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We have used a microemulsion technique to synthesize metallic cobalt particles in the size range 18 to
44 A diameter. The particles are spherical, not aggregated due to their surfactant coating, and free of
oxide. Magnetic properties such as total moment per particle, blocking temperature, and hysteresis all
show reasonable size dependencies. The effects of small size are seen in: (1) the anisotropy constant in-
creased markedly as particle size decreased, and (2) the total magnetic moment per atom in the Co parti-
cles was enhanced with decreasing particle size by as much as 30% over the bulk value. Magnetization
versus applied field curves indicate the particles are heterogeneous with two magnetic phases, possibly a
core-shell structure. The core phase has a large total moment and the shell phase is superparamagnetic
with an effective moment of 7.5+ 1up for all sizes. We propose that the shell phase is responsible for the

enhanced anisotropy and magnetization.

I. INTRODUCTION

The magnetic properties of bulk ferromagnetic materi-
als have been widely studied and relatively well under-
stood. For particles the extrinsic magnetic properties,
such as hysteresis behavior, superparamagnetism, and
domain structure, have also been well studied and under-
stood. Still lacking, however, are sufficient investigations
of intrinsic magnetic properties, such as magnetization,
anisotropy, and Curie temperature of fine particles, to de-
velop a clear understanding of the bulk to atomic transi-
tion. A major problem in this effort has been to develop
synthetic techniques capable of producing large quanti-
ties of very small and chemically homogeneous particles.

The earliest reported studies on the size dependence of
the saturation magnetization of nanoscale particles in-
volved ensembles of particles. Luborsky and Lawrence'
claimed that the saturation magnetization of ultrafine Fe
particles as small as 15 A in diameter dispersed in mercu-
ry and frozen in liquid nitrogen was almost the same as
that of bulk iron. On the other hand, Tamura? found the
hyperfine field coming from the interfacial Fe atoms in
oxidized Fe particles to be 8% larger than that of bulk
Fe, 1nd1cat1ng a larger moment for Fe surface atoms.
Furubayashi® found that 20 A average diameter Fe parti-
cles, free from oxidation, had a 3% increase in saturation
magnetization. The average hyperfine field of the Fe par-
ticles was also 3% larger than that of bulk, which corro-
borated the magnetic measurement. Any study of nano-
sized particles must insure against surface oxidation,
which is particularly a problem for iron, which can cause
the total magnetization to be smaller.*

Recently there has been a considerable amount of work
involving the properties of single, gas-phase atomic clus-
ters of the transition metals whose magnetic moments
were measured with a Stern-Gerlach appara‘cus.5 ~9 Iron,
cobalt, and nickel all show ~30% enhancements in the
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magnetic moments per atom as the number of atoms per
cluster falls from several hundred to a few tens of atoms.
Rhodium, paramagnetic in the bulk, becomes ferromag-
netic for clusters of 31 atoms or less.® These particles
should be free of interfacial interactions, thus one can
conclude that size can strongly affect the magnetization.
This enhancement has been ascribed to the surface atoms
which become the dominant phase as size declines and
for which the electronic structure has been altered be-
cause of the different symmetry compared to the
bulk. 10—13

In this paper we describe an inversed micelle synthesis
of ultrafine cobalt particles in the size range 18 to 44 A in
diameter. Hysteresis measurements show that their sur-
face is not oxidized and electron microscopy shows that
they are not aggregated. We find the anisotropy constant
of these particles increases dramatically from the bulk
value as size decreases. We also find as much as a 30%
enhancement of the saturation magnetization for our
smallest particles. Magnetization versus field graphs in-
dicate two different magnetic phases for each particle.
One phase has a fairly large moment and behaves fer-
romagnetically below a blocking temperature. The other
phase is roughly superparamagnetic for T>2 K with an
effective moment of 7.5 1uz. We argue that this two-
phase behavior is due to a core-shell structure of the par-
ticles.

II. EXPERIMENTAL METHOD

The inversed micelle technique is an established chemi-
cal method for synthesizing metallic particles.'*!® In this
work, Co particles were synthesized in the binary system
of DDAB/toluene,!® where DDAB(didodecyldimethyl-
ammonium bromide) is a cationic surfactant. Sodium
borohydride, NaBH,, was used to reduce CoCl, to obtain
Co particles. First CoCl,-6H,0O was dissolved in an 11
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wt. % DDAB solution in toluene at concentrations of
0.005 to 0.02 M. The reagent was trapped in the empty
micelles and formed a blue transparent solution. Then a
10 M NaBH, aqueous solution was added with the condi-
tion of [BH; ]:[Co?*]=3:1 and stirred vigorously. In ap-
proximately 2 min the mixture turned from blue to black
and formed a stable colloid. To study the magnetic prop-
erties, the toluene was evaporated completely with Co
particles and DDAB left behind, which formed a powder
sample. Before the reaction, both solvents, water, and to-
luene, were deoxygenated by bubbling with Ar gas. The
whole process was carried out in a glove bag filled with
Ar gas to prevent oxidation of the Co particles.

The magnetic properties were measured with a Quan-
tum Design superconducting quantum interference de-
vice (SQUID) magnetometer. Roughly 100 mg samples
were contained in a gelatin capsule and then placed in the
SQUID. The He gas boil off kept the samples protected
from oxygen.

When we studied the temperature dependence of the
spontaneous magnetization o at low field for zero-field-
cooled samples, we found that the particles were not pure
metallic cobalt when the mole ratio of water to DDAB
was much larger than one. Figure 1 shows the data for
two samples with the same preparation except the water
content. In sample 4 60 ul of 5 M NaBH,, whereas in
sample B 30 ul of 10 M NaBH,, was added to 10 ml of
0.01 M CoCl, solution in DDAB/toluene. Sample A4
shows two peaks in the o vs T plot in Fig. 1, while its
magnetization was just 50% of that of sample B, which
had only one peak in that plot. The two peaks imply two
magnetic phases in sample 4. In nonmicroemulsion sys-
tems we have shown!”!® how water causes the borohy-
dride reduction to create Co,B whereas Co is created in
the absence of water. Thus we interpret the results for
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FIG. 1. Temperature dependence of the spontaneous magne-
tization at H =50 Oe for zero-field-cooled samples A4 and B. In
sample A4 60 ul of 5 M NaBH,, whereas in sample B 30 ul of 10
M NaBH, was added to a 0.01 M CoCl,-6H,0 solution in
DDAB/toluene. The peak at 20 K in both 4 and B is due to
Co, the peak at 60 K in A4 is due to Co,B.
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sample A to imply that both Co and Co,B particles were
produced. On the other hand, in sample B only Co is
produced. There was, of course, water present in sample
B, but at low concentration (one H,O molecule per
DDAB molecule in sample B). The water must be fixed
by the hydrophilic part of the DDAB and unable to par-
ticipate in the Co reduction. We remark that Pileni
et al.’® found the oxidation states of metallic copper par-
ticles changed with the change of water content in the
micelles.

With the above results in mind, we controlled the ratio
of [H,O]:[DDAB] below 1.5 to make pure metallic
cobalt. The particle size was varied by changing the
CoCl, concentration in the DDAB/toluene system from
0.005 to 0.02 M. We have also tried to increase the parti-
cle size by increasing of reaction temperature to 50°C,
but no obvious change was observed.

III. RESULTS

Figure 2 is a transmission electron microscopy (TEM)
picture of the particles and shows that the cobalt parti-
cles are uniformly distributed in the DDAB matrix. This
uniformity and the fact that their average spacing (120 A)
is roughly twice the length of the surfactant molecules
implies that the individual particles are coated with a
monolayer of the surfactant molecules. No aggregation
is observed. The particles are spherical and have a nar-
row size distribution. The average particle diameter
could be varied from 18 to 44 A by varying the CoCl,
concentration from 0.005 to 0.02 M.

The x-ray diffractogram of a powder sample showed
only the (111) peak of fcc cobalt. Since the concentra-
tion of cobalt in the sample is about 0.6 wt. %, the other
weaker peaks were in the noise. Previous work?®?!
showed that fcc, instead of hcp as in the bulk, was the
stable structure of Co particles.

It is well known that Co particles coated with CoO will
exhibit exchange anisotropy due to interfacial interaction
between ferromagnetic Co metal and antiferromagnetic
Co00.%?? In these systems the hysteresis loops will be dis-

FIG. 2. TEM photograph (zf the cobalt particles with an
average particle diameter of 33 A.
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placed along the field axis if they are cooled in a magnetic
field. Figure 3 shows the hysteresis loop of a Co sample
measured at 10 K after the sample was cooled in a field of
10* Oe. The loop is symmetric about zero field. The
center of the loop is just 15 Oe from zero point, com-
pared to a coercivity of 1084 Oe and within the experi-
mental error limit of zero. The symmetry implies that no
CoO was formed on the particle surfaces. The Co parti-
cles were free from oxidation.

Low-field (H =50 Oe) susceptibility Y measurements
are shown in Fig. 4. The diamagnetic susceptibility of
the DDAB was measured and subtracted to obtain these
results. Above the blocking temperature, the inverse sus-
ceptibility is roughly linear with temperature in accord
with the Curie law. At high temperatures, where the sus-
ceptibility is small this linearity breaks down. We believe
this is due to a strongly temperature-dependent satura-
tion magnetization which decreases the particle’s super-
paramagnetic moment, hence increases the slope of y !
vs T, at large temperature. Overall Fig. 4 suggests the
particles are superparamagnetic above the blocking tem-
perature and their effective moment per particle increases
with increasing size.

The Co samples showed a consistent set of magnetic
properties measured by the SQUID magnetometer.
Shown in Fig. 5 are the size dependences of the magnetic
moment per Co particle, magnetic size, blocking temper-
ature, and coercivity. The magnetic moment per particle
was calculated from the susceptibility y in Fig. 4 above
the blocking temperature at low field according to Eq. (1)

(1)

_ o
XT3k, T

where p is the magnetic moment per particle, o is the
saturation magnetization, and kj is Boltzmann’s con-
stant. Using the total saturation magnetization at high
field (see below) and u, we derived the magnetic particle
sizes from the magnetic data, which are shown in Fig.
5(b). The magnetic size is consistent with the TEM size
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FIG. 3. Hysteresis loop at 10 K of a Co sample with an aver-
age diameter of 33 A.
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FIG. 4. Inverse susceptibility versus temperature for various
sized Co particles.

but systematically larger for as yet unexplained reasons.
The blocking temperature was measured when warming
the zero-field-cooled sample in a field of 50 Oe, an exam-
ple of which is given in Fig. 1. It increased as particle
size increased as expected. As the particle size increased,
their coercivity also increased as expected for particles
with size smaller than the single-domain size. All the
properties are consistent with the typical behavior of fine
particles, which implies a series of good samples.

The Co particles showed an enhanced anisotropy con-
stant as they become smaller as shown in Fig. 6. The an-
isotropy constant K was determined from the blocking
temperature and particle volume as??

K=30k;T/V . 2)

The volume ¥ was calculated from the TEM size. All the
values of K were above that of bulk fcc Co (2.7 X 108
erg/cm3).2»2* As the particle size decreased, the anisot-
ropy constant increased. There are several possible
reasons for the enhancement. One is that CoO exists on
the surface, but as we showed above, there was no oxida-
tion layer. Another possible source of increased anisotro-
py is shape anisotropy. But the TEM shows our particles
to be fairly spherical. Therefore the most reasonable ex-
planation is surface anisotropy. As we know, there is a
large fraction of Co atoms on the surface for nanometer-
sized particles. These atoms can have a large anisotro-
py,?> which in turn causes the total anisotropy energy to
be enhanced. Finally, stress anisotropy may have some
contribution to the total value, but we have no means to
estimate its effect.

Magnetization o versus applied field H is shown in Fig.
7 and versus H /T in Fig. 8 for d =33 A particles. These
curves are typical for all sizes. We interpret these curves
to be the result of two different magnetic phases. Phase 1
saturates by H ~10 kOe to the value of ~30 emu/total
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gram of Co. It is ferromagnetic below the blocking tem-
peratures of Fig. 5(d) and has a large effective moment as
indicated in Fig. 5(a). Phase 2 is roughly paramagnetic as
indicated by Fig. 8 and its magnetization adds to phase 1
to yield the curves in Fig. 7.

An important issue is where these two phases are phys-
ically located. Phase 1 is associated with the large mag-
netic moments and the blocking temperatures and hence
is part of the particles. Comparison of the relative mag-
netizations at high field and low temperature indicates
that phase 2 is the majority phase. X-ray fluorescence
measurements indicate that there is no Co in the matrix
between the particles, thus phase 2 must be associated
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FIG. 6. Anisotropy constant of Co particles as a function of
particle size.
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with the particles as well. We conclude that each particle
is heterogeneous with both phases present. How are
these phases configured? Both the high-temperature
behavior, where the magnetization due to phase 2 is
small, and extrapolation of ¢ at large H down to H =0
indicate saturation magnetization values for phase 1 of 12
to 30 emu/total gram of cobalt, and these values increase
roughly with particle size as shown in Fig. 9. This
behavior is consistent with a core-shell model in which
the core is phase 1 and the shell is phase 2 with a con-
stant thickness. If phase 1 has o, =166 emu/g, the bulk
value, then the shell would have a thickness of ~7 A for
all particles sizes.

160 B
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Magnetization (emu/g)

H(kOe)

FIG. 7. Magnetization as a function of applied field at
diﬂ‘ereont temperatures for Co particles with an average diameter
of 33 A.
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FIG. 8. Magnetization as a function of applied field divided
by temperature for Co particles with an average diameter of 33
A.

The implication that chemically homogeneous metallic
particles are magnetically heterogeneous with a core-shell
structure is similar to the recent conclusions of others.
Billas, Chatelain, and de Heer® interpreted their magnetic
data for gas-phase clusters for Fe, Co, and Ni to imply
that the inner atoms had bulk magnetic moments, but
atoms near the surface did not. Mulder e? al.?® claimed
for Pt clusters that the inner core displayed “metallic”
character like that of the bulk whereas the surface did
not. A generalization of core-shell structure for metallic
particles is not unreasonable given the breaking of sym-
metry at the surface.

Phase 2 shows universal behavior of o vs H/T for
T>10 K to imply paramagnetism. For T'<10 K the
curves do not overlap well but are much closer than when
plotted versus H. The moment implied by this Curie law
behavior is 7.5+1up. This value is either too big or too
small depending on one’s point of view. It is too big to be
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FIG. 9. Saturation magnetization of phase 1 as a function of
particle diameter.
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FIG. 10. Magnetization at 2 K as a function of 1/H for eight
different samples.

single cobalt atoms (1.7up when ferromagnetic, 3.13u,
for T>T,) or ions (3up for Co*?). It is too small when
one considers that phase 2 is a larger fraction of the
cobalt than phase 1 and the effective superparamagnetic
moment of phase 1 is on the order of 10° [Fig. 5(a)]. If
the atomic moments in phase 2 acted coherently as a su-
perparamagnetic, then the moment of phase 2 should be
greater than the moment of phase 1, which it is not.
Thus at this time we were unable to explain the moment
of 7.5ug.

The high-field behavior of the Co particles is also seen
in Fig. 7. The particles are not saturated at 2 K and 5.5
T. Shown in Fig. 10 are the magnetic data for eight Co
samples at 2 K with 1/H as the abscissa axis. The satura-
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FIG. 11. Saturation magnetization of Co particles at T =2 K
(bulk o, =166 emu/g).
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tion magnetizations obtained from the extrapolation of
Fig. 10 as 1/H —0 are shown in Fig. 11. As the particle
size decreases, the saturation magnetization increases.
All the saturation values are above the value of the bulk
fcc Co material [166 emu/g (Ref. 27) or 175 emu/g (Ref.
28)]. A
The enhanced saturation magnetization implies an
enhanced magnetic moment per atom qualitatively con-
sistent with results obtained for free Co clusters and Fe
and Ni clusters in general.’™’ Our particles range in
average diameter from 18 to 44 A. Assuming the same
density of cobalt atoms as in the bulk, these sizes corre-
spond to N =280 to 4000 atoms per particle. The latest
gas-phase cluster results for Co indicate an enhancement
does not begin until N <400.° For N =280 the enhance-
ment is ~10%. Thus the enhancements are qualitatively
similar but do not match quantitatively. Our particles
are coated with surfactant which must interact with them
in some manner since the TEM, Fig. 2, shows them still
coated with the surfactant. The gas-phase clusters have a
free surface. This difference may be the cause of the mag-
netic difference. At this time we cannot determine what
effect this surfactant layer might have on the magnetic
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properties. Further experiments are needed to clarify
this possible effect.

IV. CONCLUSIONS

Microemulsion synthesis of nanoscale Co particles has
been shown to yield reasonably monodisperse, spherical,
unaggregated and unoxidized particles. The magnetic
anisotropy and saturation magnetization are size depen-
dent and both increase above bulk values as the particle
size decreases. Magnetization versus applied field curves
indicate two magnetic phases associated with each parti-
cle possibly in a core-shell morphology. The nature of
the core is probably similar to the bulk. The shell phase,
has an effective moment which is too large to be associat-
ed with single atoms but much too small to represent the
whole phase. It is reasonable to propose that the
enhanced anisotropy and magnetization are due to this
shell phase whose fraction increases with size decrease.
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FIG. 2. TEM photograph of the cobalt particles with an
average particle diameter of 33 A.



