.

A large part of Fe3+ ions are present at the surface in small
particle and it is expected that the FeOy4 tetrahedra are more
asymmetric at the surface than in the interior. Hence, the quad-
rupole splitting value becomes larger as the size of the particle
is decreased. In fact, the specimen heat-treated at 700 "C gives

the quadrupole splitting of 0.25 mm/s which was the same value as
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that reported for bulk BaFezo4 crystal.zo)

Figure 6.13 shows the variation of the hyperfine field due
to BaFey,04 with the heat treatment temperature. The hyperfine
field increases with increasing the heat treatment temperature
and is saturated to 474 kOe at 600 °C. This value is in agree-

20) The smaller value of

ment with that of the bulk BaFe,0,4.
hyperfine field observed for the specimen heat-treated at lower

temperature is attributable to the smaller size of BaFey,04 par-
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ticle. A similar phenomenon was observed for the crystallization
process of NiFezod from silicate glass.lﬁ) Further, Kindig et
al.ZI) carried out Mbssbauer effect measurements on a-FegOq
particles with different sizes at room temperature and revealed

that the hyperfine field increased with increasing the size of

particle. The superparamagnetic effect is one of the reasons why
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Fig.6.12 Change of gquadrupole splitting through the crystalliza-

tion process.
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the particle with smaller size gives the smaller value of hyper-
fine field. Another is the effect of surface magnetism. As re-
vealed for a—Fezoa. 7-F9203 and Feaoq,l)'4) the F93+ ions at
the surface yield lower hyperfine fields than those in the inside
due to the relatively random configuration of F93+ ions at the
surface. It is thought that in the present case, these two ef-
fects lead to the smaller value of hyperfine field for BaFezo4

precipitated at lower heat treatment temperature.
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Fig.6.13 Change of hyperfine field through the crystallization

pProcess.
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ESR spectra for the quenched glass and the heat-treated
specimens are shown in Fig.6.14. The resonance signal at g=2.0
is observed in the spectra of the quenched glass and the specimen
heat-treated at 440 "C. This signal is attributable to the spin

pairs of Fe3*-0-Fed*. The specimen heat-treated at 600 "C gives

0.6Ba0 0.4Fe,04

Quenched

TA=440C

1 1 | 1 1 1
0 1 2 3 4 5 6
External field, kG

Fig.6.14 ESR spectra of quenched, heat-treated at 440 °C and

heat-treated at 600 °C 60Ba0-40Fe,03 glass.
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no ESR resonance signals because this specimen contains large
amounts of antiferromagnetic crystal BaF9204.

The variations of ESR linewidth and effective g-value with
the heat treatment temperature are shown in Fig.6.15. The effec-
tive g-value is independent of the heat treatment temperature and
is approximately equal to 2.00. This is a reasonable value for
Fed* whose orbital angular momentum is zero. On the other hand,

the linewidth decreases monotonically with the increase of heat
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Fig.6.15 Change of ESR linewidth and effective g-value through

the crystallization process.
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treatment temperature. According to Eq.(6.2), the decrease of
the linewidth is explainable in terms of the decrease of dipole-
dipole interaction and the increase of superexchange interaction.
These phenomena result from the thermal relaxation of glass
structure because no crystalline phases are precipitated in this
heat treatment temperature region. The slight decrease of Fe3+—0
bond length with increasing the heat treatment temperature as
seen from Fig.6.11 may result in the increase of superexchange

d+ ions. Further, change of Fe3+—O~F93+ bond

interaction among Fe
angle is also a possible cause for the variation of dipole-dipole
interaction and superexchange interaction during the thermal re-
laxation. It is well known that the Fe®*-0-Fe3* with bond angle
of 180° produces stronger superexchange interaction than that
with bond angle of 90°. Moreover, the variation of the separa-

3+ ions accompanied by the change of the F93+—0—

tion between Fe

Fe3+ bond angle leads to the variation of dipole-dipole interac-

tion. It is estimated by using the next Van Vleck’s equation:
AHy, = {S(8+D)r73 (6.6)

3+ ions with the

that the dipole-dipecle interaction between Fe
F93+—0—F93+ bond angle of 890° is about 2.8 times larger than

that in the case of 180° bond angle. It is concluded that the
change of F93+—0 bond length and Fe3+—0—Fes+ bond angle due to

the thermal relaxation of the glass structure brings about the

variation of the ESR linewidth.
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6.2 Magnetic Properties of Ferrite Thin Films Prepared from Gel

Ferrite-based magnetic thin films are important materials
for practical applications. They are effectively utilized as
magnetic core materials with low iron loss, optomagnetic devices,
bubble memory devices, vertical recording magnetic materials and
so on. They are also interesting substances from the viewpoint
of surface magnetism. The surface magnetic state of thin films
as well as ultrafine particles of a-Fep0q, 7 -Fey03 and F9304
has been investigated extensively.l)—s)

As for the preparation of such thin films, many investiga-
tions have been made by using spu‘r_tering,23}| APS,24} OMCVD.25)
LPEZB) and ferrite—plating,27) so far. However, little attention
has been paid to the preparation of the magnetic thin film by the
sol-gel method except for the recent work by Kordas et al_ZB),ZQ]
and Chen et al.30) In particular, as far as we know, the pre-
paration and magnetic properties of sol-gel-derived Feq0, and
Y -Feg0g thin films have not yet been reported. From the tech-
nological viewpoint, the sol-gel method possesses several advan-
tageous points such that it enables us to make a thin film with
very large area and any shape, and it does not require too high
temperature and any vacuum. In the present investigation, an
attempt was made to prepare F9304 and 7—F9203 thin Tilms by
using the sol-gel method. The characterization of the Feq0y and
7-F9203 thin films prepared was carried out by means of X-ray
diffraction, ESR and magnetization measurements.

The dip-coating methodBl) was used for the preparation of

the thin film. The flow chari of the preparation 1s shown in

Fig.6.16. The sol solution for the dip-coating was prepared by
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Fig.6.18 Flow chart for the preparation of F9304 thin film by

the sol-gel method.
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using tris(acetylacetonato)iron(IIl), Fe(acac)s, as a starting
reagent. 14.13 g (0.04 mol) of Fe(acac)g was added into a mix-
ture of 68.7 ml CHgCOOH as a solvent and 7.49 ml concentrated
HNO5(aq) (61 wt%) as a catalyst under vigorous stirring. The
melar ratios of CH5COOH and HN03 to Fe(acac)3 were 30.0 and 2.5,
respectively. Solvents other than acetic acid were slightly
inferior. For instance, the use of ethanol or acetvlacetone
made wetting of the substrate with the solution worse. The mixed
solution became a clear sol solution upon complete dissolution
of Fe(acac)g after stirring for 4 h. All of these procedures
were performed at room temperature.

The iron oxide sol solution was applied to a silica glass
substrate, the surface of which was cleaned beforehand with ace-
tone, by dipping the substrate into the above-mentioned sol solu-
tion and pulling it up at a constant speed (about 0.6 mm/s). The
coating film thus obtained was heat-treated at 940 °C for 10 min
in air. After ten repetitions of this process, the thickness of
the film became 0.2 um, as determined by the stylus-type surface
profilometer. X-ray diffraction measurements on the film with Co
Ka radiation indicated the precipitation of @ -Fey05. The crys-
tallite size was estimated to be about 50 nm.

For the purpose of being converted to Fe304 thin film, the
a—Fezos thin film obtained was embedded in carbon powders so
that the surface of the film was thoroughly covered with carbon
and heat-treated at several temperatures from 490 to 690 °C for
5 h in N2 atmosphere. The resultant thin film was subjected to
the X-ray diffraction analysis for the identification of precipi-

tates. The Feq04 thin film thus prepared was examined by means
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of ESR and magnetization measurements to obtain information about
the magnetic properties. The ESR measurements were carried out
at room temperature using a Varian E-Line spectrometer operating
at X-band frequency. The silica glass coated with FeqOy film was
cut into a suitable size (3X3X20 mm°) and was subjected to the
measurements. 1t was set at various angles between the surface
of the film and the direction of the external field in order to
examine the direction of the axis of easy magnetization and the
strength of magnetization of the film. The magnetization meas-
urements were carried out at room temperature using a vibrating-
sample magnetometer. The surface area of the sample was 3X6 mm2
and the external field was applied parallel to the surface.

The 7 -Fey0q was prepared by heating the Feg0Oy thin film at
300 °C for 1 h in air according to the conventional method for
the preparation of 7y -Fey04 particle. The resultant 7y -Fey04
thin film was subjected to the ESR measurements. The sample was
set so that the external field was applied perpendicular or par-
allel to the surface of the film.

Fig.6.17 shows the results of the X-ray diffraction analysis
of the iron oxide thin films heat-treated at various tempera-
tures. When the heat treatment temperature is lower than 510 °C,
the conversion to Fejy04 does not occur and a-Feg0g still re-
mains. The heat treatment at 510 to 630 °C gives Feg04 thin
films. The diffraction pattern of the specimen heat-treated
above 630 "C shows a peak around 26 =25° which is not attribut-
able to either Feg0, or a-FegOq. Accordingly, it may be said

that a suitable heat treatment temperature for the preparation of
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X-ray diffraction patterns of the thin films heat-
treated at several temperatures for 5 h in N2 atmos-
The specimens were brought into contact with

carbon powders during the heat treatment.
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Feq0y thin film lies between 510 and 630 ‘C. The crystallite

size of the Feg04 in the thin film obtained is estimated to be
about 50 nm from the half-height width of the ( 311 ) diffraction
line. The crystallite size was independent of the heat treatment
temperature. No preferred orientation of the crystal was ob-
served in the specimens.

Figs.6.18a and b show the ESR spectra of a specimen heat-

treated at 580 ‘C with the direction of the external field per-

(a) film plane 1 H

e

(b) film plane//H

0 2 4 6 8 10
External field (kG)

Fig.6.18 ESR spectra of the FegOy thin film with the direction
of external field being perpendicular and horizontal to

the surface of the thin film, respectively.
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Fig.6.19 Variation of the resonance field with the angle between
the applied field and the film plane of the FegOy thin

film, where ©¥=0" correspoends to H“.
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pendicular (H;) and parallel (H|) to the film plane, respective-
ly. The resonance field is lower when the external field is

applied parallel to the film. The variation of the resonance

field H with the angle ¥ between the plane and the direction of

the external field is shown in Fig.6.19, where ¥=0' corresponds

to H. The resonance field varies smoothly with the angle ¥ and
experiences a maximum and a minimum at about ¥=90° and ®»=0°,

respectively. This fact indicates that the axis of easy magneti-

zation is in the plane. According to Kittel.az) when only the

7 6007
s
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E 4004
>
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g -8 ~B -& =2 2 4L 6 8 10
H (kOe)
H =200
-—-400
+-600

Fig.6.20 Magnetization curve of the Fe304 thin film measured

parallel to the film surface at room temperature.
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shape effect of the specimen is taken into consideration, the
conditions of ferromagnetic resonance for an infinite plane are
given for H_Lby

hy = gB8( H| - 47mM ) (6.7)
and for HH by

hv = g8 Hy ( H) + 4mn ))1/2 (6.8)
in CGS units, where M is the magnetization and the other symbols
have their usual meanings. For the present Fe304 thin film,
Hi_and H" are 9100 and 1350 G, respectively, as seen from Fig.
6.19. Substituting these values into Egs.(6.7) and (6.8), M
470 G and g 2.16 are obtained. The value of M is almost the
same as that obtained by magnetization measurements as will be
described below. These values are in good agreement with those
reported for polycrystalline F9304.33) This fact means that the
present Feg0y thin film is not heterogeneous but homogeneous; in
other words, it does not consist of superparamagnetic fine par-
ticles which cause a descent of the magnetization.

The magnetization curve of the specimen heat-treated at 580
°C is shown in Fig.6.20. The magnetization tends to saturate at
a relatively low external field and residual magnetization is ob-
served, indicating that the film is characteristic of ferro-
magnetism and supporting the conclusion derived on the basis of
ESR data. The coercive force is estimated to be 230 Oe from
Fig.6.20. This value is larger than that of the bulk Feg0y.
This is ascribable to the smaller crystallite size of Fegq04 in
the present thin film compared with the bulk Feg0y.

ESR spectra obtained for the ¥ -Fep0g thin film are shown in

Fig.6.21. It is found that the external field applied parallel
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Fig.6.21 ESR spectra of ¥ -Fey04 thin film with the external
field applied perpendicular and parallel to the surface

of the thin film.
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te the surface of the film yields the resonance line at lower
magnetic field than that applied perpendicular to the surface,
indicating that the axis of easy magnetization lies in the plane
due to its shape effect. This situation is the same as the case
of the Feq0, thin film mentioned above. Further, the shape of
3+

the resonance line is rather asymmetrical, indicating that Fe

ions are laid on anisotropic ligand fields.

196



6.3 Conclusions

The crystallization process of 70Fe203-30P205 and 60Ba0-
40Fey04 glasses was followed by means of ESR and MBssbauer spec-
troscopy. As for the ?OF9203-30P205 glass, the isomer shift and
the gquadrupole splitting decrease monotonically for F93+ while
they increase for Fez+ as the crys-tallization proceeds, indicat-
ing that the bond length of Fe3t-0 is shorter and the configura-

3+

tion of 02' around Fe is more sym-metric in the crystalline

state and in contrast the F92+-0 bond is longer and the symmetry

of arrangement of 02- around Fe??*

is less in the crystal precipi
tated. At the first stage of the crystallization process,
a—F9203 particles precipitated were sufficiently small and so the
specimen was superparamagnetic, as revealed from the line shape
of the ESR and MUssbauer spectra of the heat-treated specimens.
The superparamagnetic line narrowing was also observed in the ESR
spectrum.

The BaFe,04 crystal with Néel temperature of 880 K was
precipitated from the BOBaO-4OF9203 glass. It was found that
the hyperfine field increases and the gquadrupole splitting decreases
with increasing the heat treatment temperature. Namely, the
BaF9204 crystalline particle with smaller size exhibits smaller
hyperfine field and larger quadrupole splitting. This fact is
attributable to both superparamagnetism and effect of surface of
the small particle. The ESR linewidth of the glass decreased
with increasing the heat treatment temperature before the crys-

tallization took place. It was thought that the change of Fe3+—

0-Fe3* bond angle as well as the decrease of the Fe®*-0 bond
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length which resulted from the thermal relaxation of the glass
structure contributed to the decrease of the linewidth.

On the other hand, FegOy and 7 -FepOg thin films coated on
silica glass substrates were successfully obtained by the sol-gel
method. The anisotropy in magnetic properties characteristic of
the thin film form was clearly observed. The value of the mag-
netization of the present thin film is comparable to that of bulk
FeqO,, indicating that the present thin film can be a promising

material for the practical use.
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SUMMARY

In the present thesis, local structure of iron, magnetic
properties, and correlation between them for iron-containing
amorphous magnetic matters, in particular, iron-convaining oxide
glasses which are interesting substances from both fundamental
and practical viewpoints were examined in detail. Furthermore,
from a standpoint of further clarification of the magnetism due
to a random configuration of magnetic moments, magnetic proper-
ties of crystalline fine particles and thin films which have a
larger fraction of magnetic moments in random state than bulk
crystals were examined. The results obtained are summarized as
follows.

In Chapter 1, the general background and purpose of the
present study were outlined. Several interesting features in the
magnetism of not only oxide glasses but amorphous alloys were
described and the unresolved problems concerning the local struc-
ture and the magnetic properties of oxide glasses were suggested.

In Chapter 2, the cluster spin glass transition observed for
most of the amorphous oxides and fluorides was treated theoreti-
cally. An attempt was made to explain the cluster spin glass
transition on the basis of the superparamagnetic model by con-
sidering temperature dependence of cluster size, intercluster
interactions and a distribution of superexchange interaction.

The theoretical calculation was performed for some distribution
functions. As a result, it was found that the spin-freezing

temperature increases monotonically with increasing the average
value of the superexchange interaction. Since the magnitude of

the superexchange interaction is proportional to the small co-
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valency of Fea+—0 or Fe3+-F bond, the above fact led to the in-
ference that the spin-freezing temperature increases with an in-
crease of the covalency of Fe3*-0 or Fe3*-F bond.

In this chapter, the principle of ESR and Mbssbauer spectro-
scopies was also described. 1In particular, for the purpose of
utilizing the MOssbauer spectroscopy to examine the bonding char-
acteristics of iron in amorphous solids from a viewpoint of the
lattice vibration, the temperature dependence of recoil-free
fraction and second-order Doppler shift was theoretically derived
for the two-band model which describes the lattice dynamical
properties of amorphous solids much better than the Debye model.
The equations derived were used to analyze the experimental data
of amorphous Fe-B and Fe-P alloys. It was found that agreement
of the theoretical curve and the experimental data was fairly
good for the temperature dependence of both recoil-free fraction
and second-order Doppler shift.

In Chapter 3, the cluster spin glass theory derived in Chap-
ter 2 was applied to the present oxide and fluoride glasses.
First of all, the relation between the spin-freezing temperature
and the covalency of Fe-0 and Fe-F bonds, which was estimated
from the isomer shift, was examined for several oxide and fluo-
ride glasses. As a result, it was found that the spin-freezing
temperature tends to decrease with increasing the isomer shift,
which was coincident with the prediction of the theory. Second,
the present theory was applied to the explanation of the measur-
ing frequency dependence of the spin-freezing Lemperature for

oxide glasses which was empirically represented by the Vogel-
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Fulcher law. It was found that the theory well described the
measuring frequency dependence of the spin-freezing temperature
for some oxide glasses. Third, the qualitative description of
the temperature dependence of the susceptibility in the super-
paramagnetic region was derived, which was found to be qualita-
tively coincident with the experimental data of some oxide and
fluoride glasses. Finally, the relation between the spin-freez-
ing temperature and the covalency was well applied to the inter-
pretation of the room temperature M8ssbauer spectra of amorphous
CaO—Bi203—Fe203 system which shows ferromagnetic character. In
other words, the magnetism of this amorphous system could be
explained in terms of the superparamagnetic or mictomagnetic
model.

In Chapter 4, the covalency of F93+(F92+)—O bond in several
oxide glasses was estimated from the isomer shift value appearing
in M8ssbauer spectrum. The degree of covalency was dependant on
the glass systems and compositions, and that dependency was ex-
plainable in terms of the principle of electronegativity equali-
zation. Namely, the larger degree of covalency in Fe3*(Fe2*)-0
bond results from the smaller value of average electronegativity
of glass constituent atoms. This is the first case that the
concept of principle of electronegativity equalization proposed
by Sanderson is applied to the inorganic glasses. The experi-
mental data for the present oxide glasses along with the fluoride
glasses studied thus far agreed with this conception as a whole.
However, a slight deviation from the correlation between the
covaleh;y and the average electronegativity was observed for

Bi,03-Fey05 glasses. More detailed investigation on the local
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environment of iron in these glasses revealed that the symmetry
of the oxygen coordination state around iron is more dominant
than the electronegativity for determination of the covalency of
Fe3*-0 bond because the electronegativity of Fe and Bi is almost
the same.

In Chapter 5, the state of F93+ ion cluster in oxide glasses
prepared by the conventional melting-and-quenching method and the
sol-gel method was discussed. TFor the borate glasses prepared

3+ ion cluster increased with de-

from the melts, the number of Fe
creasing the melting temperature. This fact was explained by
assuming that a chemical equilibrium exists between isolated Fe3t
ions and clustered Fe3+ ions in the molten glass and the change
of enthalpy controls the clustering reaction. It was also re-
vealed that the number of the Fe®' ion cluster varies with the
glass composition for lithium borate glasses derived from the

melts. The change of the number of Fe3*

ion cluster with Liy0

content corresponded well to the compositional dependence of the
oxygen coordination number to boron and the number of nonbridging
oxygen ion. Tt was thought from this fact that the state of F93+
ion cluster is determined by the entropy change for the reaction

between isolated and clustered Fe3+

ions in the low LiZO content
range and by the enthalpy change in the high Lis0 content range.
On the other hand, the state of F93+ ion cluster in oxide glasses
prepared by the sol-gel method depended on that in the gel pre-
cursors and it was varied with heat treatment temperature. Name-
ly, the heat treatmeni at higher temperatures promoted the clus-

3+

tering of Fe ions.
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In Chapter 6, magnetic properties of fine particles and thin
films prepared by the crystallization of oxide glass and gel were
described. For a-Fey05 crystal which was precipitated from the
iron phosphate glass, superparamaghetic behavior was clearly ob-
served when the particle size of @-Fe,05 was sufficiently small
as demonstrated by the change of ESR linewidth and M&ssbauer
spectra with the growth of the crystal. Besides, the smaller
particle of BaFey04 crystal precipitated from the barium iron
oxide glass exhibited larger value of guadrupole splitting and
smaller hyperfine field than the larger particle. This fact was
explained by the surface effect of the small particle. On the
other hand, the shape effect was observed for F9304 and 7—F9203
thin films prepared by the sol-gel method. Namely, the axis of
easy magnetization was present in plane in these thin films.
Moreover, the magnetization of the present Fe304 thin film bore
comparison with that of bulk Feq04, suggesting that the present

thin film can be a candidate for practical applications.
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