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Size-dependent magnetic properties of NiÕC60 granular films
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Ni/C60 granular films were prepared by magnetron sputtering and thermal evaporation techniques with
different ratios of Ni atoms to C60 molecules. A high-resolution transmission microscopy analysis shows that
Ni nanoparticles are well isolated and embedded in an amorphous C60 matrix. X-ray-diffraction and Raman
spectra indicate lattice expansion of Ni particles and charge transfer from Ni to C60, which provide clear
evidence that strong interfacial interactions exist between Ni particles and the C60 matrix. Measurements of the
surface magneto-optical Kerr effect show that the coercivities (HC) of Ni particles embedded in C60 matrix are
enhanced significantly. The film with an average Ni particle size of 3.3 nm still presents ferromagnetism with
a value ofHC of 45 Oe at room temperature. We suggest that the enhancement ofHC may be attributed to
surface spin disorder of Ni particles induced by the strong interfacial interaction between Ni and C60.
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I. INTRODUCTION

Many researchers have given evidence of interfacial in
actions between C60 and metals, e.g., charge transfer a
surface reconstruction.1,2 The charge transfer from metal t
C60 may provide opportunities to find interesting propert
in metal/C60 nanocomposite materials, since the interfac
atomic and electronic structures are very important to
properties of nanostructured materials.3–5 Based on this con-
sideration, some interesting physical and structural prope
of (Co,Fe,CoFe)/C60,6 Ag/C60 nanocomposite films7 and
(Al,Cu)/C60 multilayer films8 have already been reported.

It is known that the interaction between C60 and Ni is
strong. When C60 was deposited on Ni~110!, reconstruction
of the Ni~110! surface was induced and;2 electrons were
transferred from Ni to C60.9 Therefore, it is reasonable t
expect that the magnetic properties of the Ni nanopartic
embedded in the C60 matrix will be different from that of
Ni/SiO2 nanocomposite or graphite-coated magnetic na
crystalline films which were studied intensively in the pa
years.10–14

Understanding the magnetic properties of nanoparticle
a central issue in magnetic materials.15 In many cases, finite-
size effects dominate the magnetic properties of nano
ticles, and become more important as the particle size
creases because of the competition between surface mag
properties and core magnetic properties.16 For a particle of
radius;4 nm, 50% of atoms lie on the surface. The symm
try breaking at the surface results in a surface anisotropy
other cases, the magnetic properties of nanoparticles
strongly influenced when the surface is in contact with d
ferent media.17 Therefore, surface effects in a nanopartic
are of great important.

In this paper, we report our studies on the preparation
characterization of Ni/C60 granular films with Ni nanopar-
ticles embedded in amorphous C60 matrix. We find that the
coercivity of Ni nanoparticles is enhanced significantly, a
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the critical size for the superparamagnetic transition is ab
3 nm, which is remarkably smaller than that of Ni embedd
in SiO2 or graphite matrix.11,13,14

II. EXPERIMENT

Granular Ni/C60 films were prepared in a magnetron spu
tering system. The base pressure was;2.031025 Pa. High-
purity argon gas~99.999%! was used as the sputtering ga
The Ni target~99.99%! was sputtered with dc magnetro
sputtering at a pressure of 3.0 Pa, and the deposition rate
;0.15 nm/sec. A thermal heating source was used to su
mate C60 powder~99.9%! at a deposition rate of;0.06 nm/
sec. The Ni target and the C60 heating source were separate
from each other. During deposition, a substrate~SiO2 glass,
Si, or NaCl! was placed on a disk and was exposed alter
tively to the two sources controlled by a computer. In ord
to obtain homogeneous Ni/C60 composite films, the holding
time of the substrate under each source was limited so
the deposition thickness in each cycle is less than 1 ML
this way, the two components can blend into each other v
well. Five samples with various nominal ratios of Ni atom
to C60 molecules (NNi :NC60) from 1.5 to 30 were prepared
by adjusting the holding times under Ni and C60 sources.

Films on SiO2 glass substrates with a nominal thickne
of 50 nm were analyzed by x-ray diffractometry~XRD! with
18-kW CuKa radiation. Films with a nominal thickness o
25 nm were also deposited on freshly cleaved NaCl~001!
substrates for JEOL 2010 high-resolution transmission e
tron microscopy~HRTEM! analysis. A Raman spectromete
was used to investigate the metal/C60 interfacial interactions
in films on Si substrates with nominal thickness of 200 n
Magnetic properties of the films on SiO2 substrates were
measured by a surface magneto-optical Kerr eff
~SMOKE! measurement system at room temperature. The
magnetic field was applied in an in-plane direction in a sc
ning range from22 to 2 kOe.
©2002 The American Physical Society13-1



s-

i-
o
no
re
th
d

s
tic

,
m
e

ye
u

-

Ni

a-
laser

de

r

s
par-

re

ZHAO, WANG, WANG, HOU, LIU, AND JIN PHYSICAL REVIEW B65 235413
III. RESULTS AND DISCUSSION

Figure 1~a! shows a typical XRD spectrum of the a
depositedNNi :NC60530 film on glass substrates in a 2u
scanning range of 40°;105°. Because the XRD peak pos
tions and the relative intensities of the samples match th
of polycrystalline Ni powder, we conclude that there is
dominant crystalline orientation for the Ni grains. Therefo
we can calculate the average diameters of Ni grains with
Scherrer relation. The results show that the average size
creases from 6.6 to 2.6 nm as theNNi :NC60 ratio decreases
from 30:1 to 1.5:1~see Table I!. At the same time, the
Ni~111! peak position downshifts from 44.5° to 44.0°@Fig.
1~b!#, indicating that the lattice of the Ni particles expand
and the expansion increases with the decrease of par
size. For example, the identity distance of Ni~111! for a
6.6-nm particle (NNi :NC60530) is 2.036 Å and that for a
2.6-nm particle (NNi :NC6051.5) is 2.056 Å, while the bulk
value is 2.034 Å.

A typical HRTEM image of an as-deposited Ni/C60 granu-
lar film (NNi :NC6056) is shown in Fig. 2. From this figure
we can see that Ni nanoparticles are embedded in an a
phous C60 matrix. The statistical result of the particle siz
obtained by counting over hundreds of particles is displa
in the inset of Fig. 2, which indicates that the size distrib
tion is narrow and the average size is;3.2 nm. This consists
with the XRD result~3.3 nm!. We also estimated from HR

FIG. 1. The spectrums of x-ray diffraction at room temperatu
~a!. The spectrum of the film in whichNNi :NC60530 is in the
scanning range of 40°–105°.~b! Ni ~111! XRD peaks of the films.
The arrows indicate the Ni~111! peak positions.

TABLE I. Structure parameters and coercivity (HC) of the
Ni/C60 films. D is the average size of Ni particles,dNi is the identity
distance of Ni~111!, andHC is the coercivity of Ni particles.

No. NNi :NC60 D ~nm! dNi ~Å! HC ~Oe!

1 1.5:1 2.6 2.056 ;0
2 6:1 3.3 2.052 45
3 12:1 4.3 2.046 47
4 18:1 5.1 2.039 66
5 30:1 6.6 2.036 85
23541
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TEM images that the average interparticle separation of
nanoparticles is 2.5 nm.

Figure 3 shows the Raman spectra of the Ni/C60 films
with NNi :NC60 ratios of 1.5, 6, and 30 respectively. The me
surements were performed at room temperature, and the
power was below 50 mW/cm2 in order to minimize the pos-
sible photopolymerization effect of C60 molecules. The peak
at 1469 cm21 corresponds to the pentagonal pinch mo
@Ag~2! in pristine C60#. The peaks at 1457 cm21 ~NNi :NC60
51.5 and 6! and 1444 cm21 (NNi :NC60530) are the
‘‘soften’’ modes of Ag~2!; they reflect the charge transfe
from Ni to C60. The downshift of the Ag~2! mode in an
NNi :NC60530 film is 25 cm21, and that inNNi :NC6051.5
and 6 films is 12 cm21. According to the calibration of the
6-cm21 downshift of the Ag~2! mode per electron transfer,18

we derived that the charge transferred to each C60 molecule
in an NNi :NC60530 film is ;4 electrons, and that in
NNi :NC6051.5 and 6 films are;2 electrons. These result
suggest that the interfacial interactions between Ni nano

.

FIG. 2. The HRTEM image of the film (NNi :NC6056). The
black lines are guides to the eye for the Ni~111! lattice.

FIG. 3. The Raman spectra of the Ni/C60 films.
3-2
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ticles and the C60 matrix are very strong.
It is interesting to note that the charges transferred fr

Ni to C60 reduce when the Ni nanoparticles become sma
We think this is due to the quantum size effects of Ni nan
particles. The average sizes of Ni particles inNNi :NC60
51.5, 6, and 30 films are 2.6, 3.3 and 6.6 nm, respectiv
~see Table I!. For very small metallic nanoparticles, the e
ergy levels become quantized and the number of total
electrons is limited. In this case, their Fermi levels will b
come lower and lower as more and more electrons are tr
ferred away. When the Fermi level reduces to equal to
lowest unoccupied molecular orbital of the C60 molecules,
charge transfer from Ni to C60 stops. Wanget al.19 studied
the interactions between Ag nanoparticles and C60 molecules,
and concluded that the charge transfer from Ag to C60 only
occur when the Ag clusters are greater than a critical siz~4
nm!, while only weak van der Waals type interactions ex
between Ag and C60 when Ag particles are smaller than
nm. This result supports our discussion for Ni/C60 system.

The measurements of magnetic properties were car
out by using a SMOKE instrument with longitudinal co
figuration, the dc magnetic field being applied is in the
plane direction and parallel to the incident plane of t
He-Ne laser beam. The hysteresis loops measured at r
temperature are given in Fig. 4. The loops indicate that
coercivity (HC) decreases with the decrease of the aver
particle sizes~see Table I!. As the average particle size varie
from 3.3 to 2.6 nm, the loop degenerated into a line andHC
reduced from 45 Oe to undetectable. This indicates that
critical size for the superparamagnetic transition lies in
tween 3.3 and 2.6 nm at room temperature.

It is known that, due to thermal effects, the coercivity
ferromagnetic nanoparticles decreases abruptly with decr
ing particle size~D!,10,20 when the size is less than a critic
size (Dsc) below which the particle will be a single doma
particle. According to Brown’s micromagnetic theory,21,22

the estimatedDsc for a spherical Ni particle is;42 nm.
Block et al. reported that,13 at room temperature, the coe
civity of the graphite-coated Ni nanoparticles decreases f
;40 to;20 Oe with the decrease of the average particle s
from 13.6 to 11.4 nm. However, at room temperature,

FIG. 4. The hysteresis loops measured by SMOKE system
room temperature.
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coercivity of D53.3 nm Ni/C60 film (NNi :NC6056) is 45
Oe ~see Table I!, which is larger than that ofD513.6 nm
Ni/C film. Zhao et al.11 studied Ni/SiO2 granular films, and
found that the blocking temperatures (TB) are 27 K for
3.5-nm Ni nanoparticles and 80 K for 6.1-nm nanoparticl
Considering that the superparamagnetic transition size
creases with the temperature,20 and that theD53.3 nm Ni
particles in the C60 matrix are still in the ferromagnetic stat
(HC545 Oe) for theNNi :NC6056 film, we can simply con-
clude that the transition size of Ni particles in the C60 matrix
is much smaller than that of Ni nanoparticles in the Si2

matrix at room temperature~;300 K!. Based on the above
discussions, we suggest that, for Ni nanoparticles embed
in a C60 matrix, the coercivity is enhanced significantly, or
other words, that the critical size of superparamagnetic tr
sition is much smaller as compared to Ni nanoparticles e
bedded in graphite or SiO2 matrix.

Coupling between magnetic particles often plays an
sential role in determining the magnetic properties of gra
lar systems.23 However, such coupling reduces with increa
ing interparticle separation. Murakamiet al.24 reported that a
separation of 1–2 nm by SiO2 layers remarkably weakene
the exchange interaction of magnetic grains. Hayashiet al.12

also suggested that 2-nm-thick graphitelike carbon lay
could significantly reduce the exchange coupling betwe
cobalt nanocrystals. Furthermore, Zhenget al.6 studied the
magnetic properties of (Co,Fe,CoFe)/C60 granular films.
They suggested that the C60 molecules could limit the grain
growth and reduce the magnetic coupling between the m
grains. According to our HRTEM results~Fig. 2!, Ni nano-
particles distribute in a very narrow size range and are
lated from each other with interparticle separations of;2.5
nm. So we think that the magnetic coupling between
nanoparticles should not be the dominant reason for the
hancement of the coercivities in the Ni/C60 films.

In general, bond lengths at the surface of metal nano
ticles tend to contract as an effect of reduced coordinatio20

Stadniket al.25 reported that the lattice constant for a 5-n
Ni particle embedded in a SiO2 matrix decreases by;2.4%
as compared to the bulk value~2.034 Å!. However, in our
case, instead of lattice contraction, a lattice expansion o
particles was observed~Fig. 1!. Pospescuet al.26 also re-
ported a lattice expansion of 0.2–0.6 % for Cu nanopartic
in Cu/C60 granular films. What makes the metal nanop
ticles embedded in a C60 matrix so different is the strong
charge transfers from metal to C60. As electrons are trans
ferred away from a metal nanoparticle, the coupling betwe
the metal atoms is reduced. This will in turn lead to a latt
expansion. The smaller the nanoparticle the less it can o
to the free electrons. For smaller nanoparticles, the ratio
lost electrons to the total number of electrons is higher th
that of larger nanoparticles. We think this is the domina
reason why the Ni nanoparticles expands more and m
when they become smaller. This kind of lattice expans
may reduce the exchange coupling between Ni atoms, s
tends to disturb the spin orders at the surface of Ni nano
ticle in the Ni/C60 films.

According to Kodama and Berkowitz,16 when surface

at
3-3
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spin disorders are present, the surface anisotropy enha
the coercivities of spinel nanoparticles. When the surfa
anisotropy is uniaxial, with an axis defined by the dipol
moment of the neighboring ions, the easy axis of these i
is approximately radial. If the spins are perfectly aligned~no
surface spin disorder!, the effect of the radially symmetric
surface anisotropy will average to zero. For this ca
Kodama and Berkowitz found that the coercivity was va
ishingly small for the 2.5-nm NiFe2O4 particle. When there
was surface spin disorder, the surface anisotropy no lon
averaged to zero, and resulted in an enhanced coerc
~1800 Oe! for the 2.5-nm NiFe2O4 particle. Moreover, Nunes
et al.27 predicted very nonuniform strains in the surface la
ers of spinel ferrite nanoparticles, with an average expans
of a few percent compared to bulk, in qualitative agreem
with x-ray-diffraction data.28 They suggested that such a
expansion may result in a stress-induced anisotropy field
up to 70 kOe, which could account for some of the anom
lous magnetic behavior of ferrite nanoparticles. Although t
objects they considered are ionic materials~NiFe2O4,
a-Fe2O3 and CoFe2O4!, we think their model can be applied
to our system in principle. The lattice expansion at the
particle surface may also have similar effects of the ‘‘brok
exchange bond,’’16 reducing the exchange integral27 and
leading to surface spin disorder.16 Furthermore, the spins o
the surface nickel atoms may also be perturbed by the
rounding C60 molecules and become more difficult to rever
k
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due to the effect of the interfacial interaction between Ni a
C60. Therefore, we suggest that the coercivities are enhan
by the surface anisotropy because of the spin disorder a
particle surfaces in a Ni/C60 system.

IV. CONCLUSION

In summary, we have studied the size-dependent magn
properties of Ni nanoparticles in Ni/C60 granular films. Ni
nanoparticles as small as 3.3 nm still present ferromagn
properties (HC545 Oe) at room temperature. The mech
nism of the enhancement of coercivities or the reduction
the critical size of superparamagnetic transition is discus
by considering the strong interfacial interaction between
particles and the C60 matrix. The charge transfer and th
lattice expansion may lead to the spin disorder at the surfa
of Ni nanoparticles. Consequently, the surface spin disor
leads to the surface anisotropy and enhances the coerciv
of the Ni nanoparticles in the C60 matrix.
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