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Magnetic properties of cobalt and manganese aluminosilicate glasses
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Susceptibility measurements over a wide range of temperatures on concentrated amorphous
transition-metal aluminosilicate glasses (11.8-33.5-at.% Co, 12.3-41.7-at. /o Mn) are reported. In the
high-temperature regime (y -50 K), these glasses show Curie-gneiss behavior with large negative
paramagnetic Curie temperatures, indicating the presence of strong antiferromagnetic exchange
interactions. The slope of g

' vs T curves shows a slight dependence on the transition-metal
concentration, implying that the local environment of the magnetic ions is concentration dependent. The
magnitude as well as the concentration dependence of the magnetic moments, as determined from the
high-temperature data, can be understood for the cobalt glasses by appealing to the solidus surface
diagram (which gives information concerning the local environment of the cobalt ions) of the glass
system. In the low-temperature regime (1 & T & 50 K), the susceptibility of both systems is enhanced
and furthermore exhibits an anomalously sharp peak below -10 K. The magnitude of this peak
decreases with increasing magnetic-ion concentration, while the position at which it occurs shifts to
higher temperatures. This low-temperature behavior can be explained satisfactorily by assuming that

0

these glasses contain small (-50 A) regions of relatively high cobalt or manganese concentration
(monodomains) which are ordered antiferromagnetically, and which are separated from one another by
paramagnetic areas of lesser magnetic-ion content. Each monodomain has a net magnetic moment which
freezes in the direction of its anisotropy field at the so-called blocking temperature, giving rise to the
peak in the susceptibility. By calculating the susceptibility of the monodomains and properly averaging
over the random directions of their anisotropy fields, remarkable agreement with the low-temperature
data is obtained. The values of the anisotropy constants needed to fit the data are consistent with
values found in various cobalt and manganese compounds.

INTRODUCTION AND CONCLUSION

In 1965, Schinkel and Rathenau measured the
magnetic susceptibility of a series of manganese-
oxide borate glasses. These measurements
showed that th18 glRSS systeIQ exhlblts stx'ong Rntl-
ferromagnetic interactions, though no distinct
antiferromagnetic transition was observed. Since
then, a number of different glass systems as well
as amorphous thin films have been studied with
many of them showing dominant antiferromagnetic
interactions. These systems include the chromium
phosphate glass system, ' as well as the iron, man-
ganese, and vanadium phosphate glass systems,
and yttrium-iron thin films. All of these systems
show a remarkable similarity in their observed
magnetic behavior, In the high-temperature re-
gion (i. e. , for temperatures greater than about
50 K) all of the systems obey a Curie-Weiss law,
with measurement extending as high as 600 K in
some cases. In the low-tempex Rture region, they
Rll devlRte from the llneRx Cux le-VY61.88 behRV1or,
exhibiting a strongly enhanced paramagnetism.
Another feature which is common to all of the
glasses studied thus far is the fact that the extrap-
olation of the linear portion of the 1/g vs-T curve-
intersects the negative-temperature axis, implying

that the dominant magnetic interactions are of an
RntlferromRgnet1c ox' ferrlmagQetic QRtux'e. Such
studies are of great interest since they may shed
light on the question of whether or not magnetic
ordering can occur in a system of randomly distrib-
uted interacting magnetic moments. It is the pur-
pose of the present paper to describe and interpret
the magnetic properties of concentrated transition-
metal aluminosilicate glasses.

%6 have measured tI16 susceptlblllty of sevex'Rl
cobalt and manganese Rluminosilicate glasses using
a low-field (- 5 0) ac mutual-inductance technique
(500 Hz). The experimental procedures and re-
sults will be described in Sec. II. %8 find that at
high temperatures these glasses also show a Curie-
Weiss behavior. However, the slope of the 1/y-
vs-T curves depends on the cobalt and manganese
concentration, indicating that the magnitude of the
magnetic moments depends on the magnetic-ion con-
centration of these glasses. This in turn implies
that the crystal field at the site of the various mag-
netic moments varies with concentration. Ne have
been able to account for the concentration depen-
dence of the magnetic moment of the cobalt ion by
making use of the solidus surface diagram for this
system as well as of the known magnetic moment
for the cobalt ion in various cobalt compounds.
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YABI.E I. Batch compositions of samples used in

present work.
ceeded in explaining quantitatively our low-tem-peraturee

observations.

CoO
Molar %

MnO A120&

Atomic %
Co Mn

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Glass preparation
40. 0
50. 0
53. 0
60. 0
71.2
83.1

35.0
40. 0
50.0
60, 0
70. 0
80. 0
90.0

40. 0
30.0
32.4
30. 0
23. 7
15.5
10.0
10.0
5.0

10.0
5. 0
5. 0
3.0

20. 0
20. 0
14.6
10.0
5.1
1.4

55.0
50. 0
45. 0
30.0
25, 0
15.0
7. 0

11,8
16.1
17.0
20. 0
25. 8
33.5

12.3
14.3
19.2
23.1
29.2
34.8
41.7

%e have therefore shown that the high-temperature
susceptibility provides a means to obtain informa-
tion concerning the structure of the cobalt glasses
in the immediate vicinity of the cobaLt ions. A

similar analysis for the manganese glasses has
not been possible since the solidus surface dia-
gram for this system is not available. Details
will be provided in Sec. III.

At low temperatures, the susceptibility deviates
dramatically from the linear Curie-gneiss behavior
and displays a relatively sharp maximum at tem-
peratures ranging from 2 to 8 K. This peaked be-
havior is to date unique in the studies which have
been made on such glasses. It is tempting to as-
sume that these glasses undergo a transition to a
long-range antiferromagnetically ordered state.
Although several molecular-field theories of amor-
phous antiferromagnetism have been proposed, '
none of these have developed far enough to permit
a meaningful comparison with the experimental
data. However, in the present paper we have taken
a different point of view, and have asked the ques-
tion whether it is possible to account for the low-
temperature data without assuming the existance
of long-range antiferromagnetic order. Signifi-
cantly enough, this question can be answered in

the affirmative, as will be shown in Sec. IV. The
shape of the peaks in the low-temperature suscep-
tibility are strikingly similar to the susceytibility
of small magnetic particles. It is this similarity
which leads us to assume that our glass samples
are inhomogeneous and consist of small regions
(or monodomains)' of relatively high cobalt or
manganese concentration separated from one an-
other by less concentrated areas. By assuming
that the monodomains are antiferromagneticaHy
ordered owing to strong intradomain superexchange
interactions, and subsequently employing Neel's
model of small magnetic particles, we have suc-

The glass samples used in this study are
formed by firing appropriate batch mixtures of
reagent-grade aluminum oxide and cobalt or
manganese carbonate with pure silica sand in a
carbon-arc-image furnace. In this process, the
metal carbonate is converted to the metal oxide
by dissociation. The chemicals were weighed
out in proportions which would yield final com-
positions which were high in cobalt or manganese
content. A listing of the compositions which
formed good glasses and were subsequently
studied is given in Table I. It was found
that compositions with lower than about 40 wt. %
metal oxide do not form glasses at all, which has
also been observed by other investigators. '

The well mixed ingredients were placed in a re-
fractory clay crucible and fired in air for 30 min-
1 h. Several attempts to use recrystallized alumina
crucibles failed as they cracked during the firing
process, probably owing to large thermal gradients.
After firing, the melt was quenched by one of three
methods: (i) pouring into an aluminum mold to
produce regular shaped slugs, (ii) pouring onto a
copper plate to produce small beads, or (iii) al-
lowing the melt to cool in the crucible itself. Com-
parison of x-ray data as well as magnetic proper-
ties showed no discernable differences in samples
of the same batch composition quenched by these
techniques. The melt was then divided to provide
specimens for x-ray analysis, electron microscopy,
and the magnetic measurements.

B. X-ray analysis and electron microscopy

The specimens provided for x-ray analysis were
powdered and examined with both a Vfolf-Scherrer
powder pattern camera and a Siemens x-ray dif-
fraction unit. Neither method showed any evidence
whatever of crystalline material in the glass sam-
ples quenched as above. This is not to say that
such crystalline material could not be present, but
only that any crystallites yresent were in quanti-
ties and/or particle sizes which were too small to
be observed by these techniques. While an upper
limit on the particle size is difficult to estimate,
similar x-ray methods claim that the absence of
x-ray diffraction maxima indicate that less than
0. l wt. % of material is present with particle sizes
g."eater than 500 A.

The samples were also annealed in an attempt
to relieve the internal strains which were present
owing to the quenching process. For various an-
nealing temperatures up to 550'C and annealing
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times up to 12 h, it was found that the magnetic
properties were unchanged. X-ray analysis of these
annealed glasses also showed no devitrification.
It was only after annealing temperatures greater
than 650 'C were used that devitrification was evi-
dent in the samples.

The samples were also examined by means of
electron microscopy for evidence of phase separa-
tion. The microscopy was done on direct platinum-
carbon replicas obtained from fracture surfaces
etched for 30 sec in a 1% HF solution. A Philiys
100-keV (model E. M. 300) electron microscope
was used to examine all of the replicas. In examin-
ing these replicas, it was found that the surface
detail was essentially uniform over a given sam-
ple. There was no evidence of crystallites on

these etched surfaces.
All of the samples quenched in the above manner

showed some signs of liquid-liquid immiscibility
with the 33. 5-at. % cobalt sample showing the
greatest extent of this phase separation. The elec-
tron micrograph for the sample shows very clearly
one phase consisting of spherically shaped globules
surrounded by a second phase. The average diam-
eter of these spheroids was -1000 A. The fact
that the globules are spherical implies that this
phase is amorphous because, if it were predomi-
nately crystalline, the globules would develop as
angular irregularly shaped particles. The e].ec-
tron micrographs which were made for the other
samples show that the phase separation is not as
well defined as for the 33. 5-at. % sample. The
phase-separated regions were on the order of 500-
1000 A in diameter with some as large as 2500 A.
It should be noted that, while electron microscopy
shows clear evidence of phase separation, no ana-
lytical method is available to us to determine the
exact composition of either phase.

C. Magnetic measurements

The magnetic susceptibility measurements were
made over the temperature range 1.5-300 K using
a low-field ac mutual-inductance bridge apparatus
designed after Maxwell. The measuring fre-
quency used was 500 Hz, and the peak value of the
magnetic field was 5 G. In making these measure-
ments, several different experimental procedures
were followed. For the lowest temperatures (1.5
—-20 K), the measurements were made by placing
the sample in the measuring coil and then slowly
[-1 K/(3-5 min)] drifting through this temperature
range. In order to calculate the susceptibility using
this technique, it is necessary to measure the re-
sponse of the empty coil and make the appropriate
subtractions. The advantage of this method is the
fact that the response of the measuring coil to
changes in the temperature is very predictable.
Another advantage lies in the fact that the drift

rate is slow enough to be considered isothermal;
so a detailed examination of a sample's low-tem-
perature behavior can be made. In the higher tem-
perature region (20-300 K), a temperature regula-
tion apparatus was used to stabilize the tempera-
ture of the sample and measuring coil before a
measurement was made. Typical data taken in
this manner for the glass samples are shown in
Figs. 1-4. The susceptibility of the glasses ap-
pears to follow a Curie-Weiss-type behavior over
a significant portion of the temperature range, with
a marked deviation from this behavior noted for all
samples at - 50 K, as seen in Figs. 1 and 2. From
the linear portion of the 1/y-vs-T plots, the ef-
fective moments were calculated as well as the
paramagnetic Curie temperatures. These values
are listed in Table II. The apparent composition
dependence of the effective moments will be dis-
cussed in detail in Sec. IG.

At low temperatures the susceptibility displays
a maximum, as may be seen in Figs. 3 and 4.
The peak temperatures are listed in Table II. These
data show several general trends in the low-tem-
perature behavior as a function of the magnetic-ion
concentration. With decreasing concentration,
one notices that the maximum value of the suscep-
tibility becomes larger and shifts to a lower tem-
perature. Furthermore, the width of the suscep-
tibility peak becomes distinctly smaller. The
significance of these observations as well as the
deviation from the Curie-Weiss behavior will be
discussed in Sec. IV.

III. DISCUSSION-HIGH-TEMPERATURE REGIME

As mentioned in Sec. II, the magnetic behavior
of the cobalt and manganese aluminosilicate-glass
systems can conveniently be described by consider-
ing two distinct temperature regimes. At high
temperatures, the systems obey the Curie-Weiss
law, while for lower temperatures a more com-
plicated behavior is observed. In this section, we
will give a complete discussion of the high-tem-
perature susceptibilities.

From 50 to 300 K, the reciprocal susceptibility
is accurately proportional to T, as seen in Figs.
1 and 2. The extrapolation of the linear portion
of the 1/y -vs-T plots intersects the negative tem-
perature axis, implying that the dominant magnetic
interactions within the glasses are antiferromagnet-
ic. The negative values of the paramagnetic Curie
temperature 8 also imply that, should any ordering
take place, it would likely be of an antiferromagnet-
ic or ferrimagnetic nature.

The measured paramagnetic Curie temperatures
did not seem to show an explicit dependence on the
concentration of the magnetic ions in the samples.
They, however, differed from sample to sample,
indicating that the observed magnetic behavior is not
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FIG. 1. Reciprocal susceptibility vs temperature for
several cobalt aluminosilicate glasses.
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due to the presence of microcrystalline material
which could not be detected by means of x-ray anal-
ysis. If the observed magnetic behavior were due

to microcrystalline material, all of the paramag-
netic Curie temperatures would be the same.

The second and more important quantity which
can be determined from the high-temperature data
is the ionic effective magnetic moment. This quan-
tity is calculated from the measured slope of the
linear portion of the 1/y-vs-T curve. The calcu-
lated effective moments for the cobalt glasses are
plotted vs Co concentration in Fig. 5. This figure
reveals a very noticeable trend in the magnitude of
the effective moment as a function of composition.
The lowest concentration glasses have the highest
measured effective moments, with the magnitude

of the moment decreasing for increasing Co con-
tent. The values of these effective moments range
from a high of 6.V3p, s for the 11.6-at.

%%uOglass toa
low of 4. VBils for the 33. 6-at.

%%uOglass . There is
also a noticeable break in the curve between 60-
and 66-wt.

%%uOCoO . Thesignificanc eof thesedata
lies in the fact that this magnetic information can
be used to make some definitive statements about
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FIG. 3. Low-temperature susceptibility vs tempera;
tore for several cobalt aluminosilicate glasses.
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the structure of the various glass concentrations.
In Fig. 6 is shown the solidus surface diagram

for the cobalt-oxide aluminosilicate system. . This
diagram was obtained by intentionally devitrifying
glasses of different compositions and examining the
resultant materials for crystalline content. In the
various regions on the diagram, the compounds
are listed according to their relative abundance.
The points shown on the diagram indicate the com-
position of the cobalt glasses investigated in the
present work.

0 IOO
T {K)

200 500 0 l0 20
T{K)

FIG. 2. Reciprocal susceptibility vs temperature for
several manganese aluminosilicate glasses.

FIG. 4. Low-temperature susceptibility vs tempera-
ture for several manganese aluminosilicate glasses.
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TABLE II. Magnetic-susceptibility data. 3|0&

co

Magnetic-ion
concentration

(Atomic %)

11,8
16.1
17.0
20. 0
25. 8
33.5

12.3
14.3
19.2
23.1
29. 2

34. 8
41.7

Peak
temperature

(K)

2. 5
2. 3
5.25
4. 75
7.25
7, 8

3.3
4. 6
5.55
5.8
6.15
5.1
6.5

Effective
Moment

(p~)

6, 7
6. 0
5.5
5.1
4. 9

6, 96
6.89
6.01
4.69
4. 85
5.20
5, 37

Paramagnetic
C uric temperature

(K)

-95
—90
-88
-66
~ 77
-84

—194
—194
—245
—226
—210
-236
—224

CoO A!~03

It should be noted that the glasses fall into two
distinct regions on the crystalline phase diagram.
The dividing line between these regions is a line
which extends from 30. l-at. % to -8.S-at. % Co (VO-

wt. '%%uo CoO to - 40-wt. % Coo), with the Alamo~ con-
tent ranging from 0 to - 60 wt. %. The point of in-
tersection of this dividing line and a line which is
drawn approximately through the points corx'espond-
ing to our glass samples occurs at - 24-at. /o Co.
This fact indicates that the break-- in the effective
moment curve (i.e. , Fig. 5) is due to a change in
the local environment of the cobalt atoms. This
change is due to the preference for di. ssimilar local
order on either side of the dividing line of Fig. 6..

In the high-concentration glasses, i..e. , those
which are closer to the CoQ vertex of the phase
diagram and are thus below the dividing line of
Fig. 6, one would expect that the local environ-
ment of the Co ' ions is very similar to that found
in CoQ or Co2SiQ4. Therefore the magnetic mo-
ments for the glasses in this concentration region
should be comparable to the moments found in
these crystalline compounds. This is a result of
the fact that the magnitude of the magnetic moment
is determined primarily by the bonding symmetry
of the Co ' ions. The measured values for the

20 50
at. 'io Co-

FIG. 5. Effective moment vs cobalt concentration.

FIG. 6. Solidus surface diagram for the CoO ~ A1203
~ Si02 system (Ref. 12).

magnetic moments of Co ' tn CoO and Co&8i04 are
4. 8p. ~ arid 4. 8Vp~, respectively. ' As may be
seen in Fig. 5, the effective moment for the high-
composition glasses approaches 4. 8@~ as the Co
concentration increases. This seems to confirm
the assumption made concex"ning the local environ-
ment and its influence on the effective magnetic
moment.

In order to explain the unexpectedly high effective
moment for the low-concentration glasses, we fol-
low the same procedure. In the low-composition
region of Fig. 6, it is noted that the dominant
crystalline compounds are SiQ2 and COBSiQ&. It
is possible that in the glass the excess si.lica,
changes the local order near the Co ions from one
which resembles the local ox'der found in Co&SiO4 to
one which is similar to CoSiQ3. This latter com-
pound is a chain silicate which in bulk fox'm is anti-
ferromagnetic with a transition temperature of 50
K and an effective ionic moment of 6. 3p,~. Com-
pari. son of this moment with that found for the low-
concentration cobalt glasses leads to the conclusion-
that the local order for these concentrations is
similar to that found in CoSiO3.

Thus the model which emerges for the explana-
tion of the high-temperature magnetic data i.s one of
a local order at the site of the cobalt atoms which
is concentration dependent. For the lowest-con-
centration glasses, the local order is similar to
that found in cobalt metasilicate (CoSio~), while
for high concentrations this local order takes on,

the characteristics of cobalt oxide and cobalt or-
thosilicate (Co~8i04). For the intermediate com-
positions, it is assumed that some mixture of
these different types of local order occurs. The
difficulty in trying to assign a particular structure
to any specific composition lies in the fact that all
samples displayed some evidence of liquid-liquid
immiscibility, which makes the exact composition
determination for the cobalt-rich and -lean yhases
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impossible.
For the Mn aluminosilicates a similar analysis

of the effective ionic moments cannot be made since
the solidus surface diagram of this system is not
available. Also, it has been reported that the Mn
moments in manganese ortho- and metasilicate
are nearly equal. ' ' One would expect that local
order corresponding to the known valence states
of Mn is present in these glasses, and that there-
fore the susceptibility represents a weighted aver-
age over the different moments of these states.
However, the experimental values of the effective
Mn moments reported here range from 4. Vp.~ to
6.96',s (see Table II), whereas the expected values
for Mn ', Mn', and Mn'" are 5. 92',~, 4. 9p, ~, and

3. 8V p.~, respectively. Therefore, the experi-
mentally determined moments cannot be explained
in terms of such a weighted average. This is par-
ticularly true for the moments which are greater
than - 6p, ~ . No satisfactory explanation for these
anomalously high moments is available.

IV. DISCUSSION —LOW-TEMPERATURE REGIME

In the low-temperature regime (i. e. , T ~ 50 K)
there are several experimentally observed phe-
nomena which must be analyzed: (i) deviation from
the Curie-Weiss paramagnetic behavior, (ii) pres
ence of a sharp susceptibility maximum at low T(T
&10 K), and (iii) position, shape, and concentra-
tion dependence of the susceptibility maxima.

As was mentioned in the Introduction, the ap-
pearance of relatively sharp low temperature peaks
in the susceptibility might indicate the onset of
long-range antiferromagnetic order. However, at
present there is not sufficient experimental evi-
dence" or theoretical justification for the occur-
rence of a magnetically ordered state in the mag-
netic aluminosilicate glasses described in this pa-
per. Instead of pursuing the question of whether
or not an ordered magnetic state is possible at all
in a structurally disordered glass, we have pre-
ferred to take a different point of view and have
capitalized on the similarity (see below) of our ex-
perimental susceptibility curves and the predictions
of Neel's theory of small magnetic particles.

In 1952 Neel considered the behavior of small
magnetic particles, which order magnetically below
a certain ordering temperature T„where T, is
approximately equal to the ordering temperature
of the corresyonding bulk material. In this paper
we shall only be concerned with the case of anti-
ferromagnetic order. A small antiferromagnetic
particle develops a net magnetic moment due to an

imperfect compensation of the ionic moments. In
practice this net magnetic moment is large and

often on the order of 100',a. An important ingre-
dient of Neel's theory is the anisotropy energy of
the particle. For simplicity we shall assume the

EF/OT
0 (2)

which represents the time required for the magnetic
moment of the particle to reach thermal equilibrium.
An interesting situation arises if v' is greater than
the time of a measurement. ' In that case, the
magnetic moment will not be able to reach thermal
equilibrium and will freeze in the direction of the
anisotropy axis below a temperature on the order
of KV/k. This temperature is called the blocking
temperature, and will be denoted by T&. Of course,
for this effect to occur, T, must be greater than

T, , so the particle has a net magnetic moment in
the first place. As a consequence, the suscepti-
bility of the particle will be a maximum in the
neighborhood of T~. To calculate this effect, we
adopt the following procedure. In thermal equilib-
rium the susceptibility of a particle with a large
magnetic moment would be given by

d M(0) ~ 2~

Xegu11 d~ Z 8 dQ e cos8 sin8
0 0

(3)
where Z is the classical partition function and M(0)
is the magnetization at T= 0 K. In order to take
the freezing of the magnetic moment into account,
we must restrict the motion of p, and force it to
point nearly in the direction of u or -u at all times.
To that end we choose the z direction along u, take
P as the independent variable, and split the inte-
gration over P into two parts. In the first integral
P shall vary from 0 to v/2, while in the second P
is confined between v/2 and v. The susceptibility
of the particle then becomes

d M(0) dpe ~"cose sinp
dH I1 0 0

M (0)
+ d dPe ~ ~ cos8 sinP

Ia 0 r/a

where

2f if/2I = dP dPe s"r
p

0 0

2I'
dPe T sinp

0 g/2

anisotropy to be uniaxial, the anisotropy field being
in the direction of a unit vector u. If the anisot-
ropy energy per unit volume is denoted by K, then
the energy of a particle with magnetic moment p,

in the presence of a magnetic field H can be written

E=KVsin P- p, Hcos8

where V is the volume of the particle, P is the angle
between p, and u, and 8 is the angle between p. and
H. Another essential quantity is the relaxation
time
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FIG. 7. Susceptibility vs temperature: (a) theoretical
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EV/k; (b) 11,8-at, %- and 33.5-at. %-cobalt aluminosili-
cate glasses.

The angles P and 8 are related by the identity

(6)cos8= sing sinp sino.'+ coso.'cosp

where & is the angle between u and H. We have
evaluated X numerically for various values of the
parameter KV/k. In addition, an integration over
a was performed to take into account the random-
ness of the anisotropy direction. The results of
this calculation are shown in Fig. 7(a).

The striking similarity between the curves in
Fig. 7(a) and our experimental data, as displayed
in Fig. 7(b), has led us to the monodomain model
of the transition-metal aluminosilicate glasses.
This model assumes that these glasses consist of
regions (i. e. , monodomains) of relatively high
cobalt or manganese concentration separated from
one another by areas of lesser magnetic-ion con-
tent. The magnetic moments within the monodo-
mains are assumed to order antiferromagnetically
well above the blocking temperature because of
strong intradomain superexchange interactions.
We wish to emphasize here that we in no way think
of these monodomains as small crystallites, but
rather assume them to be truly amorphous. In
order to estimate the susceptibility of such a sys-
tem, we neglect the contribution of the interdo-
main areas and look upon these glasses as a col-
lection of small antiferromagnetic particles. The
net magnetic moment p, of the monodomains is
determined by the transition ion concentration c
and their volume V, i. e. , iI = po~cV, where BIO is
the magnetic moment of a single ion. The total
susceptibility of the glass consists then of con-
tributions from all the monodomains. Since each
monodomain will have its own anisotropy axis, the
total susceptibility will be an average over the
angle n. Further, since we must allow for a dis-
tribution P(V) of monodomain values, the total sus-
ceptibility will also be an average over volume.

In order to avoid a diverging susceptibility at T = 0
K, we also introduce a phenomenological exchange
interaction among neighboring monodomains charac-
terized by a paramagnetic Curie temperature. The
susceptibility of the glass can then be approxi-
mated by

T e/3

X Iass= dn dVX(n, V)P(V) sina, (7)T+0 0 0

where X(Ix, V) is given by Eqs. (4) and (5). The
only parameters of this theory are K, V, and e.
We have fitted the susceptibility of the 25. 8-at. %-
Co glass using two different volume distributions,
namely, a Gaussian distribution and a uniform or
delta-function distribution. For the Gaussian dis-
tribution the range of integration over the volume
was restricted to the range of V+ 30, where V and
o represent the average volume and standard de-
viation, respectively, both of which were varied
in the fitting procedure. It was found that the best
fit using a Gaussian distribution of volumes was
obtained for a very narrow range of volumes which
indicates that the monodomains are very nearly
the same size, or at least the product KV is uni-
form. With this in mind, we have fitted the sus-
ceptibility of a 25. 8-at. %-Co and a 29. 2-at. %-Mn
glass using a uniform distribution of K and V val-
ues. The results are shown in Figs. 8 and 9.

The parameters required to obtain these fits
were KV/k = 20. 5, p, = 285p, s, 0 = 2. 0 for the cobalt
glass and ZV/0=19. 4, p, = 230ps, 0=0.45 for the
manganese glass. If we take for K-10~ erg/cm'
(which is a value typical of crystalline cobalt or

Ql
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FIG, 8. Susceptibility vs temperature for a 25. S-at. %-
cobalt alumiIMsilicate glass. Solid curve is the theoreti-
cal fit.
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manganese compounds), we find V - l5 A. This
distance does not represent the monodomain size
but rather the extent of local atomic order. In or-
der to obtain the actual size of the monodomains
one must use the value for p, . Utilizing the fact
that p = 285ps =4. 5ps&N for the Co glass and p,

= 280'„s™4.85ps&N for the Mn glass, where N is
the number of transition metal ions in a monodo-
main, we obtain a size of - 50 A. This length is

FIG, 9. Susceptibility vs temperature for a 29. 2-at. %-
manganese aluminosilicate glass. Solid curve is the
theoretical. fit.

a measure of the extent of magnetic order in the
glass. While the agreement between the theory
described here and experiment is already remark-
able, we can obtain even better agreement by al-
lowing the anisotroyy constant K to be weakly tem-
perature dependent. We have established that only
a 10/p variation of K about its value at the peak tem-
perature would yield perfect agreement with ex-
peri. ment. A temperature dependence of K is not
at all out of the question since antiferromagnetic
materials usually have temperature- dependent
anisotroyy constants. However, we are not able
to determine the precise temperature dependence
of K from our data since the model described here
is only approximate. To obtain a further check on
the model, it would be highly desiraMe to measure
K and its temyerature dependence directly using
suitable resonance techniques. Such a program is
currently under way.

Finally a work about the concentration depen-
dence of g„„,. Referring to Figs. 7(a) and 7(b),
it appears that the parameter KV scales with the
magnetic- ion concentration. This is understand-
able, since higher concentrations likely result in
larger monodomains, leading to larger values of
KV, and hence to broader susceptibility maxima
of reduced magnitude at higher peak temperatures.
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