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Spin-dependent transport of Co-SiQ granular films approaching percolation
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Spin-dependent transport in 8i0,), , granular films was investigated just below percolatigalume
fraction x=0.38, 0.41, 0.46, and 0.R0Co0-SiG, is an ideal system for investigating magnetic nanopatrticle
properties since the Co-Sjanterfaces 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 thg Co-SiO
interface, independent of metallic volume fraction and temperature. Ferromagnetic correlations among the Co
nanoparticles are evident in the zero-field-cool@&C) state of Co-Si@ granular films. Forx=0.41, the
correlation is among isolated particles of 40 A diameter. ¥e10.46 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 forx=0.46 and 0.50, there are ferromagnetic correlations involving particles that are superparamag-
netic at room temperature, similar to the correlation observea$a0.41 at 77 K.

Granular films, in which magnetic nanoparticles are dis-bution and are sphericélFor the system discussed in this
persed in a nonmagnetic matrix, are a very active currenpaper, Co nanoparticles in a Si@atrix, there is no evi-
research topic because their magnetic and magnetotranspolence of intermixing since the saturation magnetization is
properties suggest some potentially attractive technologicaionsistent with the amount of Co deposited. Further evidence
applications. These applications include high coercivity filmsfor clean interfaces is the fact that the inferred spin polariza-
for information storagé,high permeability, high resistivity tion is temperature independent. Finally, the insulating ma-
films for shielding and bit writing at high frequenciégnd  trix makes it highly improbable that exchange interactions
giant magnetoresistan¢&MR) for read heads and magnetic may be significant. These features make the Co,;Si@tem
sensors. These films also provide convenient systems inwell-suited for examining Co nanoparticle systems. We have
which to study the basic properties of magnetic nanoparinvestigated the magnetoresistand®R) response in
ticles. There are two general types of magnetic granula€o-SiO, granular films as the metallic volume fraction is
films—those in which the nonmagnetic matrix is metallic, andincreased just below percolation. In this regime, there are
those in which the matrix is an insulator. The differencesstrong dipolar interactions that lead to ferromagnetic corre-
between these two types of systems are substantial. lations in the films; these strongly influence the zero-field-

With a metallic matrix, the nanoparticles and matrix arecooled(ZFC) MR.
generally chosen to be immiscible, and the nanoparticles de- C0(SiO;);—x granular films(5000 A were cosputtered
velop by nucleation and growth by homogeneous and heterdrom separate Cedc) and SiQ (rf) targets onto thermally
geneous modes. The resulting distributions of the nanopaexidized S{100 substrates mounted above on a rotating
ticles’ sizes and shapes are generally rather broad. Furthet@ble. Films for in-line four-probe electrical transport mea-
more, even though the nanoparticles and matrix may be imsurements were deposited through shadow masks onto the
miscible at equilibrium, there is usually significant mutual substrates. The base pressure we&x 10~ ' Torr. Deposi-
solubility when they are prepared by sputtering, depositiontion was at room temperature in 2 mTorr Ar. The volume
or melt spinning. This introduces difficulties in defining the fractionx and total film thickness were determined from cali-
compositions and boundaries of the nanoparticles and therated deposition rates. Four compositiors;0.38, 0.41,
matrix, which makes analysis of the properties uncertain. Fi0.46, and 0.50, will be discussed. The films were structurally
nally, both dipolar and exchange interactions may be presemtharacterized with x-ray diffractiotXRD) and transmission
when the matrix is metallic, such as Ruderman-Kittel-electron microscopyTEM). As deposited, all the films con-
Kasuya-YosiddRKKY) or exchange via a weakly ferromag- sist of predominantly hcp Co particles that are randomly dis-
netic (FM) matrix, which complicates the analysis of inter- tributed in an insulating Si©matrix. As noted above and
action issues. discussed below, Co-Sids an ideal system from a struc-

These problems are largely avoided with an insulatingural standpoint since the Co-SiOnterfaces are of high
matrix when the tandem deposition methé@used, as in the quality, and there is no evidence of intermixing.
present case. With tandem deposition the metal and insulator Figure 1 shows a cross-sectional TEM micrograph of a
are deposited from separate targets onto substrates mountgnular film withx=0.42, as deposited. The darkest con-
on a table rotating above the targets. For metallic volumdrast corresponds to the Co particles, and the lighter speckled
fractions <0.5, the nanoparticles have a narrow size distri-contrast corresponds to the amorphous ,SiChe particles
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FIG. 1. Cross-sectional TEM micrograph of S&i0O,)ss as 04F .0° 3
deposited. The darkest contrast corresponds to the Co particles 1
(~40 A in diametey, and the lighter speckled contrast corresponds F ZFC (c)
to the amorphous SiO 03¢ x =0.46 E
are about 40 A in diameter. The average particle volume was :
also obtained from the zero-field-coolédFC) and field- 0'20 50 100 150 200 250 300 350
cooled (FC) dc magnetic susceptibility, measured at 20 Oe Temperature (K)

using a SQUID magnetometer. As seen in Fig&) and _ ]

2(b), for x=0.38 and 0.41, the ZFC and FC bifurcation tem- G- 2. The zero-field-cooledFC) and field-cooledFC) dc

peratures were 65 and 140 K, respectively. As Showr{'nagnetlc susceptlblllty, meqsured at 20 Oe using a SQUID magne-

in the insets, above the bifurcation temperature, thd®Meter for granular films witifa) x=0.38, (b) x=0.41, and(c) x

susceptibility followed a Curie-Weiss behavior, i.e.y1/ - 2:46: The insets show the inverse susceptibility; the slopes in the
5 . . superparamagnetic regime give particle diameters of 35 and 40 A

=(3kg/XMZV)(T—6), Wherey is Fhe average particle yol— for x=0.38 and 0.41, respectively.

ume. The slope of ¥ vs T in this regime gave particle

diameters of 35 and 40 A for=0.38 and 0.41, respectively, will be further away and hence the tunnel resistance is larger.

using the bulk value foMg, which are in good agreement From this model the ratio of the particle separation to the

with TEM observations. For=0.46 and 0.50, the bifurca- particle diameter, i.es/d, can be directly obtained froffy,.

tion temperatures are above room temperature, indicatings shown in Fig. 8b), the dependence af/d on x is in

that there are some stable particles at room temperature. Figuantitative agreement of the data with sc packing of the Co

ure 2c) shows the ZFC and FC data for=0.46. From particles. However, TEM gives/d ratios closer to those for

cross-sectional micrographs far~0.50 and plan-view mi- fcc packing. This discrepancy may be accounted for by the

crographs of monolayers and discontinuous multilaydts, fact that the resistivity measurements are sensitive to the

appears that the increased particle sizexfe0.46 and 0.50 smallest values oé/d. While the ratio of the average values

result from the joining of several Co nanoparticles40 A of sandd, i.e.,(s)/(d), may be a constant, the particles may

diameter, into short, randomly oriented chains. have regions where the separation is smallest.

As shown in Fig. 8a), the resistivityp(T) of the Co-SiQ For FMl/insulator/FM2 spin-dependent tunnel junctions
granular films varies aggexp{(To/T)¥%, where T, de- (SDTJ'9, where FM1 and FM2 are ferromagnetic films,
creases with increasing This temperature dependence wasSlonczewski showed that the conductance is proportional to
predicted by a model in which charge transport proceeds viaosé where 6 is the angle between the directions of magne-
thermally activated and/or bias assisted tunneling proc&ssetization of the two FM's’ Extending the theory to granular
for a system with a distribution of particle sizes and separafilms, Inoue and Maekawi showed that the MR of granular
tions. The energy barrier is the Coulomb charging en&igy films, as defined by[p(H)—p(0)]/p(0), is given by
required in creating a pair of charged particles, which is necP?(M/Mg)? where P is the polarization of the tunneling
essary for conduction. The two main assumptions in theelectrons’ Figure 4 shows the MR andM/Mg)? with a
model are(1) electrons tunnel between particles of approxi-scaling factor for Cey(SiO,)g, at (a) room temperaturéRT),
mately the same size an@) a uniform composition which and(b) 77 K. The scaling factor giveB=0.25 and 0.26 at
implies thats/d is a constant, whers is the separation be- RT and 77 K, respectively. The same valuePfvas ob-
tween particles of diametat. Assumption(1) results from tained for all the films discussed here. The theoretical
the fact that an electron cannot tunnel to a smaller particlgolarizatior of Co is 0.33, and experimental value is 0:45.
since the charging energy is larger, whereas a larger particldowever,P is a function of both the FM and barrier mate-



PRB 62 SPIN-DEPENDENT TRANSPORT OF Co-SjO. . 14 275
Temperature (K) = :
100 250 " 111 635 400 278 5 133k
i~ ] £ ;
g 10°L 6
£ = ...t
£10°} £ 132}
= @
> K%
s 10 8
@ 10° —y =0.182 * e7(34.50x) 600k
& —y=0.122 * e7(23.37x) Q100
I —y =0.086 * eA(13.52x) ° F
10 L 1 1 ! f "6 200F
010 020 030 040 050 0.60 o ;
T2 (K-nz) g ]2
£ -200F 3
T J T ® data o 4005 1
. —&-simple cubic w VL ]
olst o fec 21000 500 0 500 1000
o A5E — ] Field (Oe)
w E
0.10} : FIG. 5. (a) ZFC resistivity of CQ,(Si0,)s¢ at 77 K. The label A
] denotes the initial resistance after the ZFC procedure. As the field is
0.05F . increased, the resistance first increases reaching a maximum before
* decreasing in the normal way. In the reverse sweep dire¢tind
0.00 A : L ; ] 7 i is hi
0°40 047 044 048 048 050 subsequent cyclasth_e zero field resistand®) is r_u_gher than that
Volume fraction x at A. (b) Corresponding ZFGSA(H) a_t 77 K. The |n|t|aI_Z_F_C|\/I (H)
after the ZFC proceduré&ero field is zero, and the initiaM (H)
FIG. 3. (@ Temperature dependence of resistivity of curve is the same ad(H) from Hgayrationto O.

Co,(Si0,),_4 granular films forx=0.41, 0.46, and 0.50. The lines

are fits to the functiop = p, exp{(To/T)3. (b) The ratio of particle
separation to particle diametes/@l) obtained from fits ofp(T)
compared tes/d calculated for particles on a lattice.

Forx=0.41, in which the particles are all superparamag-
netic above 140 K, the ZFC MR at 77 K is consistent with
ferromagnetic correlation of isolated particles. The film was

cooled to 77 K in zero field, and the resistance was measured
rials, which is not accounted for in the theoretical prediction.py increasing the in-plane magnetic field up to 20 kOe, then
In addition, there might be polarization losses due to impersweeping to—20 kOe. Figure &) shows the MR in+1000
fect metal/insulating interface or due to spin-flip scatteringOe. The label A marks the initial resistance after the ZFC
off impurities in the SiQ matrix. However, for SDTJ's im- procedure. Note that if the particles’ magnetizations were
perfect interfaces usually lead to a strong decrease in the MBncorrelated, the resistance at A would be the maximum,
with increasing temperaturé,which is not seen for these which isnotthe case. As the field is increased, the resistance
Co-SiO, granular films. first increases to a maximum, and then decreases. In the re-

verse sweep directioand subsequent cycleshe zero field

o T — aplp : resistance(B) is higher than tha@ at A. No correspon(_jing_
3 0 : features are seen in the magnetization curves shown in Fig.
e (@ —.6.17(0MM )* | 5(b). The magnetization after the ZFC procedure is zero, and
g\_°,’2' RT — the initial magnetization curve is the same Mg¢H) from
o F H cawrationto 0. Both curves are plotted in Fig(lB but they
= 4f are indistinguishable.
3 The data suggest that in the ZFC st@tA), a fraction of
e the particles couple ferromagnetically in finite regions with
OF T =k orientation distributions such that the net magnetization is
- ®) . 0 \ zero, i.e., to reduce the Zeeman energy. The spin-dependent
~2F -6.78 (MIM)) tunneling in ferromagnetically coupled regions gives a low
<t 77K resistance. As the field is increased, the ferromagnetic corre-
% 4b lations among the moments of particles within each coupled
region are disrupted as particles’” moments align along their
3 randomly oriented anisotropy axes or towards the field direc-
-6 " R . tion. Initially, this produces more randomness in the magne-

-10000 0 10000 20000

Field (Oe)

-20000 tization directions of the particles, yielding a maximum in

resistance. Then the resistance decreases with increasing

FIG. 4. MR defined afR(H) —R(0)]/R(0) and M/M )2 with field as the particle moments align with the field. In the re-
a scaling factor for Cg(SiO,)s, at (a) RT, and(b) 77. The scaling  verse field from saturation, the zero field resistaBg is
factors give spin polarization values of 0.25 and 0.26 at RT and 7higher than A, which implies that the magnetically correlated
K, respectively. state is disrupted by the applied magnetic field. However,
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= E Minimum resistance at saturatigh) At zero low field, A becomes
05t magnetized along its length due to a large shape anisotropy, and the
. _ mE dipolar field due to A leads to a ferromagnetic correlation between
1.0 ’ ) -1000 0 1000 A and B. Thus, the tunneling resistance between A and B is not as
-10000 -5000 0 5000 10000 high as it should be if they were uncorrelated or in fields larger than
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FIG. 6. (8 MR and(b) M(H) for Cos(Si0,)s4, measured at RT Lo . .
with the current both parallel and perpendicular to the applied fieldMagnetic interactions was also proposed to explain the mag-
Inset: Low field response showing anomalous behavior arstind Netic domains seen in metallic CoFe-AgCu metallic compos-

=0 for MR. There is no corresponding featureNt(H). ite films*> However, in that case, a combination of a
weakly ferromagnetic matrix, an unknown distribution of
there is evidence of some interactions in this remanent statparticles and a uniaxial anisotropy perpendicular to the film
suggested by the almost flat MR response withifi7O Oe.  plane, led to stripe or bubble domains in that system. This is
These results were independent of the relative orientation ajuite different from the Co-Si©films in which the only
the field and current, which, together with the high tunnelinginteractions, as described above, are dipolar interactions, and
resistance, eliminate anisotropic magnetoresistéAMR)'>  the moments are primarily in the plane. Thus, we propose an
as the origin of the observed behavior. The magnetic order ialternate explanation of our result.
the ZFC state was investigated with small angle neutron scat- A plausible mechanism to explain the low-field MR data
tering (SANS), and an antiferromagnetic periodicity of 1100 for x=0.46 is illustrated in Fig. 7. The feature is that short
A was found for magnetically correlated regidhsn this  chains consisting of few particles, as observed in TEM mi-
sample. crographs, are responsible for the effect. The presence of
Forx=0.46 and 0.50, the MR exhibits an anomalous be-these chains is consistent with the bifurcation temperature of
havior in low magnetic fields at RT, similar to that observedthe ZFC and FC susceptibility appearing above 350 K. The
in CoFe-AgCu metallic composite films. However, the train- current through the film will choose the path of lowest resis-
ing effect observed these metallic films is not observedance, which implies that the current will always flow along
here!* Figure a) shows the MR at RT fox=0.46 mea- the length of the chains and out of the ends into the closest
sured with the current perpendicular and parallel to the apparticles. Therefore, a current path such as illustrated in Fig.
plied field. The most striking feature in the MR curves is the7 will influence the resistance. In a large applied field, the
local minimum atH = 0. There are no corresponding featuresmagnetization of all the particle—C) is saturated in the
in M(H), plotted in Fig. 6b). Since the MR data are the field direction, as illustrated in Fig.(&, which is a low
same for current perpendicular and parallel to the appliedesistance state. As the field is reduced, the magnetization of
field, even at the maximum field of 20 kOe, the feature is notach particle rotates along its easy axis due to their indi-
due to AMR. Furthermore, the sample exhibits a resistivityvidual anisotropy, so the resistance increases. For particles B
compatible with tunneling0.62 Q2 cm), whereas AMR is on and C, the anisotropy is magnetocrystalline, whereas for A it
the order of metallic resistivity (I® Q cm). The MR at 300 is due to shape. As the chain A becomes magnetized along
K for x=0.46 bears some similarity to the MR at 77 K for its length, as illustrated in Fig.(), the dipolar fields at the
x=0.41 in that the zero-field resistance is not a maximumends increase, and at some point, the dipolar field from A
Thus, it is possible that the low field effect far=0.46 is  influencing particle B is stronger than the applied field. In
also due to ferromagnetic interactions. Thus, as the field igero applied field, the dipolar field 4,0, due to particle A
reduced to zero, particles separated by a tunneling resistangeluces a ferromagnetic correlation between A and B. Thus,
couple ferromagnetically in finite regions such that the nethe tunneling resistance between A and B is not as high as it
magnetization is zero. In general, magnetic interactions areould be if they were uncorrelated. The interaction between
expected to increase with increasing volume fraction sincé\ and B at room temperature is most likely short ranged and
the particle sizes are larger and the separation is smalleaffects only a small number of particles since the effect is
Thus, it is not surprising that we should see features due temall. Most of the tunneling in the film may still be between
magnetic interactions at higher temperaturexer0.46 than  superparamagnetic particles such as particle C.
for 0.41. Zero-field-cooled experiments to investigate this For x=0.50, as shown in Fig.(8), the low field MR
hypothesis are discussed below. An explanation based orsponse is more complicated. As wit=0.41 and 0.46,
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FIG. 9. Initial MR and MR curve of Cg(SiO,)s, measured at
FIG. 8. (8) MR and(b) M (H) for Cosy(SiO)s, measured at RT 300 K with (&) current perpendicular to the applied field aid
with the current both parallel and perpendicular to the applied fieldcurrent parallel to the applied field. The initial resistances for both
Inset: Low field response showing anomalous behavior ardiind cases(A and A') are the same.
=0 for MR. There is no corresponding featureNn(H).
tance of A and B is much larger; for=0.46 and 0.50 it is
approximately 40% of the total MR, as compared to 12% for

there are no corresponding featuresviiH), shown in Fig. X=0.41. Figure 11 show&(H) for these two films. The
8(b). However, in this case, there is a difference at low fieldsdata were taken in= 50 kOe but plotted for- 1000 Oe to
for the current perpendicular and parallel to the applied fieldShow the low field behavior. After the ZFC procedure, the
The effect again does not appear to be due to AMR since th@agnetization is zero for both films. ThUS, as found Xor
magnitude of the saturation resistance is independent of the 0-41, in the ZFC statéat A), the particles couple ferro-
relative orientation of the field and current. The local minimamagnetically in finite regions such that the net magnetization
at low field and maximum at zero field may be explained byiS zero. However, the coupled regions for0.46 and 0.50
ferromagnetic and antiferromagnetic correlation developingi'e much larger than those fer=0.41 since the effect is so
in the film as the field is reduced from saturation. The dif-
ferent zero-field resistances for the field perpendicular and
parallel to the current indicate that the remanent magnetic
structure is different for the two cases. However, in both
cases the net magnetic moment is zero, as seen in p. 8
The different magnetic structures between current perpen-
dicular and parallel to the applied field might be due to an
anisotropy in the film, since for the MR measurements, the
current direction was fixed and the field was rotated by 90°.
A very weak uniaxial in-plane anisotropy ef2000 ergs/cc
of Co was measured by torque magnetometery and observed
in SANS forx=0.41. This anisotropy fox=0.41 could not
be detected by bulk magnetic or MR measurements. Figure 9
shows the initial MR curves fax=0.50 after demagnetizing
the sample for@) the current perpendicular to the applied
and (b) the current parallel to the applied field. The initial
MR for both casegA and A’) is the same. However, the
field dependence is quite different, and consistent with Fig. 8 e . :
and the presence of a weak anisotropy. -10000  -5000 _ 0 5000 10000
When the films withx=0.46 and 0.50 are cooled in zero Field (Oe)
field to 77 K the MR response is similar to that obs_erved for rG.10 zFCc MR of(@) Co,g(SiOs)ss and (b) Cogy(SiO,)ge The
x=0.41. Figure 10 shows the ZFC MR @) Co46(SiO)s4  |abel A marks the initial resistance after the ZFC procedure. As the

and(b) Coso(SiO,)so- The label A marks the initial resistance field is increased, the resistance first increases to a maximum, and
after the ZFC procedure and the label B marks the maximunthen decreases. In the reverse sweep directiond subsequent

resistance. Note that since there is some coercivity in theycley, the zero field resistand®) is higher than that at A. The
films, the maximum resistance is not at zero field, but at thelifference in resistance of A and B is approximately 40% of the
coercive field. Compared t0=0.41, the difference in resis- total MR.

Resistivity (Ohm-cm) Resistivity (Ohm-cm)
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: NS A B B different from the ZFC state. In other words, ZFC state is a
g 400F (@) ] metastable low, energy state.
5 : 3 Finally, once the film is saturated at 77 K and the field
3 : X = 0.46 3 swept as in a normal hysteresis loop, the ®RI/M)?.
E 0; p The MR ratio is similar to that for=0.38 and 0.41, and the
OE, : 3 scaling factors of {1/Mg) 2 give polarization values of 0.251
= -400F and 0.253 forx=0.46 and 0.50, respectively. These are in
= ¢ 3 agreement with the polarization values obtained for
Attt =0.38 and 0.41, as shown in Fig. 4.
’8‘ 400; (b) o 1 _In conclusion, we have inves?igated the_ transport and
- R ] spin-dependent transport of Co-Si@ranular films just be-
a X = 0.50 / ; low percolation. For all the films discussed, the resistance is
i:’, 0F - ] due to tunneling or hopping conductivity. The magnetoresis-
g : /;‘ tance is consistent with a polarization of 0.26 for the elec-
~_-400 trons tunneling across the Co-Sildterfaces, independent of
= i 2o ] metallic volume fraction and temperature. Ferromagnetic
-800" AP R N I correlations among groups of the Co nanopatrticles, due to
-1000 -500 500 1000 dipolar interactions, are evident in the ZFC state of the Co-

—
Field (Ce) SiO, granular films. In the correlated state the net magnetic
FIG. 11. ZFCM(H) of (8) Cos(SiOyss and (b) Cosg(SiOys, ~ MOMeNt is zero. For=0.41, the correlation is among iso-

For both films,M (0) after the ZFC procedure is zero. There are nolated particles of 40 A diameter. For=0.46 and 0.50, at_
features corresponding to those in the MR data. room temperature, there is some ferromagnetlc correlation

due to dipolar fields from short chains of connected particles.
much larger. The particles that are involved in the orderingThis involves only a small fraction of nearest neighbors,
are separated by tunneling resistances since they contribuséince the change in resistance due to this effect is very small.
to a large part of the magnetoresistance, and the resistante addition, in the ZFC state fox=0.46 and 0.50, there is
was shown to be due to a tunneling or hopping mechanisrferromagnetic correlation involving particles that are super-
from the temperature dependence in Fig. 3. From Fig. 8, thparamagnetic at room temperature, similar to the correlation
40% decrease in resistance of the ZFC state at 77 K impliesbserved fox=0.41. The difference between the ZFC resis-
that particles that are superparamagnetic at room temperatut&nce and the maximum resistance is about 40% of the total
become ferromagnetically correlated in the ZFC state at 7MR for these volume fractions, implying that the magnetic
K. We note also that the correlations in the ZFC state are&orrelation scale is considerable larger than that observed for
disrupted by large fields, and the magnetic state obtaine’=0.41 in which the corresponding MR difference is only
after decreasing the field from saturation to the coercivity is12%.
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