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Spin-dependent transport of Co-SiO2 granular films approaching percolation
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Spin-dependent transport in Cox(SiO2)12x granular films was investigated just below percolation~volume
fraction x50.38, 0.41, 0.46, and 0.50!. Co-SiO2 is an ideal system for investigating magnetic nanoparticle
properties since the Co-SiO2 interfaces are of high quality with no evidence of intermixing, and the saturation
magnetization is consistent with bulk values. Transport in these films involves tunneling or hopping. The
magnetoresistance is consistent with a spin polarization of 0.26 for the electrons tunneling across the Co-SiO2

interface, independent of metallic volume fraction and temperature. Ferromagnetic correlations among the Co
nanoparticles are evident in the zero-field-cooled~ZFC! state of Co-SiO2 granular films. Forx50.41, the
correlation is among isolated particles of 40 Å diameter. Forx50.46 and 0.50, at room temperature, there is
some ferromagnetic correlation due to dipolar fields from short chains of connected particles. In the ZFC state
at 77 K for x50.46 and 0.50, there are ferromagnetic correlations involving particles that are superparamag-
netic at room temperature, similar to the correlation observed forx50.41 at 77 K.
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Granular films, in which magnetic nanoparticles are d
persed in a nonmagnetic matrix, are a very active curr
research topic because their magnetic and magnetotran
properties suggest some potentially attractive technolog
applications. These applications include high coercivity fil
for information storage,1 high permeability, high resistivity
films for shielding and bit writing at high frequencies,2 and
giant magnetoresistance~GMR! for read heads and magnet
sensors.3 These films also provide convenient systems
which to study the basic properties of magnetic nanop
ticles. There are two general types of magnetic granu
films–those in which the nonmagnetic matrix is metallic, a
those in which the matrix is an insulator. The differenc
between these two types of systems are substantial.

With a metallic matrix, the nanoparticles and matrix a
generally chosen to be immiscible, and the nanoparticles
velop by nucleation and growth by homogeneous and het
geneous modes. The resulting distributions of the nano
ticles’ sizes and shapes are generally rather broad. Fur
more, even though the nanoparticles and matrix may be
miscible at equilibrium, there is usually significant mutu
solubility when they are prepared by sputtering, depositi
or melt spinning. This introduces difficulties in defining th
compositions and boundaries of the nanoparticles and
matrix, which makes analysis of the properties uncertain.
nally, both dipolar and exchange interactions may be pre
when the matrix is metallic, such as Ruderman-Kitt
Kasuya-Yosida~RKKY ! or exchange via a weakly ferromag
netic ~FM! matrix, which complicates the analysis of inte
action issues.

These problems are largely avoided with an insulat
matrix when the tandem deposition method4 is used, as in the
present case. With tandem deposition the metal and insu
are deposited from separate targets onto substrates mo
on a table rotating above the targets. For metallic volu
fractions,0.5, the nanoparticles have a narrow size dis
PRB 620163-1829/2000/62~21!/14273~6!/$15.00
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bution and are spherical.4 For the system discussed in th
paper, Co nanoparticles in a SiO2 matrix, there is no evi-
dence of intermixing since the saturation magnetization
consistent with the amount of Co deposited. Further evide
for clean interfaces is the fact that the inferred spin polari
tion is temperature independent. Finally, the insulating m
trix makes it highly improbable that exchange interactio
may be significant. These features make the Co-SiO2 system
well-suited for examining Co nanoparticle systems. We ha
investigated the magnetoresistance~MR! response in
Co-SiO2 granular films as the metallic volume fraction
increased just below percolation. In this regime, there
strong dipolar interactions that lead to ferromagnetic cor
lations in the films; these strongly influence the zero-fie
cooled~ZFC! MR.

Cox(SiO2)12x granular films~5000 Å! were cosputtered
from separate Co~dc! and SiO2 ~rf! targets onto thermally
oxidized Si~100! substrates mounted above on a rotati
table. Films for in-line four-probe electrical transport me
surements were deposited through shadow masks onto
substrates. The base pressure was;331027 Torr. Deposi-
tion was at room temperature in 2 mTorr Ar. The volum
fractionx and total film thickness were determined from ca
brated deposition rates. Four compositions,x50.38, 0.41,
0.46, and 0.50, will be discussed. The films were structura
characterized with x-ray diffraction~XRD! and transmission
electron microscopy~TEM!. As deposited, all the films con
sist of predominantly hcp Co particles that are randomly d
tributed in an insulating SiO2 matrix. As noted above and
discussed below, Co-SiO2 is an ideal system from a struc
tural standpoint since the Co-SiO2 interfaces are of high
quality, and there is no evidence of intermixing.

Figure 1 shows a cross-sectional TEM micrograph o
granular film withx50.42, as deposited. The darkest co
trast corresponds to the Co particles, and the lighter spec
contrast corresponds to the amorphous SiO2. The particles
14 273 ©2000 The American Physical Society
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are about 40 Å in diameter. The average particle volume
also obtained from the zero-field-cooled~ZFC! and field-
cooled ~FC! dc magnetic susceptibility, measured at 20
using a SQUID magnetometer. As seen in Figs. 2~a! and
2~b!, for x50.38 and 0.41, the ZFC and FC bifurcation tem
peratures were 65 and 140 K, respectively. As sho
in the insets, above the bifurcation temperature,
susceptibility followed a Curie-Weiss behavior, i.e., 1x
5(3kB /xMs

2V)(T2u), whereV is the average particle vol
ume. The slope of 1/x vs T in this regime gave particle
diameters of 35 and 40 Å forx50.38 and 0.41, respectively
using the bulk value forMs , which are in good agreemen
with TEM observations. Forx50.46 and 0.50, the bifurca
tion temperatures are above room temperature, indica
that there are some stable particles at room temperature.
ure 2~c! shows the ZFC and FC data forx50.46. From
cross-sectional micrographs forx;0.50 and plan-view mi-
crographs of monolayers and discontinuous multilayers5 it
appears that the increased particle sizes forx50.46 and 0.50
result from the joining of several Co nanoparticles,; 40 Å
diameter, into short, randomly oriented chains.

As shown in Fig. 3~a!, the resistivityr(T) of the Co-SiO2
granular films varies asr0 exp$(T0 /T)1/2%, where T0 de-
creases with increasingx. This temperature dependence w
predicted by a model in which charge transport proceeds
thermally activated and/or bias assisted tunneling proces6

for a system with a distribution of particle sizes and sepa
tions. The energy barrier is the Coulomb charging energyEc
required in creating a pair of charged particles, which is n
essary for conduction. The two main assumptions in
model are~1! electrons tunnel between particles of appro
mately the same size and~2! a uniform composition which
implies thats/d is a constant, wheres is the separation be
tween particles of diameterd. Assumption~1! results from
the fact that an electron cannot tunnel to a smaller part
since the charging energy is larger, whereas a larger par

FIG. 1. Cross-sectional TEM micrograph of Co42~SiO2!58, as
deposited. The darkest contrast corresponds to the Co part
~;40 Å in diameter!, and the lighter speckled contrast correspon
to the amorphous SiO2.
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will be further away and hence the tunnel resistance is lar
From this model the ratio of the particle separation to
particle diameter, i.e.,s/d, can be directly obtained fromT0 .
As shown in Fig. 3~b!, the dependence ofs/d on x is in
quantitative agreement of the data with sc packing of the
particles. However, TEM givess/d ratios closer to those fo
fcc packing. This discrepancy may be accounted for by
fact that the resistivity measurements are sensitive to
smallest values ofs/d. While the ratio of the average value
of s andd, i.e., ^s&/^d&, may be a constant, the particles m
have regions where the separation is smallest.

For FM1/insulator/FM2 spin-dependent tunnel junctio
~SDTJ’s!, where FM1 and FM2 are ferromagnetic film
Slonczewski showed that the conductance is proportiona
cosu whereu is the angle between the directions of magn
tization of the two FM’s.7 Extending the theory to granula
films, Inoue and Maekawi showed that the MR of granu
films, as defined by@r(H)2r(0)#/r(0), is given by
P2(M /Ms)

2 where P is the polarization of the tunneling
electrons.8 Figure 4 shows the MR and (M /Ms)

2 with a
scaling factor for Co38~SiO2!62 at ~a! room temperature~RT!,
and ~b! 77 K. The scaling factor givesP50.25 and 0.26 at
RT and 77 K, respectively. The same value ofP was ob-
tained for all the films discussed here. The theoreti
polarization9 of Co is 0.33, and experimental value is 0.3510

However,P is a function of both the FM and barrier mate

les
s

FIG. 2. The zero-field-cooled~ZFC! and field-cooled~FC! dc
magnetic susceptibility, measured at 20 Oe using a SQUID mag
tometer for granular films with~a! x50.38, ~b! x50.41, and~c! x
50.46. The insets show the inverse susceptibility; the slopes in
superparamagnetic regime give particle diameters of 35 and 4
for x50.38 and 0.41, respectively.
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rials, which is not accounted for in the theoretical predictio
In addition, there might be polarization losses due to imp
fect metal/insulating interface or due to spin-flip scatter
off impurities in the SiO2 matrix. However, for SDTJ’s im-
perfect interfaces usually lead to a strong decrease in the
with increasing temperature,11 which is not seen for thes
Co-SiO2 granular films.

FIG. 3. ~a! Temperature dependence of resistivity
Cox(SiO2)12x granular films forx50.41, 0.46, and 0.50. The line
are fits to the functionr5r0 exp$(T0 /T)1/2%. ~b! The ratio of particle
separation to particle diameter (s/d) obtained from fits ofr(T)
compared tos/d calculated for particles on a lattice.

FIG. 4. MR defined as@R(H)2R(0)#/R(0) and (M /Ms)
2 with

a scaling factor for Co38~SiO2!62 at ~a! RT, and~b! 77. The scaling
factors give spin polarization values of 0.25 and 0.26 at RT and
K, respectively.
.
r-

R

For x50.41, in which the particles are all superparama
netic above 140 K, the ZFC MR at 77 K is consistent w
ferromagnetic correlation of isolated particles. The film w
cooled to 77 K in zero field, and the resistance was measu
by increasing the in-plane magnetic field up to 20 kOe, th
sweeping to220 kOe. Figure 5~a! shows the MR in61000
Oe. The label A marks the initial resistance after the Z
procedure. Note that if the particles’ magnetizations w
uncorrelated, the resistance at A would be the maximu
which isnot the case. As the field is increased, the resista
first increases to a maximum, and then decreases. In th
verse sweep direction~and subsequent cycles!, the zero field
resistance~B! is higher than that at A. No correspondin
features are seen in the magnetization curves shown in
5~b!. The magnetization after the ZFC procedure is zero,
the initial magnetization curve is the same asM (H) from
Hsaturationto 0. Both curves are plotted in Fig. 5~b! but they
are indistinguishable.

The data suggest that in the ZFC state~at A!, a fraction of
the particles couple ferromagnetically in finite regions w
orientation distributions such that the net magnetization
zero, i.e., to reduce the Zeeman energy. The spin-depen
tunneling in ferromagnetically coupled regions gives a lo
resistance. As the field is increased, the ferromagnetic co
lations among the moments of particles within each coup
region are disrupted as particles’ moments align along th
randomly oriented anisotropy axes or towards the field dir
tion. Initially, this produces more randomness in the mag
tization directions of the particles, yielding a maximum
resistance. Then the resistance decreases with increa
field as the particle moments align with the field. In the r
verse field from saturation, the zero field resistance~B! is
higher than A, which implies that the magnetically correlat
state is disrupted by the applied magnetic field. Howev
7

FIG. 5. ~a! ZFC resistivity of Co41~SiO2!59 at 77 K. The label A
denotes the initial resistance after the ZFC procedure. As the fie
increased, the resistance first increases reaching a maximum b
decreasing in the normal way. In the reverse sweep direction~and
subsequent cycles!, the zero field resistance~B! is higher than that
at A. ~b! Corresponding ZFCM (H) at 77 K. The initial ZFCM (H)
after the ZFC procedure~zero field! is zero, and the initialM (H)
curve is the same asM (H) from Hsaturationto 0.
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there is evidence of some interactions in this remanent s
suggested by the almost flat MR response within6170 Oe.
These results were independent of the relative orientatio
the field and current, which, together with the high tunnel
resistance, eliminate anisotropic magnetoresistance~AMR!12

as the origin of the observed behavior. The magnetic orde
the ZFC state was investigated with small angle neutron s
tering ~SANS!, and an antiferromagnetic periodicity of 110
Å was found for magnetically correlated regions13 in this
sample.

For x50.46 and 0.50, the MR exhibits an anomalous b
havior in low magnetic fields at RT, similar to that observ
in CoFe-AgCu metallic composite films. However, the tra
ing effect observed these metallic films is not observ
here.14 Figure 6~a! shows the MR at RT forx50.46 mea-
sured with the current perpendicular and parallel to the
plied field. The most striking feature in the MR curves is t
local minimum atH50. There are no corresponding featur
in M (H), plotted in Fig. 6~b!. Since the MR data are th
same for current perpendicular and parallel to the app
field, even at the maximum field of 20 kOe, the feature is
due to AMR. Furthermore, the sample exhibits a resistiv
compatible with tunneling~0.62V cm!, whereas AMR is on
the order of metallic resistivity (1025 V cm). The MR at 300
K for x50.46 bears some similarity to the MR at 77 K fo
x50.41 in that the zero-field resistance is not a maximu
Thus, it is possible that the low field effect forx50.46 is
also due to ferromagnetic interactions. Thus, as the fiel
reduced to zero, particles separated by a tunneling resist
couple ferromagnetically in finite regions such that the
magnetization is zero. In general, magnetic interactions
expected to increase with increasing volume fraction si
the particle sizes are larger and the separation is sma
Thus, it is not surprising that we should see features du
magnetic interactions at higher temperature forx50.46 than
for 0.41. Zero-field-cooled experiments to investigate t
hypothesis are discussed below. An explanation based

FIG. 6. ~a! MR and~b! M (H) for Co46~SiO2!54, measured at RT
with the current both parallel and perpendicular to the applied fi
Inset: Low field response showing anomalous behavior arounH
50 for MR. There is no corresponding feature inM (H).
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magnetic interactions was also proposed to explain the m
netic domains seen in metallic CoFe-AgCu metallic comp
ite films.14,15 However, in that case, a combination of
weakly ferromagnetic matrix, an unknown distribution
particles and a uniaxial anisotropy perpendicular to the fi
plane, led to stripe or bubble domains in that system. Thi
quite different from the Co-SiO2 films in which the only
interactions, as described above, are dipolar interactions,
the moments are primarily in the plane. Thus, we propose
alternate explanation of our result.

A plausible mechanism to explain the low-field MR da
for x50.46 is illustrated in Fig. 7. The feature is that sho
chains consisting of few particles, as observed in TEM m
crographs, are responsible for the effect. The presenc
these chains is consistent with the bifurcation temperatur
the ZFC and FC susceptibility appearing above 350 K. T
current through the film will choose the path of lowest res
tance, which implies that the current will always flow alon
the length of the chains and out of the ends into the clos
particles. Therefore, a current path such as illustrated in
7 will influence the resistance. In a large applied field, t
magnetization of all the particles~A–C! is saturated in the
field direction, as illustrated in Fig. 7~a!, which is a low
resistance state. As the field is reduced, the magnetizatio
each particle rotates along its easy axis due to their in
vidual anisotropy, so the resistance increases. For particl
and C, the anisotropy is magnetocrystalline, whereas for
is due to shape. As the chain A becomes magnetized a
its length, as illustrated in Fig. 7~b!, the dipolar fields at the
ends increase, and at some point, the dipolar field from
influencing particle B is stronger than the applied field.
zero applied field, the dipolar fieldHdipole, due to particle A
induces a ferromagnetic correlation between A and B. Th
the tunneling resistance between A and B is not as high a
would be if they were uncorrelated. The interaction betwe
A and B at room temperature is most likely short ranged a
affects only a small number of particles since the effect
small. Most of the tunneling in the film may still be betwee
superparamagnetic particles such as particle C.

For x50.50, as shown in Fig. 8~a!, the low field MR
response is more complicated. As withx50.41 and 0.46,

.

FIG. 7. Model to explain low-field MR response forx50.46.~a!
Minimum resistance at saturation~b! At zero low field, A becomes
magnetized along its length due to a large shape anisotropy, an
dipolar field due to A leads to a ferromagnetic correlation betwe
A and B. Thus, the tunneling resistance between A and B is no
high as it should be if they were uncorrelated or in fields larger th
Hdipole.
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there are no corresponding features inM (H), shown in Fig.
8~b!. However, in this case, there is a difference at low fie
for the current perpendicular and parallel to the applied fie
The effect again does not appear to be due to AMR since
magnitude of the saturation resistance is independent o
relative orientation of the field and current. The local minim
at low field and maximum at zero field may be explained
ferromagnetic and antiferromagnetic correlation develop
in the film as the field is reduced from saturation. The d
ferent zero-field resistances for the field perpendicular
parallel to the current indicate that the remanent magn
structure is different for the two cases. However, in bo
cases the net magnetic moment is zero, as seen in Fig.~b!.
The different magnetic structures between current perp
dicular and parallel to the applied field might be due to
anisotropy in the film, since for the MR measurements,
current direction was fixed and the field was rotated by 9
A very weak uniaxial in-plane anisotropy of;2000 ergs/cc
of Co was measured by torque magnetometery and obse
in SANS for x50.41. This anisotropy forx50.41 could not
be detected by bulk magnetic or MR measurements. Figu
shows the initial MR curves forx50.50 after demagnetizing
the sample for~a! the current perpendicular to the applie
and ~b! the current parallel to the applied field. The initi
MR for both cases~A and A8! is the same. However, th
field dependence is quite different, and consistent with Fig
and the presence of a weak anisotropy.

When the films withx50.46 and 0.50 are cooled in zer
field to 77 K, the MR response is similar to that observed
x50.41. Figure 10 shows the ZFC MR for~a! Co46~SiO2!54
and~b! Co50~SiO2!50. The label A marks the initial resistanc
after the ZFC procedure and the label B marks the maxim
resistance. Note that since there is some coercivity in
films, the maximum resistance is not at zero field, but at
coercive field. Compared tox50.41, the difference in resis

FIG. 8. ~a! MR and~b! M (H) for Co50~SiO2!50, measured at RT
with the current both parallel and perpendicular to the applied fi
Inset: Low field response showing anomalous behavior arounH
50 for MR. There is no corresponding feature inM (H).
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tance of A and B is much larger; forx50.46 and 0.50 it is
approximately 40% of the total MR, as compared to 12%
x50.41. Figure 11 showsM (H) for these two films. The
data were taken in6 50 kOe but plotted for6 1000 Oe to
show the low field behavior. After the ZFC procedure, t
magnetization is zero for both films. Thus, as found forx
50.41, in the ZFC state~at A!, the particles couple ferro
magnetically in finite regions such that the net magnetizat
is zero. However, the coupled regions forx50.46 and 0.50
are much larger than those forx50.41 since the effect is so

.

FIG. 9. Initial MR and MR curve of Co50~SiO2!50, measured at
300 K with ~a! current perpendicular to the applied field and~b!
current parallel to the applied field. The initial resistances for b
cases~A and A8! are the same.

FIG. 10. ZFC MR of~a! Co46~SiO2!54 and~b! Co50~SiO2!50. The
label A marks the initial resistance after the ZFC procedure. As
field is increased, the resistance first increases to a maximum,
then decreases. In the reverse sweep direction~and subsequen
cycles!, the zero field resistance~B! is higher than that at A. The
difference in resistance of A and B is approximately 40% of t
total MR.
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much larger. The particles that are involved in the order
are separated by tunneling resistances since they contr
to a large part of the magnetoresistance, and the resist
was shown to be due to a tunneling or hopping mechan
from the temperature dependence in Fig. 3. From Fig. 8,
40% decrease in resistance of the ZFC state at 77 K imp
that particles that are superparamagnetic at room temper
become ferromagnetically correlated in the ZFC state at
K. We note also that the correlations in the ZFC state
disrupted by large fields, and the magnetic state obtai
after decreasing the field from saturation to the coercivity

FIG. 11. ZFCM (H) of ~a! Co46~SiO2!54 and ~b! Co50~SiO2!50.
For both films,M (0) after the ZFC procedure is zero. There are
features corresponding to those in the MR data.
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different from the ZFC state. In other words, ZFC state i
metastable low, energy state.

Finally, once the film is saturated at 77 K and the fie
swept as in a normal hysteresis loop, the MR}(M /Ms)

2.
The MR ratio is similar to that forx50.38 and 0.41, and the
scaling factors of (M /Ms)2 give polarization values of 0.251
and 0.253 forx50.46 and 0.50, respectively. These are
agreement with the polarization values obtained forx
50.38 and 0.41, as shown in Fig. 4.

In conclusion, we have investigated the transport a
spin-dependent transport of Co-SiO2 granular films just be-
low percolation. For all the films discussed, the resistanc
due to tunneling or hopping conductivity. The magnetores
tance is consistent with a polarization of 0.26 for the ele
trons tunneling across the Co-SiO2 interfaces, independent o
metallic volume fraction and temperature. Ferromagne
correlations among groups of the Co nanoparticles, due
dipolar interactions, are evident in the ZFC state of the C
SiO2 granular films. In the correlated state the net magne
moment is zero. Forx50.41, the correlation is among iso
lated particles of 40 Å diameter. Forx50.46 and 0.50, at
room temperature, there is some ferromagnetic correla
due to dipolar fields from short chains of connected partic
This involves only a small fraction of nearest neighbo
since the change in resistance due to this effect is very sm
In addition, in the ZFC state forx50.46 and 0.50, there is
ferromagnetic correlation involving particles that are sup
paramagnetic at room temperature, similar to the correla
observed forx50.41. The difference between the ZFC res
tance and the maximum resistance is about 40% of the t
MR for these volume fractions, implying that the magne
correlation scale is considerable larger than that observed
x50.41 in which the corresponding MR difference is on
12%.
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