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Magnetic anil transport properties of granular cobalt films
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Simultaneous magnetization and magnetoresistance measurements have yielded the magnetic phase diagram of the
granular Co-SiO, system. The superparamagnetic-to-ferromagnetic transition temperature changes gradually with
composition from -80 K at 20 vol % Co to -280 K at 43 vol % Co. The results confirm the theory of spin-
dependent tunneling in granular magnetic metals and yield the value of IP = {1.0+0.3) meV. Here P is the spin
polarization of the tunneling electrons and 3their exchange-coupling constant. This quantity has not been measured
previously for cobalt. A quantitative comparison shows that the molecular-field theory does not provide an adequate
description of the magnetization of granular cobalt.

I. INTRODUCTION

Granular metals were intensively studied mainly
because of their interesting transport properties. ' 3

The conductivity vax'les as a function of composi-
tion from metallic to almost insulating. It was
proposed theoretically2 that in the high-resistance
region the electron transport is governed by a
unique combination of thex'mally activated chaxg-
ing of the metal grai. ns and electron tunneling be-
tween the isolated metal grains. Experimentaj. re-
sults on the many granular systems investigated
confirm this theory.

The magnetic properties of gx anular magnetic
metals were studied, only on one system, i.e. ,
Ni-SiQ2. One of the most interesting discoveries
was the existence of a superparamagnetic phase
and a superparamagnetic-to-ferromagnetic phase
transition at a temperature y„which depends on
metal concentration. 4 ' The first evidence for
such a transition was borne out by measurements4
of the magnetoresistance of granular Ni, where
the observed negative magnetoresistance was
found to be peaked at T„. The negative magneto-
resistance was interpreted as due to electron-
spin-dependent tunneling between neighboring mag-
netic grains. The effect of the magnetic fiel.d is
to align neighboring grains so that the exchange
energy needed for the tunneling is lowered, thus
increasing the tunneling efficiency. ' These ideas
were later incorporated' into the transport theory'
to account for the observed magnetoresistance.
According to this theory the magnetoresi. stance is
expected to be proportional to the spin-spin corre-
lation function of neighboring grains. A compari-
son to experiment, using molecular-field approxi-
mation for the spin-correlation function, has shown
that the theory' predicts the essential features,
i.e. , a negative magnetoresistance which is peaked
atT'-

In this paper we px'esent results of extensive
studies of the magnetic properties of another gran-

ular magnetic system, the Co-SiQ2 system. %e
report hex'e the first simultaneous study of mag-
netization and magnetoresistance on a granular
magnetic metal. Systematic measurements as a
function of composition and temperature reveal the
existence of a superparamagnetic-to-ferromagnetic
phase transition, The similarity between the
present observations and those reported4 ' for

,Ni-SiQ, suggest that such a transition is a general
property of granular magnetic metals. The com-
bined measurement of magnetization and magneto-
xesistance enabled us to px'ovide new independent
evidence that the peak in the magnetoresistance
is indeed associated with the ferromagnetic-to-
superparamagnetic phase transition.

%hen trying to account for our magnetization
data we found that the magnetization of granular
Co-SiQ, is not properly described by the molecu-
lar-field theory. Satisfactox'y agreement between
magnetoresistance theory and experiment could
be obtained only using experimental magnetization
values to derive the spin-spin correlation function.
From this fit we obtain the value of the product
JP, where I' is the spin polarization of the tunnel-
ing electrons and J their exchange-coupling con-
stant.

II. THEORETICAL BACKGROUND

Granular films consist of fine metal grains
( 50-A dtameter) dispersed ln an amorphous in-
sulator (SiO„AlsOs). Their electrical conductivity
(at not too high volume fractions of metal) is due
to tunneling of electrons between the grains. '3
The temperature dependence of the tunneling con-
ductivity is determined by the electrostatic charg-
ing energy 8, requix'ed to generate a fully dis-.
sociated pair of positively and negatively charged
grains. Accox'ding to the conductlvlty model of
Sheng et al. ,'3 the granular metal is represented
by a conductance network in which the metal grains
are interconnected by conductances o, of the form
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E', = 4s(e'/ed)/(d +2s), (5)

where s is the tunnel barrier thickness, K=(2m//
k')'", m is the effective electron mass, p is the
barrier height, 5 is Planck's constant, k is
Boltzmann's constant, and 7' is the absolute tem-
perature. It is assumed that the grains are
spherical in shape with a distribution in diameter
d and charging energy Eo(~1/d) such that the pro-
duct sE', is constant for a film of a given compos-
sition (labeled by the metal volume fraction x).
The constancy of the ratio s/d is a consequence of
the preparation procedure of the samples, since
the grains are formed by condensation of neighbor-
ing metal, so that larger grains are surrounded
by a thicker dielectric. The parameter C, hence-
forth called the tunneling-activation energy, is de-
fined by

sE,a =C. (2)

C and tc depend only on x.
It is also assumed that only the tunneling be-

tween neighboring grains of nearly equal size is
relevant. At each temperature 7.

' there is a tunnel
barrier thickness s,

s = (C/kT)'"/2K,

for which o, has a maximum o given by z
~exp[-2(C/kT)"']. It is further assumed that the
temperature dependence of the network conductiv-
ity o(T) is given by a, that is,

o(T) ~ e-2(c/kr )

From Eqs. (2) and (3) it follows that the dominant
contribution to the conductivity at high tempera-
tures is due to tunneling between small grains
(large E,') separated by thin tunnel barriers (small
s), while at low temperatures the tunneling be-
tween large grains (small E,) separated by thick
tunnel barriers (large s) is dominant. It should be
noted that the above model represents a gross
simplification of the actual conductivity network.
In particular, the model does not take into account
either the tunneling between grains of unequal
size or the contribution to the conductivity due to
conductances other than o . Notwithstanding these
obje'ctions, the model predicts remarkably well
the observed temperature dependence of the con-
ductivity of granular metals, and hence it is ex-
pected to contain the essential physics of the prob-
lem. This theory applies in the limit of low elec-
tric fields.

Elementary electrostatic theory applied to a
simplified picture of a spherical metal grain of
diameter d surrounded by a dielectric of thickness
s and imbedded into a metal leads to an expres-
sion for the charging energy':

where e is the electron charge and e the dielectric
constant of the insulator. If the granular metal in
the dielectric regime (@&0.5) is approximated by
a simple cubic lattice of metal spheres with lattice
constant s+d, a relation is obtained between x, s,
and d, namely,

x = v/6(1+ s/d)~,

and from Eqs. (2), (5), and (6),

C(x) =r([(vr/6x)'" —I]'/[(v/6x)'~' ——,'],

(6)

P =nQPP, s, (6)

where n is the atomic density of the metal, Q is
the volume of the grain, and P =1.715 is the mag-
netic moment per atom' in units of the Bohr mag-
neton p, .

The conductivity theory has been generalized to
granular metals in which the metal grains are
ferromagnetic. ' In that case a small additional
energy E„is required to generate a pair of charged
grains. E„is an exchange energy which arises
when the magnetic moments of the grains are not
parallel and electron spin is conserved in the

with r(=2Ke'/e. Equation (7) gives the essential de-
pendence of C on the volume fraction, since & is a
slowly varying function of x.

As the volume fraction x is increased, metallic
paths start appearing and becoming longer until
eventually at a critical volume fraction x„a
metallic network from contact to contact is es-
tablished and the .conductivity increases by several
orders of magnitude. In this paper, only the range
of volume fractions belonging to tunneling conduc-
tivity is of interest.

The magnetic structure of granular magnetic
metals in the dielectric regime can be described
as follows. Above the Curie temperature g~ of
the pure metal the material is paramagnetic. As
the temperature is lowered below T~ the individual
grains become ferromagnetic. (This transition
may happen at a somewhat lower temperature for
very small grains. ) One may expect that at these
temperatures the ensemble of grains is super-
paramagnetic. At a lower temperature 7'„, the
superparamagnetic ensemble may exhibit a super-
paramagnetic-to-ferromagnetic transition, where
long-range order of the grain magnetic moments
takes place. Since in this work measurements are
performed well below 7.'~ we restrict ourselves
to the consideration of the superparamagnetic and
ferromagnetic phases. The grains themselves are
assumed to be ferromagnetic with the saturation
magnetization of the pure metal, that is, with a
magnetic moment p, given by
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The magnetic exchange energy can be expressed in
terms of the spin-correlation function of two neigh-
boring grains (8, .8,) as

E„=(g/2)(l —(8, S,)/8'), (»)
where spins 8, and 8, have the same -magnitude,

equal to S, and J is the corresponding exchange-
eoupling constant.

For our purposes it appears to be sufficient' to
approximate the correlation function by

(S, .8,&/8'= m'(e, r}, (13)

where m(H, T) is the reduced magnetization of the

system. Thus Eq. (11}becomes

Ap/p = -(ZP/4')[m'(a, T) -m'(0, T)j . (14)

Equation (14) predicts a negative magnetoresis-
tance which is largest at the superparamagnetie-
ferromagnetic transition temperature 7„. The
peak of the magnetoresistance at T„becomes more
pronounced the smaller the applied magnetic field.

HI. EXPERIMENTAL

The samples used in the present study were pre-
pared by co-sputter lng of Co and 810~.- The co-
sputtering method, which has been described in
detail previously, "is based on the bombardment

tunneling process. Thus, for ferromagnetic metal
grains we have

o(H, Z') ~e '"'[(1+P)e is"s&"'"r

+ (1 P)e (Ec--E~l /2~ T']/2

The coefficients (1+P)/2 and (1 —P)/2 are the
probabilities that an electron tunneling from grain
1 to grain 2 has its spin parallel and antiparallel,
respectively, to that of grain 1; E„is the dif-
ference between the exchange energies of an elec-
tron situated in grain 2 and grain 1, and 0 is the
applied magnetic field. Equation (9) expresses
the fact that if the moments of grain 2 and grain
1 are not parallel, an additional energy E„is
required to transfer an electron if its spin is
parallel to that of grain 1, while less energy (by
an amount -E„}is required if its spin is anti-
parallel to that of grain 1. Assuming' that E„/kT
61, one may retain only linear terms in the mag-
netic energy, and Eq. (9) reduces to

o(a, T) =~(r)(1 —PZ„/2t V ) . (10)

The magnetoresistance Ap/p can now be written

of a metal-insulator composite target by Ar ions.
In order to get a composltlonal variation of the
metal (vol%%uoCo) along the deposited films, one may
use various configurations of the target. ' For the
present work a ~ in. -thick silica plate having a
half-disk shape was placed on top of a Co disk of
the same diameter (6 in. ). The substrate on which
the film was deposited was held above the target
in a configuration which ensures that one end of the
deposited film is metal rich and the other end is
insulator rich. 3 We have deposited films which
were 2.5-5.5 p, m thick and 0.2 in. wide, on two
adjacent substrates. One substrate was made of
a Pyrex slide (5 in. long, 0.75 in. wide) which had
on it Cr-Au contacts to enable transport mea-
surements. ' ' The other substrate was composed
of 0.1 in. -long, 6.2 in. -wide, and 0.01 in. -thick
sapphire platelets arranged along the Pyrex slide.
The film samples on these platelets were used for
the magnetization measurements. Hence the cor-
relation between the magnetization results and the
magnetoresistance results for gqgg$ composition
samples could be studied. For comparison of our
samples with samples prepared under similar con-
ditions in the RCA laboratories (in which many
previous studies were made), we carried out
magnetization and magnetoresistance measure-
ments on those samples as well. The xesults
were found to be much the same.

The magnetization was measured in a P.A.H.
model 155 vibrating-sample magnetometer whi. eh
was calibrated by an Ni standard. The sample was
introduced into a special Plexiglass sample-holder
which was placed in a Janis model 153 variable
temperature (4.2-300 K) Dewar. The magnetiza-
tion versus applied magnetic field was measured
at various temperatures for configurations both
sample parallel and sample perpendicular to the
magnetic fiel:d.

The resistance R of the samples was determined
by a standard four-probe technique using a
stabQized current source and measuring the volt-
age drop between adjacent Cr-Au contacts (spaced
0.1 in. apart). The magnetoresistance hp/p was
measured with a dc Wheatstone bridge. ' For the
study of the temperature dependence of 8 and hp/p
the sample, was mounted in a dip stick which was
placed in a variable temperature (4.2-300 K)
Dewar. The tail of the Dewar was centered in a
coil which provided fields up to 3 kOe at the
sample.

1V. RESULTS

A. Sample characterizatio

One of the main problems in the characterization
of the granular samples is the determination of



the relative composition of the metal and the in-
sulator. The most accepted method is to measure
the thickness profile of the sample and to fit this
profile with that obtained for the two half-disk
sputtering targets, using the sputtering rates as
adjustable parameters. Such a fit yields the cor-
rect composition within a few percent. As a check
and possible correction for this method, Abeles
et al."suggested a comparison of the resistivity-
versus-composition curve with the resistivities
of a few known compositions. In the present case,
however, we are dealing with magnetic specimens
and thus the idea immediately occurs of using the
saturation magnetic moment as a measure of the
cobalt content of the samples. In Fig. 1 we plot
this saturation magnetic moment M,(x) relative to
the saturation moment of cobalt M, (1) as a func-

tion of the calculated volume percentage of cobalt.
Inspecting Fig. 1 we see a reasonable agreement

between the two methods for composition deter-
mination, especislly at small Co concentrations.
Here the experimental points follow a 45' straight
line commencing at the ox igin: Thus at small Co
concentrations the calculated values and those
derived from M,(x)/M, (1) yield pretty much iden-
tical results. At higher (a 50%) cobalt concentra-
tion, however, the M, (s)/M, (1) curve deviates from
the straight line and falls somewhat beneath it,
yielding a concentration a few percent smaller
then the calculated one. As the magnetic method
is believed to be more accurate in the regime
where the results obtained by the two methods
differ, we have chosen the values derived from
M,(~).

To check the electrical behavior of our samples
we measure the small-field resistivity p of the
samples as a function of composition and tem-
perature between room temperature and 50 K.
Figure 2 shows p as a function of Co composition
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FIG. 2. The resistivity p of granular Co-SI02 as a
function of volume fraction x of cobalt at two tempera-
tures, as marked

at two temperatures, xoom temperature and liquid-
nitrogen temperature. At around 50-60 vol /o Co
we see the sharp increase of resistivity character-
izing the transition between the metallic and di-
electric regime. ' In this region the temperature
coefficient of the resistivity also changes from
negative to positive. From -50 vol% Co and below,
the resistivity continues to rise in the dielectric
xegime, but now much more gradually.

In Fig. 3 we plot the resistivity of a few samples
in the dielectric regime as a function of I/T'~'.
The results are seen to lie on straight lines, just
as expected in this regime where the conductance
is dominated by tunneling and the charging of the
grains [see Eq. (4)]. The tunneling-activation
energy values C, derived from the slopes of these
curves, are shown by the points in Fig. 4 as a
function of composition. The theoretical line in
the figure was calculated from Eq. (7) using g as
an adjustable parameter. The agreement between
experiment and theory is considered satisfactory.
The value of q obtained from the fit is g=1 eV.

B. Magnetization measurements

0 0.2 OA 0.6 0.8 10

x (c1lc)

FIG. 1. Baturation magnetic moment Ms(x) at different
compositions relative to the saturation moment of pure
cobalt, ~,(1), as a function of the calculated volume
fraction x of Co.

With the aim of detecting the superparamagnetic-
to-ferromagnetic transition temperature 7;„, ex-
tensive magnetmatxon measurements were per-
formed on samples from 20 to 80 vol% Co content
at various temperatures between room tempera-
ture and liquid-helium temperature. The mea-
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FIG. 3. Semilogarithmic plots of the resistivity p of
granular Co-Si02 as a function of 1/T for samples of
different cobalt composition, as marked.
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FIG. 5. The measured magnetic moment of a 23 v» %
cobalt sample as a function of parallel applied magnetic
field B„attwo temperatures, as marked. The curves
were calculated using the molecular-field theory for &@
=95 K and @=3.5 &&10 ~7 erg/Oe.
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FIG. 4. The tunneling activation enex'gy C (derived
from the slopes of linea as in Fig. 3), as a function of
the volume fx'action x of Co. The curve in the figure was
calculated from Eq. (7) with &=1 eV.

surements were pexfox'med as a function of mag-
netic field with the fields both parallel and per-
pendicular to the film surface. In Fig. 5 are shown

typical Illaglletlzatloll data takell with a pal'allel
field. The cobalt content of this sample was
23 vol% and its transition temperature was found
to be around 95 K. The two sets of data in the
figure correspond to two temperatures, one at
296 K (triangles) above T„and one at 58 K (dots)
below T„. One immediately apparent featuxe of
the experimental results is that at 58 K the mag-
netization barely saturates at the highest field
shown (1V kOe). This indicates the presence of a
small fraction of supexparamagnetic grains even
below T„.

The experimental values of magnetization (such
as shown in Fig. 5) were compared to those cal-
culated from the molecular-field theory using

Langevin's function. '0 It was found that in the
superparamagnetic regime the data could be fit-
ted; the higher the temperature, the better the
fit. An example of such a fit is shown by the line
drawn in Fig. 5 for 296 K. This curve was cal-
culated for a superparamagnetic sample having a
transition temperature of 95 K and assuming a
uniform grain size with a grain magnetic moment
Il =3.5x10 " erg/Oe. The agreement between the
experimental and calculated values can be seen to
be excellent.

The curve for 7 =58 K in Fig. 5 was calculated
using the same parameters as for the cuxve at
the highex" temperature. Obviously, this second
curve does not fit the experimental results. This
was found always to be the case, i.e. , the experi-
mental magnetization data below T„could not be
fitted by the molecular-field theory. Even above
T„we find that the moleculax -field theory pxe-
dicts a faster approach to saturation than ob-
sexved expex imentally. Only at high temperatures
(»2T„) and above were we able to obtain satisfac-
tory fits.

The temperature dependence of the reciprocal
initial susceptibility 1/It obtained from the mag-
netization data at paraBel fields is plotted in Fig.
6. Results for samples of three different Co com-
positions are shown in the figure. The dependence
exhibited in Fig. 6 is similar to that obtained by
Gittleman, Abeles, and Bozowskie for the Ni-Sio2
system and suggest a Curie-gneiss behavior at
high temperatures. The intersection with the
abscissa of the straight lines drawn through the
data at the highex tempex atures may thus serve
to deter'mine the superparamagnetic-ferromag-
netic transition temperatures T„(x), as illustrated



)8)4 BARZILAI, GOLDSTEIN, BALBKRG, AND HKLMAN

CO-3i02 +vol/co ~

0.10- H 5609

0.06-
35vof/Co

0

0 300
30volX Co

FIG. 6. The reciprocal initial susceptibility 1/X (ob-
tained from curves as in Fig. 5) as a function of temper-
ature for three Co concentrations, as maxked, The ex-
trapolation of the straight lines drMvn through the hlgh- .

temyerature yoints serve to determine Tz as illustrated
in the figure.
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in the figure. Similar results were obtained for
higher cobalt concentrations, but since our mea-
surements were limited to below room temperature
no Tg could be derived for thos8 SRmples by this
method.

C. Mainetoresistance measurements

Magnetoresistance measurements provide prob-
ably the most sensitive means to determine g~ in
granular magnetic systems. This was found to be
the case in the Ni-SiQ2 system, ~' and this is
what we also find in the CO-SiQ, system.

Magnetoresistance measurements on samples
whose cobRlt composition vRrled between 20 Rnd

60 vol% showed negative magnetoresistance. The
measurements were performed in the temperature
range of 50 K to room temperature; the longitudin-
al magnetoresistance, i.e. , the magnetic field
parallel to the electric current, was measured.

In I'ig. 7 we plot the (negative) magnetoresis-
tance -b,p/p measured at a low magnetic field
(56 Oe) as a function of temperature for five
sample compositions between 23 and 41vol90 Co.
Inspecting the data in Fig. 7 we see that for each
composition there appears a maximum in -b,p/p
as a function of temperature. These maxima are
associated with the transition from the ferromag-
netic into the superparamagnetic state and appear
at the transition temperature 7'„. The maxima
appear at lower temperatures the lower the cobalt
content, as expected. Comparing the present
magnetoresistance results on Co-SiQ, with those
published4' for Ni-SiQ„we note that the present
results ax'-e about one order of magnitude higher.
Another difference between granular cobalt and

FIG. 7. Negative magnetoresistance ~p/p as a 5xnc-
tion of temperature for five volume fractions x of Co, as
marked. The data correspond to an applied magnetic
fieM of 56 Oe.
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FIG. 8. -&p/p as a function of T for the same samples
as in Fig. 7, but taken in a field of 278 Oe.

nickel is that while in nickel the transition tem-
perature T„ is R very abrupt function of the compo-
sition, in cobalt T„varies much more gradually.

In Figs. 8 and 9 we present magnetoresistance
data measured at higher fields (278 and 1000 Oe).
%8 see that the higher the fields, the more obliter-
ated become the maxima. At 278 Qe most of the
data still exhibit a broad maximum, while at 1000
Qe the maxima disappear completely.
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FIG. 9. -&p/p as a function of T for the same samples
as in Figs. 7 and 8, but taken in a field of 1000 Oe.

In this paper we present the first systematic
study of the magnetic and magnetotransport proper-
ties of a granular magnetic metal performed on
identical samples. As was already pointed out in

previous sections the magnetoresistance can serve
as a sensitive tool to determine 7„. Magnetiza-
tion measurements provide another independent

means of determining 7 „. In addition, it is shown

here that saturation-magnetization measurements
provide an independent and highly reliable method
for the evaluation of the sample composition of
granular magnetic metals. In fact, it seems to us
that at present this is the only reliable physical
method of composition determination. Our results
show that composition determination by profile
fitting" is quite dependable, apart from the
metal-rich end where it apparently overestimates
Xo

The electrical transport of granular metals has
been extensively investigated and is fairly well

It shouM be pointed out, however, that the

strong increase of the magnetoresistance ob-
served" in Ni-SiO, at low temperatures and at-
tributed' to large paramagnetic grains seems to be
absent in the Co-SiO, system. If there is a para-
magnetic contribution, then it is much smaller than

in Ni-Bio, .
V. DISCUSSION
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FIG. 10. The individual average-grain magnetic mo-
ment p, diameter d, and average thickness of tunnel bar-
rier s as functions of volume fraction x of Co.

understood theoretically. In fact, it serves today
as a diagnostic tool for checking the quality of
granular systems. The results presented in the
previous section show that the resistivities of our
samples have a "normal" behavior both with
respect to composition and temperature dependence.
In particular the I/T'~' dependence of p shows that
a sample of a given composition contains a dis-
tribution of metal grain sizes, the usual situation
with granular metals. The magnitude and the
composition dependence of the tunneling-activation
energy C agree well with data published in the
literature" for other granular systems and follow
the theoretical line (calculated with q = I eV).

The magnetization data were analyzed on the
basis of the molecular-field theory. At high
temperatures (a 27'„) excellent fits can be obtained
for the different compositions using the average
grain magnetic moment as an adjustable param-
eter. The values of p, derived by this fitting are
shown in Fig. 10 as a function of x. These values
of g lead to reasonable values for the average
grain diameter d, also shown in Fig. 10. The
average intergrain distance s was calculated from
the values of d and x using Eq. (6) and are shown

by the data at the bottom of Fig. 10. We wish to
point out, however, that this is the intergrain dis-
tance of the average grains and is not to be con-
fused with s in Eq. (3) which denotes the distance
between the grains that dominate the conductivity
at a given composition and temperature.

At low temperatures the magnetization data could
not be fitted by the molecular-field theory. We
think that there are two possible reasons for this.
First, the samples contain various grain sizes,
and thus the magnetization theory of such materials
should take into account the distribution of barrier
thicknesses and a corresponding distribution of
exchange-coupling constants between the grains. "
We expect that such a distribution would lead to a
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more gradual M versus H,
~

cux've.
dipole-dipole magnetic interaction between the
grains may not be negligible in cobalt. It is true
that in a spherically symmetx ical system this
interaction cancels out completely. However, a
granular sample does not possess locally a com-
plete spherical symmetry, and therefore aniso-
tropic terms in the grain-grain interaction (which
are not taken into account by the molecular-field
theory) may play a role.

Although the magnetization data cannot be fitted
exactly by the molecular-field theory (except at
high temperatures), extrapolations of the straight
lines drawn through the points at the high-tem-
perature end still lead to values of T„which are
consistent with the values derived from magneto-
resistance measurements. In Fig. 11 we show a
phase diagram of the Co-81Q~ system. The tx'an-
sition temperatures T„were derived both from the
magnetoresistance measurements (dots) and the
magnetization data (triangles). The'data obtained
by the two methods are seen to be in excellent
agreement. Oux results yield the phase transition
in the temperature range between 80 and 280 K.
'The composition dependence of T„ is gradual with
a slope dT„/dr= 9 K/vol%%uo. This phase diagram
for Co-SiQ, is similar to that found" for Ni-Si.Q,
except that thexe the composition dependence of
g~ 18 much stronger.

%e turn now to the magnetoresistance. The
characteristic feature of the low-field magneto-
resistance is the pronounced peak which shifts
to lower tempexatures as the cobalt volume frac-
tion decreases. This structure in the magneto-
xesistance becomes washed out at higher fields.
An attempt was made 'to fit the experimental b p/p
with the theoretical expression given by Eg. (14)
using magnetization values calculated from mo-

leculax -field theory. A homogeneous and ordered
system was assumed, and for p, we used the value
derived from high-temperature magnetization
data (see Fig. 10). The results of these fittings
are shown in Fig. 12. Here we replotted (on a
logarithmic scale) the experimental b, p/p values
at three magnetic fields for a 26 vol%% Co sample.
The above-mentioned theoretical values are shown
in Fig. 12 by the dashed lines and were obtained
with the value of JI' =O. V me7. Obviously, the
dashed theoretical curves do not fit the experi-
mental data either in the structure or the magni-
tude of the effect. In view of this unsatisfactory
fit, and knowing that the molecular-field theory
does not predict correctly the magnetization at
lower temperatures, we decided to use experi-
mental magnetization values in Eq. (14). A fit
obtained in this fashion for the same value of JI'
is shown in Fig. 12 by the solid curves. These
curves xeproduce much better the temperature
dependence of the magnetoresistance, especially
for the low field, as well as the magnitude at
different fields. Similar fits for different compo-
sitions yielded values of JP in the range of O. V

to 1.3 meV. Thus our best value for JP is 1.0
+0.3 meV. In comparison, the value of JP found'

in Ni is 0.35 meV, There is evidence that the
tunneling probability of d electrons is about two
orders of magnitude smaller than that of free elec-
trons belonging to an s-P band. " Thus the product
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FIG. 11. Phase diagram of the Co-Si02 system Tz is.
the superparaxQagnetlc-to ferromagnetic transition tern
perature; the dots were obtained from magnetoresistance
and the triangles from magnetization measurements.
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FIG. 12. Measured values of -&p/p as function of T
(triangles) for a 26 vol % Co sample at three magnetic
fields, as marked. The dashed curves were calculated
from Eq. 0.4) using molecular-Geld values for magneti-
zation while, in calculating the solid curves, experi-
mental values of the magnetization were used.
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JP obtained by fitting the magnetoresistance of
granular magnetic metal systems should closely
correspond to that of free s-P electrons. The
value of the polaxization P for 8 electrons in mag-
netic transiti. on metals is estimated" to be about
0.1. %6 expect that the polarization of the tunnel-
ing electrons should be the same as those in the
metal. Thus from our experimental JI'= 1 meV
we obtain J'=10 meV. This value fox J is much
smaller than the estimates'3' for the full value
of the s-d exchange-coupling constant in cobalt.
This seenls to indicate thRt the spin-relaxation
process occurs somewhat before the tunneling
electron reaches the neighboring grain. The ex-
change constant involved in the process would then
correspond to the overlap of the tunneling s elec-
tron only with the tail of the d-electrons' wave
functions. This would account for the greatly re-
ducecl VRlue of J.

The paramagnetic contribution to the magneto-
resistance found in Ni at low temperatures seems
to be absent in the pxesent data. This indicates
that the fraction of large particles (large inter-
grain distances} that contribute to the conductivity,
but are magnetically disconnected from the rest
of the sample, is much smaller than in Ni. These
magnetically disconnected grains are probably
the ones that are responsible for the slow satura-
tion of the magnetization data at low temperatuxes
and high fields. %6 can estimate. the fraction of

these grains from the saturation values of the ex-
perimental and calculated saturation magnetiza-
tion at the lowest temperatures (for instance,
about 4% for the data at 58 K in Fig. 5}.

VI. CONCLUSIONS

Qur present results on the Co-SiQ2 system com-
bined with those reported' ' for the Ni-SiQ, sys-
tem suggest that the superparamagnetic-to-ferro-
magnetic transition is a general property of gran-
ular magnetic metals. The present study shows
that the spin-dependent tunneling theory' provides
not only the essential features of the magneto-
resistance of granular magnetic metals but also a
fairly good quantitative account of the experimental
results.

The electron tunneling is associated with a spin-
relaxation process. The experimental value of
JI' suggests that this spin relaxation occurs before
the electrons reach the neighboring grain.
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