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Abstract

The magnetic transition observed in iron-containing oxide and fluoride glasses
where antiferromagnetic interactions are dominant among the iron ions has been discuss-
ed on the basis of the superparamagnetic model. The theoretical approach based on
the model proposed by Shtrikman and Wohlfarth has revealed that the spin-freezing
temperature of the oxide and fluoride glasses increases with the increase of the average
value of the superexchange interaction . This suggests that the spin-freezing tempera-
ture increases with the increase of the covalency of Fe-O or Fe-F bond when the
content of the iron ions is identical The relation between the spin-freezing tempera-
ture and the isomer shift value obtained experimentally for some oxide and fluoride
glasses seems to support this expectation.

1. Introduction

It has been known that most of the oxide and fluoride glasses containing a relative-
ly large amount of magnetic ions show a magnetic transition like that of cluster spin
glasses or mictomagnets. Verhelst et al” first explained the cluster spin glass behavior
of cobalt and manganese aluminosilicate glasses in terms of the superparamagnetic
model. They assumed that there exist monodomains 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 monodomains in a superparamagnetic fashion. The suscep-
tibility vs. temperature curve they reproduced theoretically was in a qualitative agree-
ment with that obtained experimentally. Since then, this model has been often applied
to explain several magnetic properties of oxide glasses. For instance, Rechenberg et al.”
explicated the experimental fact that the remnant magnetization varies with logarithm
of the time for 83.1Co0 - 15.5A1,0; + 1.4 Si0; glasses by using the superparamagnetic

* Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku,
Kyoto 606, Japan



282 Katsuhisa Tanaka, Kazuyuki HiRa0o and Naohiro Soca

domain model. Jamet et al.” examined the temperature dependence of the ESR line
shift and the linewidth for Mn;Al,Si;0,, glasses, 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.
Wohlfarth” 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 al.” described the magnetic structure of CrFe
alloys containing 16.7 to 25 at % Fe on the basis of the simple superparamagnetism.
However, as Burke et al” pointed out, the simple superparamagnetic model is insuf-
ficient for understanding the magnetic behavior of those cluster spin glasses fully, be-
cause the cluster existing in those spin glasses is the percolation cluster, whose volume
varies with temperature rather than the single-domain fine particle treated in the super-
paramagnetism by Néel”, and the intercluster interaction exists. The importance of
considering the variation of the cluster size with temperature and the interaction be-
tween clusters has also been pointed out for some cluster spin glasses such as FexNiGe”
and amorphous FeO-Al,0;-Si0,”. Theoretical treatment of these problems was firstly
carried out by Shtrikman and Wohlfarth”'”. They introduced a parameter Ty, tempera-
ture corresponding to the intercluster interaction, and gave a physical meaning to the
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 oxide and fluoride glasses where a distribution of superexchange interac-
tion is expected to exist.

In the present study, an attempt was made to modify the Shtrikman-Wohlfarth
model by taking into account the distribution of the superexchange interaction. The
result obtained by the theoretical approach was applied to some oxide and fluoride

glasses containing iron ions.

2. Theory

9,10

According to Shtrikman and Wohlfarth

corresponds to the so-called blocking temperature in superparamagnetism, is expressed

, the spin-freezing temperature Ty, which

by the next equation in the weak coupling regime, i. e, the intercluster interaction is
much weaker than the anisotropy field :

r=rexp[(Kv+ H:Mv) / kT/], Q)
where k is the Boltzmann constant, K and v are the uniaxial anisotropy and the volume
of the superparamagnetic cluster, 7 is the relaxation time for rotating the cluster, M is
the saturation magnetization, and H; is the intercluster interaction field. For the assem-

bly of the clusters, H; can be replaced by a statistical mean value {H;) which is given



Spin-Freezing Temperature of Some Oxide and Fluoride Glasses Containing Iron(IlI) 283

by
o HMy HMv

(H;Y=Htanh T T (2)

for weak interactions. From Egs. (1) and (2), the next equation holds :
H ,'ZM 202

T= roexp[(Kv+ k—T,) /kT,] 3)
Eq. (3) is one result of the Shtrikman-Wohlfarth model. Here we can assume that

Hi=mJ “

where [ is the magnitude of the superexchange interaction and m is a positive constant.
From Eqgs. (3) and (4),

M2 =T, 1n(c/ 1)) —k T/ Kv>0 (5)
is derived. It is readily found from Eq. (5) that
oT, _ M2’m?

= >0 6
]  2kTAn(r /7)) —kKv ©

Therefore, the spin-freezing temperature increases monotonically with the increase of
the magnitude of the superexchange interaction.

On the other hand, in the strong coupling regime, i. e, 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

. - . 9),10
which the spins correlate is expressed as follows™":

Vers=4n [ r?0(r/§) (r/ &) 'dr, Q]
where £ is the correlation length given by
§=6(T—To) / T} ' ®

with T, being an ordering temperature of the ensemble spins over the clusters. Egs. (7)
and (8) lead to the next equation:

Vers=€E3 [(T—To) / To) ™, )]
where
e=4r :Xe-XdX=47r (10)

€& 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 :

Keyy=pKN~"2=pK(v/pves)'7, (11)
where N is the number of cluster in the correlated volume. From the above equations,
the next equation is derived :



284 Katsuhisa TaNakA, Kazuyuki HiRa0o and Naohiro Soca

T=1oexXp{Kv[(T/—To) / To] 2/ kT}} (12)
This is the result deduced in the strong coupling regime. In this case, it can be assumed
that

To=nJ, 13)
where 7 is a positive constant. From Eqgs. (12) and (13), the next relation results:
n]=P2T,3/ (1+P2Tf2), (14)

where P=kln(t /1) / (Kv). Eq. (14) leads to the next relation:
6T, - ”(1 +P2Tf2)2
af 3+P2T/

Therefore, the spin-freezing temperature increases monotonically with the increase of

(15)

the magnitude of the superexchange interaction also in this case.

In the present oxide and fluoride glass systems, a distribution of the superexchange
interaction exists because of the distribution of Fe-O-Fe and Fe-F-Fe bond angles'”"”
Hence, the effect of the distribution of J should be introduced into Egs. (3) and (12) for
the construction of the model which can describe the practical system more appropriate-
ly. In the weak coupling regime, by using the distribution function f(J), (H;)> is rewrit-

ten as the mean value in the first approximation :

Hilei

Ho= | =7 ADd], (16)

where f(J) is the distribution function of the superexchange interaction. By using Eq.
(16), the next equation is derived instead of Eq.(3):

r=roexp[(Kv+fLAIg;)i]—z—f(])d]> /kT,]. a7

On the other hand, in the strong coupling regime, by replacing the spin correlation
length with its average value given by

§=6& | (T—To) / To"V*A(Hd], (18)
Eq. (12) is rewritten as follows:
t=rexp{Kv | [(T;—nJ) /nJ17*A(])d] / kT}. (19)

By using Eqs. (17) and (19), the relation between the spin-freezing temperature and the
magnitude of the superexchange interaction can be derived in the case that a distribution
of the superexchange interaction exists. Here, it is assumed that either the ferromagnet-
ic or the antiferromagnetic interaction is dominant in the system. The situation of a
coexistence of these two interactions is not considered.

For the weak coupling regime, we consider a function which has a symmetry axis
of J=J, as the distribution function. From Eq.(17) along with the next relations

J—=Jo=x, Jy/A]=j, and T,/ A]=¢, (20)
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the next equation is derived :

_ 2 v 2 .,
A/ 1= _u( it )F(x)dx, 1)

where F(x)=f(J) for x=J—J, and A, and A; are positive constants given by
_ 2K1n(z/ o) A= 2kK

A , Ap= . 22
T T YY) @2
Since
fJoty)=f(Jo—y) (23)
for any y, we obtain
F@y)=F(—y). (24)
Namely, F(x) is an even function. Therefore, Eq.(21) results in the next equation :
Ap—A=4j? [ F LI 2
2= Agt=4; ﬂ @adz+ j; 2?F(z)dx. (25)

Since F(z) >0 for 0<x< 4], the two integrals on the right hand of Eq. (25) give positive
values. Hence,

Al
a 8 fo F(@)dr

5 A=A, Y (26)
which leads to
aT,
0. 27
o @n

For the strong coupling regime, it seems instructive to examine the different dis-
tribution functions for the analysis of Eq. (19), because the quantitative analysis of the
general function f(J) is difficult. Here, three types of distribution functions are chosen.
The first one is the delta function-like distribution expressed by the next equation:
1/724] (Jo—4]<]<)o+4])
fn= 0 (otherwise) ’ (28)
where J, and 4] are the average value and distribution width of the magnitude of the
superexchange interaction. The assumption that either the ferromagnetic or antiferro-
magnetic interaction exists results in Jo>0, 4/>0 and Jo,—A4/>0. The schematic illus-
tration for this distribution function is given in Fig. 1. By substituting Eq. (28) into Eq.
(19) and setting that

J/A]=x, Jo/A]=j, and T,/ nd]=t, (29)
the next equation is derived :
__1_ ok _ —172
Bi=— [ lt—a) /21 dz, (30)
terer B, is a positive constant given by
_ 2knA]In(t/ 10)

B="% @D
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Delta function like distribution

f(J)
LI
2A)
0] Jo-BJ IRy NI
1
—— (J-AJ=sJ)<)y+A))
) 0 0
1) = { A
0 ( otherwise)
Fig. 1 Schematic illustration of the delta function-like
distribution.

After the calculation of the integral in Eq. (30), the next relation is derived:

9 _ !
o JGHDE—i—D —J/G-D-jtD)
HY G+ /7 (t—j-1) =/ G=1) / (t—j+1) ]
It is algebraically proved that
0
9t >0.

Hence, Eq. (27) holds also in this case.

(32)

(33)

Next, a parabolic distribution is considered. The distribution function is given as

follows :

[ —@ J4ATH [(J-T0) 2 —=A] 1 (Jo—A] =T = o+ 4))
h= 0 . ~
(otherwise)

(34)

The distribution is schematically drawn in Fig. 2. Firstly, the weak coupling regime is

taken into account. In this case, the numerical calculation was performed. By substitut-
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Parabolic distribution
f(J)

0| Jo-AJ Jo+AJ J
3 2 2
“Taf (- -ar])
{OF (JomAISISIp* )

0 (otherwise)
Fig. 2 Schematic illustration of the parabolic distribution.

ing Eq.(34) into Eq. (19) and setting that
(J=Jo) /48]=2, ]o/ 8]=j, and T,/ nd]=¢t, (35)
the next equation is derived :

Bl=%f_l[(t—j—x) / G+ 21—z dx, (36)

were B, is given in Eq. (31). The relation between ¢ and j for the arbitrary value of B,
numerically calculated is drawn in Fig. 3. It is seen that ¢ increases monotonically with j,
indicating that Eq. (27) holds.

Finally, the Gaussian distribution

AN =Q/V2nd]yexpi—[(J—Jo /v 2 A]1% 37
is adopted. In this case, the numerical calculation was carried out in the same way as
the case of the parabolic distribution, where the range of the magnitude of the superex-
change interaction was restricted to J,—34J/</<J,+34J. This is because the integral



288 Katsuhisa TaNAka, Kazuyuki Hirao and Naohiro Soca
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Fig. 3 Relation between Jo /4] and T;/nA] calculated for parabolic distribu-
tion of J.

of the Gaussian function for this interval can be approximated to be equal to unity.
Besides, Jo—34/>0 was assumed since either the ferromagnetic or the antiferromagnet-
ic interaction is taken into account in the present calculations. By substituting Eq. (37)
into Eq. (19) and setting
U—~Jo)/4A]=x, ],/ AJ=}, and T,/ ndj=t, (38)

the next equation is derived :
Bi=2 [ (tj—1) / (+0] A exp(~2*/2)dz. (39)
t J-3 Jor

The relation between j=Jo/A] and ¢t=T,/ndJ is drawn in Fig. 4. It is seen that ¢
increases monotonically with increasing j. Therefore, Eq. (27) also holds for this case.
For all types of distributions of J examined here, it is indicated that 7, increases as Jo
increases in both the weak and strong coupling regimes. Namely, the stronger the mean

value of the superexchange interaction becomes, the higher the freezing temperature is.
This leads to the expectation that T increases by increasing the covalency of Fe**—0
and Fe’* —F bonds for the glasses containing the same amount of Fe®** ions since the

superexchange interaction between Fe®* ions is known to be proportional to the covalen-

cy of these bonds™ ™

Hence, the difference of T; due to the variation of the glass
systems can be explained in terms of the covalency within the framework of the present
model when the effects of the other factors such as the magnetic anisotropy field and

the size of clusters are small.
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Fig. 4 Relation between Jo /4] and T,/n4] calculated for Gaussian distribu-

tion of J.

3. Discussion

3. 1 Glass composition dependence of spin-freezing temperature

As mentioned above, the spin-freezing temperature increases by increasing the
covalency when the other conditions such as the magnetic anisotropy energy and the
concentration of the magnetic ions are identical. The isomer shift appearing in the

Table 1 The spin-freezing temperature (T;) and the isomer shift (IS) for iron-based oxide
and fluoride glasses

Glass composition T,(K) Ref .* IS(mm/s) Ref.**
39Fe;0; - 48Ba0 - 13B.0; 70° 19) 0.24 20)
30Fe;0s - 45Ba0 - 25B.0; 14°, 38° 22) 0.25 21)

11.8Fe;0; - 29.4PbO - 58.8B,0; 4.0 23) 0.36 this work
11.9Fe,0; - 45.2Li,0 - 42.9B;0, 3.3, 7 24) 0.28 this work
44Fe,0; - 56P:0s 78 25) 0.41 this work
YiFes0,. 408 26) 0.31 26)
Fe,0; 80 27) 0.32 27)
PbMnFeF;, 11.77¢ 28), 29) 0.45 30)
Pb,MnFeF, 5.26! 28), 29) 0.43 30)

* References for the spin-freezing temperature, * % References for the isomer shift value, a:
Mbssbauer effect, b : thermoremnant effect, ¢-f : ac susceptibility (c : 70Hz, d : 83Hz, e :
17.3Hz, f : 75Hz), g :de susceptibility
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Mbossbauer spectrum is closely related to the covalency of Fe®* — Q and Fe3* — F

bonds'™"?, being able to be used as a good parameter of the covalency. In Table 1, the

values of the isomer shift for some iron-based oxide and fluoride glasses studied so

19)-30)
far

are summarized as well as the spin-freezing temperature. The isomer shifts for

44Fe;0; - 56P,05, 11.8F¢e;0; « 29.4Pb0O - 58.8B,0; and 11.9Fe,0; - 45.2Li;0 - 42.9B,0,
glasses are the new data measured in the present work. These oxide glasses were
prepared by using Fe,0; PbO, Li:CO; B:0; 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

¥ s RN B0, R B e
’ by o\ .;’
; N
; (a)
3
(1]
1) B
L .
c -
35 >
o]
O
> |
R R T P
f CET T, s D
> : r
' : (b)
A
i 1 '.l I 1
-6 -4 -2 0 2 4 6
Velocity (mm/s)
Fig. 5 Méssbauer spectra for (a) 44Fe;0; - 56P,05 and (b)

11.9Fe203 . 452L120 . 429B203



Spin-Freezing Temperature of Some Oxide and Fluoride Glasses Containing Iron(II) 291

twin-roller for the lithium borate glass and with an iron plate for the other glasses. The

Méssbauer measurements were carried out at room temperature by using a 370 MBq

5Co in Rh as the r-ray source. The calculation of the isomer shift was done by using
the spectrum of a-Fe foil at room temperature. Representative Mossbauer spectra for
44Fe,0; - 56P,0; and 11.8Fe,0; « 29.4Pb0O - 58.8B,0; glasses are shown in Fig. 5. It is
seen that the major part of the iron ions are in Fe(Ill) state in these oxide glasses.
The relation between the spin-freezing temperature and the isomer shift value for
those materials in Table 1 is shown in Fig. 6. In order to take into consideration the
difference in the concentration of iron ions among these amorphous oxides, the term T/
(c—¢"), where ¢ stands for the concentration of iron ion expressed as the atomic ratio of

the cation and ¢’ corresponds to the concentration where T becomes zero, is plotted as

150‘ o
\
N
~—~ \\ 7
\
Z 100+
-~ 1k
9 N
< "
~ ]
— AN
50 AN
\
U .\\
N
N
\
SN
N
N
L L 1 !
0 0.2 0.3 0.4 05

Isomer shift {(mm/s)

Fig. 6 Relation between the spin-freezing temperature and the
isomer shift for Fe**—containing insulating glasses. Since
the spin-freezing temperature is dependent on the method
of measurements, the temperature range where the spin-
freezing is observable is indicated for a few of the glass-
es. The broken line is to guide the eyes. (O and open
bar : Fe;0;—Ba0—B,0;, closed bar : Fe,0;—Li,0-—B;0s,
@ : Fe;0;—Pb0—B,0s, [J: Y:0;—Fe;0; M : Fe.0;—
P,0s, A :Fe 05 A : PbF,—MnF,—FeFy;)
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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
the Fe,0;—NiO—Pb0—B,0; system by applying ac susceptibility measurements. Moon
et al.”” examined the formation of the cluster of Fe** ions in Fe;05—BaO—B,0; glasses
by means of magnetization and ESR measurements and estimated ¢’=0.033. For the
Fe,0;—Li;0—B;0; system, ¢/ =0.061 was revealed by Méssbauer measurements at
4.2K* In the present study, the value of ¢’ is assumed to be 0.04, which is compatible
with above-mentioned values. The parameter T,/ (c—c’) is considered appropriate as
the first approximation, because the linear relation between 7T; and ¢ — ¢’ was ex-
perimentally observed for the cluster spin glassesmaa). The trend that T,/ (c—¢’) in-
creases with a decrease of the isomer shift seen from Fig. 6 indicates that the spin-
freezing temperature increases with an increase of the covalency or the superexchange
interaction between iron ions. Thus, the present model seems to be appropriate for
describing the effect of glass composition on the spin-freezing temperature for these
iron-based oxide and fluoride glasses.
3. 2 Measuring frequency dependence of spin-freezing temperature

It is known that Vogel-Fulcher empirical law™™ well describes the relation be-
tween the spin-freezing temperature and the measuring frequency for iron-based oxide

23),24).36)-38)

and fluoride glasses as well as metallic spin glassesw). Namely, the measuring

frequency v is related to the spin-freezing temperature as follows:
_ E ]
y= voexp[ R, —Ty | (40)

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

In the present model, the relation between the spin-freezing temperature and the

measuring frequency is represented as the next form for the weak coupling regime :

v—uoexp[—-<EK+ k_T,) /kT,], (41)
where

Ex=Kv=kTx (42)
and

E?= f (mMu))*()dJ. (43)
When T, is defined as

kTo=E,‘2 /EK, (44)

Eq. (41) is transformed into the next equation for 7o/ Tx»1 which is the condition for
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the weak coupling regime:

v=yexpl—Kv/ k(T,— Ty)]. (45)
Eq. (45) is identical to Eq. (40), that is, the Vogel-Fulcher law.

On the other hand, the measuring frequency dependence of the spin-freezing
temperature depends on the distribution function of the superexchange interaction for
the strong coupling regime. Here, we pay attention to only the delta function-like
distribution. In this case, the measuring frequency dependence of the spin-freezing
temperature is represented by Eq. (30). By using this equation with appropriate values
for B; and J,=3.0 K, the experimental data of 11.9Fe;0; - 45.2Li;0 - 42.9B,0; glasses
can be well analyzed. The result of the analysis is illustrated in Fig. 7. The value of J,
obtained is almost identical to T, given when Eq. (40) is applied®®. As clearly seen from
this figure, the agreement of the experimental data and the curve calculated from Eq.
(30) is rather good.

10
Q -
~ 5 -
Fz_ -
1 1 A 1
0 01 0.2 03 04 05

17 tn(vylv)
Fig. 7 The measuring frequency dependence of the spin-freezing temperature
for 11.9Fe,0; - 45.2Li;0 - 42.9B,0; glasses. The solid curve is drawn
by using Bq. (30) (see text).

Figure 8 shows the result of a similar analysis on 51.8FeQ - 5.8A1,0; - 42.4Si0,
glasses™. Here, Jo=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 con-
cluded that the present model is also effective for the explanation of the measuring
frequency dependence of the spin-freezing temperature for the strong coupling regime as
well as for the weak coupling regime.
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Fig. 8 The measuring frequency dependence of the spin-freezing temperature
for 51.8Fe0 - 5.8AL,0; - 42.4Si0; glasses . The solid curve is drawn
by using Eq. (30) (see text).

4. Conclusion

In the present study, by analyzing the Shtrikman-Wohlfarth model, we derived the
expectation that the spin-freezing temperature increases with an increase of the covalen-
cy of Fe—0 and Fe—F bonds in oxide and fluoride glasses when the content of iron
ions is identical. The relationship between the spin-freezing temperature observed ex-
perimentally and the isomer shift obtained from the Méssbauer effect measurements
described seems to support this expectation qualitatively. It was also found that the
present model is effective for describing the measuring frequency dependence of the
spin-freezing temperature. The Vogel-Fulcher law modified within the framework of
the present model was well applied to explain the experimental data of the measuring
frequency dependence of the spin-freezing temperature for some oxide glasses. The
value of the intercluster interaction parameter T, obtained by analyzing the experimental

data on the basis of the present model is physically meaningful.
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