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The basic magnetic properties of Co–C60 and Fe–C60 nanocrystalline magnetic thin films and the
temperature effects on these properties have been investigated. Experimental results show that the
Co–C60 films possess an in-plane magnetic anisotropy, but such an anisotropy is not found in the
Fe–C60 films. At room temperature, the magnetic coercivity decreases with increasing C60

concentration in the Co–C60 films while it increases with increasing C60 concentration in the
Fe–C60 film. Strong temperature-dependent remanence and saturation magnetization are found in
both the Co–C60 and Fe–C60 films with high C60 concentration due to the nanosize grain effects.
The effects of temperature on the coercivity of the Co–C60 and Fe–C60 films are different and
determined by the intrinsic magnetocrystalline anisotropy energy of Co and Fe, respectively.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1886271g

I. INTRODUCTION

Because of their advanced properties, nanomagnetic ma-
terials have had great impacts in the high-density magnetic
storage media,1 advanced soft magnetic materials,2 and im-
proved magnetocaloric materials.3 Since such advanced
properties stem from the nanosize grain structures, nanomag-
netic materials can be developed by manipulating the grain
structure on the nanoscale by using various schemes. Adding
fullerenes, such as C60, to magnetic materials has, shown to
be a promising method to engineer the nanostructures of the
materials in our previous studies4,5 in which nanocrystalline
metal-C60 magnetic thin films were made by thermal codepo-
sition of ferromagnetic metalssCo, Fe, and CoFed and
fullerenessC60d. Unique microstructures and promising mag-
netic properties have been observed in these films. Both are
thought to be due to the formation of columnar nanosize
grain structures with C60 dispersed on the grain boundaries.
Mass spectroanalysis and Raman scattering both show that
the C60 molecules are stable in the films and interact strongly
with the metallic matrix. X-ray diffraction patterns and trans-
mission electron microscopysTEMd analysis indicate that
the crystal structures of the metallic grains are not altered by
the addition of C60, which means that the Co grains in the
Co–C60 film are hexagonal closed packedshcpd and the Fe
grains in the Fe–C60 film are body centered cubicsbccd. A
self-assembly grain growth mechanism has been proposed to
explain the formation of the columnar grain structures in
these films. Estimated grain sizes based on this mechanism
agree with the experimental measurement and give a rela-
tionship between the grain size and the C60 concentration in
these films. Kinetics grain growth study shows that these
nanocrystalline metal-C60 films have higher thermal stability

than the pure metal films.5 All these microstructual results
indicate that C60 has a dual function of forming and stabiliz-
ing the nanosize grains of the metal-C60 films. The grain
structures versus C60 concentration relationship provide a
practical guideline to modify the microstructures of these
films. These preliminary findings indicate that these metal-
C60 nanocrystalline thin films would have potential applica-
tions in many areas, such as high-density magnetic storage1

and advanced soft magnetic material.2 As a continuous study
of the previous work, the basic magnetic properties of the
nanocrystalline Co–C60 and Fe–C60 magnetic thin films and
the temperature effects on these magnetic properties are in-
vestigated and reported in this article, providing the first
hand magnetic characterization of the films.

II. EXPERIMENTAL PROCEDURE

A. In-plane magnetic properties at room temperature

The magnetic property measurements were performed in
a Lakeshore6 vibrating-sample magnetometersVSMd in Na-
tional Institute of Standards and TechnologysNISTd. The
sample was vibrated at a frequency of 30 Hz in a magnetic
field generated by two coaxial coils in theX direction, and
the induction current was detected by two pairs of pickup
coils located in theX and Y directions shown in Fig. 1. In
addition to being capable of measuring a conventional hys-
teresis loop, the customized VSM at NIST was also able to
measure the in-plane magnetic anisotropy. The in-plane mag-
netic anisotropy measurement was accomplished by first
placing the sample horizontally, parallel to the applied field,
as shown in Fig. 1. The sample was then rotated by a step-
ping motor with a set angular interval. The saturation rema-
nent magnetizationsMrd was thereby measured at multiple
angular positionssud as the sample was sequentially rotated
360°. A Mr vs u relationship was thus obtained and used to
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characterize the in-plane magnetic anisotropy of the film.
Co–C60 and Fe–C60 films were chosen for study because Co
and Fe are the two most important ferromagnetic elements.
The Co–C60 and Fe–C60 thin films with different concentra-
tions of C60 molecules were fabricated by thermal vapor
codeposition under ultrahigh vacuums,10−5 Pad. High-
purity s.99.999%, mass fractiond Co and Fe metallic
sources and C60 powder with purity of 99.95% were simul-
taneously evaporated from alumina-coated tungsten crucibles
and condensed onto amorphous silicon-nitride-coated silicon
wafers. Pure metallic Co and Fe films were also made at the
same time under the same deposition conditions for compari-
son. All the films had a nominal thickness of 100 nm. The
concentrations of carbon in the as-deposited thin films were
measured by wavelength dispersive spectroscopysWDSd,
and the resultant metal and carbon atomic fractions were
converted to the ratio of the number of metallic atoms to the
number of C60 molecules, expressed by the formulaMxC60.
The grain sizes in the as-deposited Co–C60 and Fe–C60 films
with different C60 concentrations were measured from plan
view and cross-sectional TEM images in a JEOL 2000 trans-
mission electron microscope. The TEM images were taken
randomly for each sample and more than 300 grains were
counted. The nominal diameterD, defined as the diameter of
a circle with area equal to the measured grain areaS, i.e.,
D=Î4S/p, was used to describe the size of the grains in this
study. The area of each grain was measured from the plan
view TEM images usingNIH IMAGE software. The arithmetic
average of the nominal diameterD was used as the grain size
of a film in this study. The VSM samples were cut from the
substrate with dimensions of about 434 mm2. The sample
was mounted on the flat end of the sample holder and aligned
parallel to the magnetic field. All the samples were tested for
in-plane anisotropy first with the method described above.
For the samples having in-plane anisotropy, a major hyster-
esis loop was measured in the positions at which both the
maximum and minimum saturation magnetizations were
found.

B. Magnetic properties at low temperatures

The magnetic properties of the materials are temperature
dependent. Due to their nanograin structures and nanoscale
magnetic domains, the magnetic properties of nanomagnetic
materials are even more sensitive to temperature. Informa-
tion about the magnetic structure and interaction in the nano-

crystalline C60-Metal films can be extracted from the study
of the temperature effects on the magnetic properties in these
films. To do this, the major magnetic hysteresis loops at low
temperaturess4, 5, 50, 100, 150, 200, 250, and 298 Kd were
measured in a superconducting quantum interference device
sSQUIDd magnetometer using liquid helium as the coolant.
The samples were of dimension of about 434 mm2 and
mounted to the sample holder with the thin-film surface par-
allel to the magnetic field.

III. RESULTS AND DISCUSSIONS

A. In-plane magnetic anisotropy

In-plane magnetic anisotropy was found in the high C60

concentrated Co–C60 magnetic films. The remanent magne-
tization Mrsud at different u positions using the procedure
delineated in Sec. II was measured. Each measuredMrsud
value was normalized to the average value ofMrsud, and at
the ratio ofMrsud /Mr saveraged is plotted againstu in Fig. 2.
Periodic variation ofMr is obviously seen in the Co162C60

and Co50C60 films which have a high concentration of C60

molecules. Theu position having the highestMr value indi-
cates the direction of easy magnetization, while theu posi-
tion with the lowestMr value points out the hard magnetiza-
tion direction. It is interesting that the highest and lowest of
Mr values are found at positions about 90° apart, implying a

FIG. 1. Sample setup for in-plane anisotropy measurement by VSM.

FIG. 2. In-plane magnetic anisotropy in the Co–C60 films at 298 K:sad Mr

vs u and sbd M vs H hysteresis loops at different angular positions.
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uniaxial anisotropy. The magnetic hysteresis loops of these
samples were measured at two positions: one withH aligned
along the easy magnetization axis and the other with the field
along the hard axis. The different shapes of these two loops
are as expected with square and elongated loops along the
easy and hard directions, respectively. However, the in-plane
magnetic anisotropy was not found in the Fe–C60 films as
the remanent magnetization was hardly positionsangled de-
pendent in the rotational remanence measurement for various
Fe–C60 films shown in Fig. 3. As no in-plane preferred crys-
tallographic orientation was originally expected in these
films using the current deposition methods and substrates,
the most likely cause of the observed anisotropy is magne-
tostriction in the film due to a residual uniaxial stress result-
ing from the combination of thermal stress created in the film
deposition process as well as the presence of the large C60

molecules embedded in the film. During deposition, the tem-
perature of the substrate can be much higher than room tem-
perature due to the radiation from the heated source crucibles
and the heat from the metal vapors. As only one part of the
substrate was exposed to the window at a time, the tempera-
ture of the substrate might not be uniform, thereby giving
rise to a uniaxial stress when the substrate and film cooled to
room temperature after deposition. The addition of the C60

molecules intensifies the stress in the film as it increases the
mismatch of thermal-expansion coefficients of the film and
the substrate. The higher the C60 concentration, the higher
the stress, and the higher the anisotropy. Our suspect that the
magnetic anisotropy in the Co–C60 films but not in the
Fe–C60 films was induced by magnetostriction is consistent
with the fact that Fe has a much smaller magnetostriction
coefficientsls s−7310−6d than Cos−30310−6d.7 As the an-
isotropy constantKs induced by stressssd is equal to
3/2lss, a smallerls results in a smaller magnetostriction
effect for the same stress level.

B. Magnetic coercivity at room temperature

The magnetic coercivity can be obtained from the hys-
teresis loop measurement. It is found that the coercivity of
the Co–C60 films decreases with increasing C60 concentra-
tion, as shown in Fig. 4. Although our previously published
grain growth mechanism and TEM images indicated that the
C60 molecules were located at the Co grain boundaries, the

coercivity data would seem to indicate that the C60 molecules
do not retard very much the motion of domain walls in the
material. Although it is not clear whether or not the domain-
wall movement is the principal factor controlling the coer-
civity in these Co–C60 films, comparison of the domain-wall
width to the size of the C60 molecule is helpful in clarifying
the issue. The width of a 180° domain wall can be calculated
as follows:8

d = pSA

K
D1/2

= pSkTc

aK
D1/2

, s1d

whereA is the exchange energy parametersor exchange stiff-
nessd, K is the magnetocrystalline anisotropy constant,k is
Boltzmann’s constants1.38310−23 J/Kd, TC is the Curie
temperature, anda is the lattice spacing.

The domain-wall thicknessesd for Co and Fe are calcu-
lated and listed in Table I.

The domain-wall widths for Co and Fe are both much
larger than the size of a single C60 molecules1 nmd, the size
of a small cluster of C60 moleculess2–5 nmd, and the grain
sizess3–10 nmd in these thin films. According to the com-
mon knowledge,8 a domain wall is not expected to interact
very strongly with an inclusion, second phase, or crystallo-
graphic defect that is either much narrower or much wider
than itself. Therefore, it is reasonable to conclude that the
nanoscale dispersion of C60 molecules would not have strong
effects on pinning domain movement in Co.

Contrary to the behavior of the Co–C60 films, the mag-
netic coercivity of the Fe–C60 films increases with increas-
ing C60 concentrationsFig. 5d. For illustration, the hysteresis
loops for pure Fe and Fe149C60 are plotted in Figs. 6 and 7,
respectively. For the pure Fe sample, a very square hysteresis
loop sMr /Ms=0.92d was observed. Single-crystal Fe has

FIG. 3. Normalized in-plane remanence measurements for the Fe–C60

samples at 298 K showing no in-plane magnetic anisotropy in these films.

FIG. 4. In-plane coercivity in the Co–C60 films vs concentration of C60

molecules at 298 K.

TABLE I. Magnetic properties and domain-wall thicknesses of Co and Fe.

Parameters Co Fe

a snmd 0.25 0.286
Tc sKd sRef. 9d 1394 1043
K sJ/m3d sRef. 9d 4.13105 4.23104

A sJ/md 7.69310−11 5.03310−11

sA/Kd1/2 snmd 13.7 34.6
Domain walld snmd 43.0 108.7
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three different magnetocrystalline anisotropy axes:f100g,
f110g, andf111g.9 The easy axis is thef100g direction with a
saturation field of about 5.6 kA/m f70 Oe, i.e.,
70/4pskA/mdg. The saturation fields for thef111g andf110g
directions are about 35.8 kA/mf450 Oe, i.e., 450/4p
skA/mdg and 43.8 kA/mf550 Oe, i.e., 550/4pskA/mdg, re-
spectively. Since a random grain structure is observed in the
pure iron sample, a lowMr /Ms ratio would be expected, as
the magnetization vector in those grains withf111g andf110g
axes along the applied field direction will rotate back to the
f100g direction after the external field is removed. However,
it is also found that the grain size of this sample is about
15 nm which is less than the ferromagnetic exchange length
Lex=sA/Kd1/2=34.6 nm in Fesrefer to Table Id. According to
the modified random anisotropysRAd model proposed by
Herzer,10 the effective anisotropy constantkKl is the value
averaged over all the grains within the range of the exchange
distance.kKl=K /ÎN=KsD /Lexd3/2 when the grain diameter
D is smaller than the exchange lengthLex. In the pure Fe
film, the grains are also likely to be small and continuous so
that ferromagnetic exchange interactions extend past the
grain boundaries. Therefore, this film’s anisotropy constant
would be reduced toKsD /Lexd3/2=0.285K. Since the satura-
tion fields along the hard axesf111g andf110g directions are
the fields required to overcome the magnetocrystalline aniso-
tropy, the reduction in the magnetocrystalline anisotropy
constant should correspondingly result in a reduction in the

saturation field by the same factor. This would reduce the
saturation fields to 10.2 kA/mf128 Oe, i.e., 128/4p
skA/mdg and 12.5 kA/mf157 Oe, i.e., 157/4pskA/mdg in
the f111g and f110g directions, respectively.

Despite the fact that the predictedMs value for the pure
Fe film matches the experimental resultssFig. 6d, it is appar-
ent that the RA model does not apply to the Fe–C60 films
because the strong ferromagnetic exchange interaction be-
tween Fe grains is prevented by the isolation effect of the
dispersed C60 molecules between them based on the micro-
structual observation and the following reasoning. For these

FIG. 7. Magnetization vs field measurements at 298 K for an Fe147C60 thin-
film sample.

FIG. 8. Calculated superparamagnetic relaxation time for isolated columnar
Fe grains with different grain sizes at the indicated temperatures where the
height of the columnar grain has been taken to besad 100 nm andsbd 50 nm.
Only room-temperature data are shown for Co.

FIG. 5. In-plane coercivity in the Fe–C60 films vs concentration of C60

molecules at 298 K.

FIG. 6. Magnetization vs field measurements at 298 K for a pure Fe thin-
film sample.
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films, a low Mr /Ms ratio and high saturation field are mea-
sured. The grain sizes in the Fe147C60 and Fe83C60 films are
about 8 and 5 nm, respectively. These are much smaller than
the grain size in the pure Fe film and the exchange length of
Fe. If the RA model was valid in this system, the saturation
field of these two C60-containing samples should be less than
that of the pure Fe film of 10.2 kA/mf128 Oe, i.e.,
128/4pskA/mdg. Instead, in the Fe83C60 film sFig. 9d, the
saturation field is about 39.8 kA/mf500 Oe, i.e.,
500/4pskA/mdg, a value very close to the saturation field of
single-crystal iron in thef111g direction.

C. Superparamagnetism and effects of temperature
on the magnetic properties

In Sec. III B, it was shown that the strong magnetic ex-
change among the nanosize grains was prevented by the iso-
lation effects of the dispersed C60, resulting in the invalidity
of the RA model in this nanocrystalline magnetic films.
However, if the nanosize grains are completely isolated and
form single magnetic domains in each individual grain, su-
perparamagnetism would take place. In that casesi.e., that of
a single domain particle with uniaxial anisotropyd, the mag-
netic energy can be expressed as11

E = KV sin2 u, s2d

whereK is the magnetic anisotropy energy constant,V is the
volume of the particle, andu is the angle between the mag-
netization direction and an easy direction of magnetization.
Equations2d shows that there are two energy minima atu
=0° andu=180° which are separated by an energy barrier of
magnitudeKV. For very small particles the energy barrier
may be comparable to or smaller than the thermal energy,
even at temperatures below room temperature. This results in
the relaxation of magnetic spin directions in the superpara-
magnetic statesi.e., spontaneous fluctuations of the magneti-
zation direction between theu=0° andu=180° statesd. The
superparamagnetic relaxation timet is given by the follow-
ing:

t = t0 expSKV

kT
D = t0 expS K

kT

pD2h

4
D , s3d

wheret0 is a constant of the order of 10−10–10−13 s, k is the
Boltzman’s constant, andT is the temperature in kelvin. In
the following calculations, we will use the intermediate value
of 10−11 s for t0.

Based on Eq.s3d, the relaxation time for the Fe–C60

films can be calculated under the assumption that the
cylinder-shaped grains have a diameter ofD and a height of
h under different temperature conditions. The results are
shown in Fig. 8 withh equal to either the thickness of the
film s100 nmd or half the thickness of the films50 nmd. It is
clearly seen that at room temperature the relaxation time for
Fe with grain size around 5 nm is less than 1 s at both thick-
nesses, strongly suggesting the presence of superparamag-
netic behavior and the loss of ferromagnetismsno rema-
nenced. However, since remanence and hysteresis behavior is
still observed in this film, it is unlikely that all the grains in
these films are completely isolated and form single domains.

The above calculation also shows the significant impact of
temperature on materials with a low magnetocrystalline con-
stantsKd, such as Fe, when they have nanoscale grains. Co-
balt, on the other hand, has aK about ten times larger than
that for Fe and is therefore not likely to develop superpara-
magnetic behavior under these same conditions. The ideal
superparamagnetic relaxation time was calculated assuming
completely isolated single domain entities. The observed de-
viation from the ideal model in the experimental nanocrys-
talline films implies an interaction of neighboring grains and
the formation of large domains in these films. For grains
seach possessing the critical size for being a single magnetic
domaind in an assembly, such as a continuous film, the relax-
ation time provides a measure of the grain-grain magnetic
interaction. Since the relaxation time is strongly temperature
dependent, an investigation of the temperature dependence
of M will give insight to the understanding of these nano-
crystalline materials.

Figure 9sad shows the major loops of the Fe83C60 film
measured by SQUID at different temperatures with the mag-
netic fieldH parallel to the film plane. The low-field region

FIG. 9. Major M vs H hysteresis loops for the Fe83C60 thin-film sample
measured at the indicated temperaturessad in the complete field range of
measurements andsbd magnified plot in the low-field region.
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is magnified and plotted in Fig. 9sbd. Both the magnetization
remanenceMr and saturationMs are found to change
strongly with temperature. The same tendency is found in the
Fe147C60 film sFig. 10d but not in the pure Fe samplesFig.
11d. In order to compare the temperature effects of different
samples, the valuessMr ,Msd at temperatureT are normalized
to their values at room temperatures298 Kd. Two parameters
RmrsTd=MrsTd /Mrs298d andRmssTd=MssTd /Mss298d are in-
troduced to describe these effects. The relationships ofRrm vs
T andRsm vs T are plotted in Fig. 12. The temperature effect
is clearly seen and closely related to the C60 concentration in
the films. Rrm has a nearly linear relationship toT with an
increasing slope as the C60 concentration increased. The lin-
ear fits of the data gave the functionsRrm=s1.26/8.5d
310−4 T and Rrm=s1.17–5.5d310−4 T for the Fe83C60 and
Fe147C60 samples, respectively. These fits show that about
26% and 17% of theMr, respectively, vanished in these two
materials when the temperature was raised from 5 K to room
temperature. These are notable changes when compared to
the nearly constants1% changed Mr of the pure Fe sample
over the same temperature range. Simultaneously, the satu-
ration magnetization increased by only 6% and 5%, respec-
tively, in the Fe83C60 and the Fe147C60 films and by less than
1% in the pure Fe film. Conventionally, the difference be-
tweenMs and Mr accounts for the reversible magnetization
due to the rotation of magnetization vectors whose easy axes
are not aligned in the applied field direction. Since Fe has a

Curie temperature of 1043 K,Mr andMs are not expected to
be sensitive functions ofT at temperatures below room tem-
perature in bulk materials with large grains. The strong tem-
perature dependence observed in the Fe–C60 films is there-
fore attributed to the nanometer grain-size effect in the
samples. With average grain sizes of 5 and 8 nm in the
Fe83C60 and the Fe147C60 films, respectively, superparamag-
netism is calculatedsFig. 8d to occur even at room tempera-
ture. Since the grains are not ideally separated, ferromag-
netism still dominates the overall behavior. However,

FIG. 10. MajorM vs H hysteresis loops for the Fe147C60 thin-film sample
measured at the indicated temperaturessad in the complete field range of
measurements andsbd magnified plot in the low-field region.

FIG. 11. MajorM vs H hysteresis loops for the pure Fe thin-film sample
measured at the indicated temperaturessad in the complete field range of
measurements andsbd magnified plot in the low-field region.

FIG. 12. Normalized saturation and remanent magnetization vs temperature
data for the Fe–C60 films showing strong temperature effects in the films
with high concentrations of C60 molecules.
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because the grain sizes have a statistical distribution and the
grains are isolated by C60 on the grain boundaries, formation
of magnetic domains with sizes below the critical size for
superparamagnetism is possible. These small domains can be
within one grain or encompass a cluster of grains, and the
chance of forming them is greater in these materials with
smaller grain size. This is the reason for the larger reduction
of remanence in the Fe83C60 sample with temperature than in
the other samples which are more dilute in C60. Ms is con-
sidered to be an intrinsic property of the ferromagnetic ma-
terial. Therefore, it is not surprising to find it to be nearly a
constant with temperature for the pure Fe sample. The in-
crease inMs at low temperatures in the Fe–C60 films may be
attributed to the large grain-boundary volume where atoms
have different spacings. However, the increase inMs on de-
creasingT from 298 to 5 K is less than that forMr. This
result is consistent with the existence of superparamagnetism
explanation because the measurement ofMs occurs in the
presence of an external applied field which is sufficiently
large to prevent the random fluctuation of spins away from
that direction by thermal excitation, thereby subduing the
superparamagnetic relaxation phenomenon.

Similar results were observed in the high C60 molecule
concentration Co–C60 samples. Figure 13 shows the hyster-
esis loops measured for the Co50C60 sample at different tem-
peratures. The relationships ofRrm vs T and Rsm vs T are
plotted in Fig. 14. The temperature effects are clearly seen
and closely related to the concentration of the C60 molecules.
Due to the very high C60 concentrations55 atomic fraction of
carbond in this sample, the grain size in this film is about
4 nm and the film has a honeycomblike structure with the
core Co grains surrounded by the C60 molecules. Although
Co has a high magnetocrystalline anisotropy constantK, it is
still possible that grains with 4-nm size may possess super-
paramagnetic behavior at room temperature. In the calcula-
tions presented in Fig. 8, it was assumed that all the grains
have a height equal to either the thicknesss100 nmd or half
the thicknesss50 nmd of the film. However, the heights of
the grains also have a statistical distribution in size just as
does the grain diameter. Therefore, it is helpful to look into
how grain height can change the superparamagnetic relax-

ation time for grains with a diameter of 4 nmsthe average
grain size of Co50C60d and 11 nmsthe average grain size of
Co162C60d. The calculated results are shown in Fig. 15. For
the grains with the diameter of 4 nm, the relaxation time is
less than 1 h when the grain height is shorter than 25 nm,
i.e., a quarter of the film thickness. For any reasonable dis-
tribution function, there should be a fraction of grains with
height within this range. For the grains with the diameter of
11 nm, the grain height has to be below 3 nm in order to
show superparamagnetic behavior below 298 K. One can ex-
pect that the number of grains with height below 3 nm would
be very low. Based on this analysis, it is reasonable thatMr

and Ms of the Co50C60 film with grain size of 40 Å should
have a much stronger temperature dependence than the other
Co films with large grain sizes. The comparison of the ex-
perimental results among these films is shown in Fig. 16 and
the results are consistent with the superparamagnetic
relaxation-time calculations.

A normalized factorRHc
=HcsTd /Hcs298d is introduced

to compare the temperature effects on the magnetic coerciv-
ity sHcd. Figure 16 shows theRHc

vs T curves for different
samples. Here, it is found that the Co–C60 films have stron-
ger temperature dependencies than the Fe–C60 films. In the
Co–C60 films, the higher the C60 concentration, the stronger
the effect.Hc increases with decreasing temperature except

FIG. 13. MajorM vs H hysteresis loops for the Co50C60 thin-film sample
measured at the indicated temperatures showing the variation ofMr andMs

with temperature.

FIG. 14. Normalized saturation and remanent magnetization vs temperature
data for the Co–C60 films showing strong temperature effects in the films
with high concentrations of C60 molecules.

FIG. 15. Calculated superparamagnetic relaxation time vs grain height at
room temperature for the columnar Co grains with the diameters of 4 and
11 nm.
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between 4 and 50 K for the Co162C60 sample. The Co162C60

measurements at 4 and 50 K were repeated with similar re-
sults, so the decrease inHc for decreasingT from 50 to 4 K
in this sample is considered to be a real effect. Compared to
the Co–C60 films, both the pure Co and Fe films have a
lower but nearly linearHc increment with decreasing tem-
perature. In the Fe–C60 films, the temperature effects are
weaker than in the pure Fe and the pure Co films. The dif-
ferent responses of the coercivity to the temperature in the
Co–C60 films and the Fe–C60 films lead us to consider other
origins of coercivity in addition to the grain-size effects, such
as variations in the magnetocrystalline anisotropy energies.
Figure 17 shows the magnetocrystalline anisotropy constant
sKd of Co and Fe at different temperatures.12,13 For Co, K
increases about 100% from room temperature to −196 °C
s80 Kd while K for Fe is nearly constant. The fact that Co
has a stronger temperature-dependent anisotropy constant
than Fe explains the different behaviors of the coercivity in
these two systems. An increase ofK will boost the coercivity
no matter whether the coercivity derives from domain nucle-
ation, movement, or rotation effects. In the case of the do-
main nucleation and movement, increasingK will decrease
the domain-wall widthdf=sA/Kd1/2g, resulting in the pinning
effects by smaller inclusions and defects. In the domain ro-
tation case, the enhancement ofK increases the energy
needed to change the magnetization moment direction. That
the difference in theT dependence of the coercivities in the
Fe–C60 and Co–C60 samples due to variations inK is con-
sistent with the observedT dependence of the saturation field
in these systems. Close examination of the hysteresis loops
in the Fe–C60 samples shows that the saturation fields are
almost the same for all temperatures, while the saturation
moments are different. In contrast, the saturation field in-
creases with decreasing temperature in the Co–C60 films. All
these are related to the change in the anisotropy energy with
temperature.

It is therefore concluded that the temperature effects on
Mr and Ms are attributed to the nanosize grains while the
effects onHc stem from the magnetocrystalline anisotropy
energy variations in these metal-C60 nanostructured magnetic
thin films.

IV. CONCLUSIONS

The basic magnetic properties of the Co–C60 and
Fe–C60 nanocrystalline magnetic thin films and the tempera-
ture effects on these properties have been investigated. The
experimental results show that the Co–C60 films have in-
plane magnetic anisotropy and that the anisotropy increases
with increasing C60 concentration. On the contrary, the
Fe–C60 films do not show in-plane magnetic anisotropy. The
difference in the anisotropy behavior between the Co–C60

and Fe–C60 films is likely due to the high magnetostriction
coefficient of Co and the low coefficient of Fe. At room
temperature, the magnetic coercivity decreases with increas-
ing C60 concentration in the Co–C60 films while it increases
with increasing C60 concentration in the Fe–C60 film. The
temperature-dependent relationship of the magnetization re-
manence in the Co–C60 and Fe–C60 films increases strongly
with increasing C60 concentration. The remanence increases
sharply in high C60 concentration films due to the large su-
perparamagnetic effects from the nanosize grains in these
films. Temperature has a strong effect on the coercivity of the
Co–C60 films and a weak effect on the coercivity of the
Fe–C60 films. This effect is consistent with the temperature
effect on the intrinsic magnetocrystalline anisotropy energy
of Co and Fe.
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FIG. 16. Normalized coercivity vs temperature relationships for the samples
investigated here showing strong temperature effects on the coercivity of the
Co–C60 films and weak effects on the coercivity of the Fe–C60 films.

FIG. 17. Magnetocrystalline anisotropy constantsKd at various temperatures
for sad Co andsbd Fe metalsssee Refs. 12 and 13d.
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