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Superparamagnetism in carbon-coated Co particles produced by the Kratschmer carbon arc process
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A process based on the Kratschmer-Huffman carbon arc method of preparing fullerenes has been used
to generate carbon-coated cobalt and cobalt carbide nanocrystallites. Magnetic nanocrystallites are ex-
tracted from the soot with a gradient field technique. For Co/C composites, structural characterization
by x-ray diffraction and high-resolution transmission electron microscopy reveals the presence of a fcc
Co phase, graphite, and a minority Co,C phase. The majority of Co nanocrystals exists as nominally
spherical particles, 0.5~5 nm in radius. Hysteretic and temperature-dependent magnetic response, in
randomly and magnetically aligned powder samples frozen in epoxy reveals fine-particle magnetism asso-
ciated with monodomain Co particles. The magnetization exhibits a unique functional dependence on
H /T, and hysteresis below a blocking temperature, 75 ==160 K. Below Tz, the temperature dependence
of the coercivity is given by H, =H;[1—(T/Ty)"/?], with H,; =450 Oe. )

INTRODUCTION

The breakneck pace at which the field of fullerene’ syn-
thesis and chemistry has been proceeding is in large part
due to the discovery of the Kratschmer carbon arc pro-
cess,” whereby macroscopic amounts of the Cgy, Cyo, and
higher fullerene cage molecules can be produced. This
discovery was followed by the discovery of tubular ful-
lerenes® and multiple-shell fullerenes* as byproducts of
the carbon arc process. Yet another important develop-
ment has been the discovery of techniques for the en-
dohedral doping of fullerenes® produced by the carbon
arc. An exciting adjunct of endohedral fullerene produc-
tion is the formation of carbon-coated metal or metal car-
bide nanocrystallites. The first of this new class of com-
pounds to be reported was the LaC, nanoparticle.®*™7 An
adherent multiple-shell graphitic carbon coating on these
particles has led to them being classified as “giant ful-
lerenes.” Our group has recently described the prepara-
tion of rare-earth carbide nanocrystallites,® as well as a
method for their separation which takes advantage of the
large paramagnetic moments of the rare-earth species.
Here we report on the synthesis and separation of similar
carbon-coated ferromagnetic transition metal and
transition-metal carbide nanocrystallites. Such carbon-
coated magnetic-metal nanocrystallites are of interest for
potential applications in which ferromagnetic iron-oxide
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particles are currently used: ie., in magnetic data
storage, for magnetic toner in xerography, in ferrofiuids,
and as contrast agents in magnetic resonance imaging.
The magnetic particles produced by the carbon arc pro-
cess are predominantly monodomain. The carbon coat-
ing provides an effective oxidation barrier. Here we de-
scribe also measurements on the structure and magnetic
properties of these carbon coated fcc Co nanocrystals as
well as interesting manifestations of fine-particle magne-
tism, including superparamagnetic response. Our data
provide the first link between fullerene-related nanocrys-
tals and the studies of fine-particle magnetism with the
aim of producing materials interesting for magnetic
recording.

EXPERIMENTAL PROCEDURE

In the carbon arc process + in. diameter graphite rods
were first drilled and packed with a mixture of metal ox-
ide powder (in this case Co;0,) and a combination of
graphite powder and graphite cement. We used a 1:1
volume ratio of Co;0, and graphite powder bound to-
gether with a minimal amount of graphite cement. The
rods were then baked overnight at 300°C to drive off wa-
ter vapor and to cure the graphite cement. We estimated
our starting materials had an ~0.04 Co/C molar ratio,
consistent with the La/C molar ratio of Ref. 2. The rods
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were then placed in the upper electrode position in dc
carbon arc,” and a carbon counterelectrode was em-
ployed. The rods were consumed under arc conditions of
100 A and 30 V, along with a helium gas pressure of 125
Torr. In general, in the presence of excess carbon, a met-
al oxide, M, O,, is reduced in the plasma provided by the
arc in accordance with the reaction

M,0,+yC=xM+yCO, (1)

which is favored in the high temperature of the plasma.
The deposited soot is a mixture of graphitic particles,
carbon-coated nanocrystallites, and various fullerenes. It
is of course also possible to synthesize a metal carbide
phase as observed for Gd- and Ho-containing materials.®
Whether or not a carbide is formed depends on the
metal/carbon phase diagram, and cobalt is a poor carbide
former.

The raw soot was first ground to a fine, micrometer-
sized powder with a mortar and pestle. The powder was
then passed through a magnetic-field gradient to separate
magnetic from nonmagnetic species. We recall that a fer-
romagnetic particle with magnetization M experiences a
magnetic force:

Fy=(M-V)H . 2)

The separator consisted of a funnel, an electrically
grounded aluminum tube with a pair of 1 X1X1 in.? neo-
dymium iron boron permanent magnets (M,=1.3 T,
Crucible Materials Corporation) on either side, and a pair
of collection flasks. The grounded metal tube was neces-
sary to prevent electrostatic charging of the powder.

The tube was positioned between the magnets to max-
imize F,,. When small amounts of powder were poured
through the apparatus the magnetic species were
suspended, while the nonmagnetic fraction passed
through. The collection bottles were switched, and the
tube was moved away from the magnets to release the
magnetic powder. Unlike the case for rare-earth car-
bides, where a significant non-magnetic fraction was
separated, ~95% by volume of the Co-containing soot
was magnetic after the first pass. However, as will be
discussed later, only a small fraction of this magnetically
responding powder is ferromagnetic Co. Thus it appears
that the “magnetic” species filtered contains ferromag-
netic Co particles embedded in carbon. Furthermore, the
magnetic “filtrate” contains a mixture of the magnetic
nanocrystallites discussed here, along with small amounts
of endohedral fullerenes. Most of these latter compounds
were removed by extraction in carbon disulfide.’

X-ray diffraction (XRD) of the nanocrystallites with a
Rigaku diffractometer revealed peaks [Fig. 1(a)] sugges-
tive of the presence of the fcc cobalt phase, along with
the predominant graphitic peaks and a broadened peak at
small angles (not shown) characteristic of the fullerenes.
No evidence was found by XRD for the hcp Co phase, or
for metastable cobalt carbides; however, some TEM evi-
dence for a minority Co,C phase is noted. We note that
the fcc as opposed to an hcp cobalt phase is observed in
thin-film microstructures.

The structure and morphology of the magnetic powder
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FIG. 1. (a) X-ray diffraction pattern of the magnetically
separated powder taken with a Rigaku diffractometer using
copper K, and K g radiation fcc Co and hexagonal graphite
peaks are identified. (b) Transmission electron micrograph of a
cobalt nanocrystallite enclosed by several graphitic sheets, tak-
en with a JEOL 400 high-resolution TEM. (c) HRTEM micro-
graph of an individual Co nanocrystallite showing stacking
faults.
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were examined by electron microscopy. Energy dispersive
x-ray fluorescence spectroscopy indicated that the cobalt
was uniformly distributed in the sample. Scanning elec-
tron microscopy revealed submicron-sized nominally
spherical particles. Closer inspection [Fig. 1(b) and 1(c}]
was made with a JEOL 4000, 400 keV, high-resolution
transmission electron microscope (HRTEM). Samples
were prepared by dispersing the powder in methanol with
the aid of ultrasound and then drying a drop of the solu-
tion on an amorphous carbon-coated copper grid. The
0.5-5-nm radius observed is somewhat smaller than pre-
viously observed for Gd,C, nanocrystallites which were
observed to be some 5-25 nm in radius. We observed,
enclosed in amorphous carbon, cobalt nanocrystallites
encapsulated in 5-10 curved graphitic shells [Fig. 1(b)],
along with a small fraction of similarly coated Co,C crys-
tallites, Fullerene-sized carbon clusters were also seen.
Curved, layered graphite structures appeared throughout
the sample, but nodules rather than tubes predominated.
Unlike the observations for similarly produced LaC,
nanocrystallites, *? no voids were observed between the
metal and carbon phases. Many Co particles were ob-
served to be faulted. Our particle sizes are roughly
equivalent to those observed by Bethune ez al.'® but we
did not observe the weblike morphology of carbon nano-
tubes that they have reported.

Magnetization data for the enriched Co nanocrystalhte
powder samples have been obtained employing a quan-
tum design superconducting-quantum-interference-device
magnetometer. Powders containing the nanocrystallites
were immobilized by epoxy. Samples containing random-
ly aligned particles as well as those allowed to align in the
field provided by a pair of FeNdB permanent magnets
were prepared for observation. M (H,T) has been deter-
mined in solenoidal fields between *5 T and for tempera-
tures ranging from 4-300 K.

RESULTS AND DISCUSSION

Figure 2(a) shows magnetization vs field data for Co
nanocrystallites randomly oriented in epoxy at tempera-
tures of 5, 10, 15, 20, 25, 50, 100, and 200 K. Notice the
nonsaturated magnetic behavior which progressively in-
creases at lower temperatures. Figure 2(b) shows the
same M (H) curves plotted against H /T on the horizon-
tal axis resulting in a universal curve. This scaling is con-
sistent with superparamagnetic response, though it is
strictly only a true scaling at low fields for temperatures
above the blocking temperature Tp. Later we will show
that T is ~160 K. The saturation moment of 0.17 emu
{for an ~ 18 mg sample) corresponds to an apparent satu-
ration magnetization of ~ 10 emu/g. From a comparison
with the 0-K saturation magnetization, 0,=162.5 emu/g
(1.435X 10° emu/cm?) for pure fcc Co (Ref. 11) we esti-
mate that our sample contains ~6% by weight of fer-
romagnetic Co. The universal curve of Fig. 2(b) can be fit
to a Langevin function L using the relation

M _ 1
M, L (a)=coth(a) 2 (3

where M;=10 emu/g and ¢ =uH /kT. The effective mo-
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ment g is given by the product M, (V) where M, is the
saturation magnetization and (V') is the average particle
volume. Using data only for temperatures above 160 K,
for which the sample is truly in the superparamagnetic
regime, a least-squares fit to the magnetization data re-
veals 2 moment p=1X10"1% emu or =1.1X10* pp,
which is consistent with ~6000 Co atoms per particle.
Again using the 0-K value of the saturation magnetiza-
tion, 0,= 1435 emu/cm’, we estimate an average particle
volume {¥)=7X10"% cm? corresponding to spherical
particles with radius r=2.5 nm, in excellent agreement
with the TEM observations.

Figure 3(a) shows magnetic hysteresis for the same ran-
domly aligned nanocrystalline Co sample viewed on a
smaller field scale. The sheared and significantly rounded
nature of the M (H) loops at 5 K can be associated with
both the demagnetization factors for nominally spherical
particles (shearing) and significant rotational barriers to
saturation (rounding). Notice that at the higher tempera-
ture of 50 K, the hysteresis is significantly reduced and
the rounding is less significant, but the shearing is the
same. These observations are consistent with thermally
activated rotational processes. Figure 3(b) shows the hys-
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FIG. 2. (a) Magnetization vs applied field at temperatures of
5, 10, 15, 20, 25, 50, 100, and 200 K for nanocrystalline Co/C
particles randomly oriented and immobilized by epoxy. (b)
These magnetization data plotted as a function of H/T.
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teretic response for Co nanocrystallites magnetically
aligned with easy axis parallel to the field. Again some
demagnetization-related shearing is observed in these
loops. M (H) for the aligned material, however, exhibits
significantly reduced rounding, consistent with the reduc-
tion of the rotational barriers to saturation. The loops,
therefore, reflect a simple 180° switching of the magneti-
zation vector in the monodomains (i.e., nearly square
loops). Note that the coercivity H, is the same for the
aligned and unaligned samples at similar temperatures.
Figure 4 shows the variation of the coercivity with
temperature for both the aligned and unaligned samples.
It is apparent from this figure that the coercivity is
strongly temperature dependence but independent of the
magnetic alignment. The inset to Fig. 4 shows that at
low temperatures the coercivity obeys the relation
172
T ] : @

Hc:'Hci 1— T_B

with a zero temperature (intrinsic) coercivity H ;=450
Oe and a blocking temperature T; of ~160 K. The devi-
ation from this temperature dependence at higher tem-
peratures is thought to be due to the spread of the parti-
cle sizes. The value of the coercivity H, at 77 K is ~130
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Oe, consistent with the observation for similarly sized Co
particles. 12 S
In the theory of superparamagnetism, '>!* the blocking
temperature represents the temperature at which the
metastable hysteretic response is lost for a particular ex-
perimental time frame. In other words, below the block-
ing temperature hysteretic response is observed since
thermal activation is not sufficient to allow the immediate
alignment of particle moments with the applied field. For
spherical particles the rotational energy barrier to align-
ment is given by the magnetic anisotropy energy per unit
volume K multiplied by the particle volume V. For hys-
teresis loops taken over ~1 h, the blocking temperature

should roughly satisfy the relationship
_K(»)

B 30k,

(3

The factor of 30 represents In(wy/w), where o is the in-
verse of the experimental time constant (~10™% Hz) and
wg an attempt frequency (~1 GHz). Using the 0-K value
of the magnetic anisotropy for fcc Co (K =—2.7X 105
ergs/cm®), 16 we calculate an average volume
(V)=2.5X10"" cm? corresponding to mean particle
radius r==3.9 nm. This is again in excellent agreement
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FIG. 3. Low-field magnetization curves at 5 and 50 K for Co/C particles (a) randomly oriented and (b) magnetically aligned.
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with both the TEM observations and the Langevin func-
tion fits. In future work we will also report on magnetic
relaxation in the frozen state for T < T'z. This relaxation
is observed to be logarithmic in time, consistent with a
distributed set of activation energy barriers as might be
expected for distributed particle sizes.

This work on Co nanoparticles in some respects paral-
lels recent work on y-Fe,O; particles!”'® for which simi-
lar superparamagnetic response can be observed!® for
similarly sized particles. It is interesting to note that
fine-particle Co with CoO coatings are observed to exhib-
it exchange bias?® due to interfacial interactions between
ferromagnetic Co-metal antiferromagnetic CoO. In these
systems, hysteresis loops are displaced along the field
axis. The absence of such a displacement in our data can
be taken as implying that our Co particles are completely
reduced. Further, the substantial value (~450 Oe) of the
0-K coercivity in carbon-coated Co nanoparticles implies
that current models explaining such large coercivities, in-
cluding: (1) exchange coupling mediated through the ma-
trix and (2) interfacial interactions, should be recon-
sidered in light of these results.

Our model considers only a uniaxial anisotropy K. We
suspect that magnetocrystalline anisotropy is the primary
determinant of the rotational energy barriers. However,
further work is necessary to definitively assess the contri-
bution due to magnetostatic energy in elongated or acicu-
lar particles and magnetostriction in stressed materials,
TEM analysis has thus far indicted monodisperse and
spherical particles for fcc Co[C] but with a significant

TABLE I. Particle size inferred from various magnetic mea-
surements as compared with TEM analysis.

TEM

Langevin Blocking Coercivity
fit temperature  (Ref. 12)  analysis
Particle
radius (nm) 2.5 3.9 1.5-2 0.5-5

100 125 150 175 200 225 250

fraction of stacking faults. The similarity between our
coercivity values and those observed earlier'? and attri-
buted to magnetocrystalline anisotropy suggests that the
same anisotropy mechanism may be also operative in our
particles. The spherically shaped particles would seem to
preclude a large contribution from shape anisotropy.

CONCLUSIONS

The Kratschmer-Huffman carbon arc method of pre-
paring fullerenes has been used to generate carbon-coated
cobalt and cobalt carbide nanocrystallites, which are then
collected using a magnetic separation technique. These
particles contain fcc cobalt as the primary ferromagnetic
species, with a nominally spherical particle morphology
with a 0.5-5-nm radius from TEM. These small mono-
domain particles exhibit superparamagnetic response
with magnetic hysteresis observed only at temperatures
T < Ty where Tp=160 K. Analysis of the magnetic re-
laxation kinetics and from that the determination of the
blocking temperature, as well as Langevin fits to the su-
perparamagnetic response suggest the presence of super-
paramagnetic particles with a mean radius of 3.9 and 2.5 -
nm, respectively, as summarized in Table I. These parti-
cle radii are in excellent agreement with observations
made by TEM, and with prior measurements of fine-
particle magnetism in fcc Co particles.
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