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Surface effects on the magnetic properties of ultrafine cobalt particles
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Monodispersed nanoparticles of cobalt have been prepared by an original method using the decomposition
under hydrogen of an organometallic precursor in the presence of a stabilizing polymer. Two colloids~Coll-I
and Coll-II! have been obtained by changing the organometallic concentration in the polymer. Observation by
high-resolution transmission electronic microscopy~HRTEM! showed Co particles well isolated and regularly
dispersed in the polymer with a very narrow size distribution centered around 1.5 nm~Coll-I! and 2 nm
~Coll-II ! diameter. These particles are superparamagnetic above the blocking temperature 9 K~Coll-I! and 13.5
K ~Coll-II !. The particle size deduced from the analyses of the magnetic susceptibilities and magnetization
curves are consistent with those measured by HRTEM. Magnetization at 5 K seems to saturate in fields up to
5 T leading to an enhanced mean magnetic moment per atom for both samples, where^mCo&51.9460.05mB

for the smallest particles. High-field magnetization measurements, up to 35 T, increases nearly linearly with the
applied field. This is equivalent to an increase of the mean magnetic moment with^mCo&52.160.1 mB at 35
T for the smallest particles. The effective magnetic anisotropies are found to be larger than that of the bulk
materials and decrease with increasing particle size. This set of data allows us to conclude that the enhanced
magnetization, its increase with applied magnetic field, and the enhanced effective magnetic anisotropy are
associated with the large influence of the surface atoms and are more significant with decreasing size.
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I. INTRODUCTION

The physical properties of nanoscale metal particles
presently the object of intensive research.1 These species, a
the border between the solid and molecular state, disp
novel properties resulting from surface or quantum s
effects.1,2 For example several measurements on free clus
evidence enhanced magnetic moment per atom for clus
of the 3d metal,3,4 or the appearance of ferromagnetism f
ultrasmall clusters of 4d metals.5 Even if these results ar
consistent with theoretical calculations,6,7 further character-
izations of the particles will be needed in order to underst
completely these phenomena. These characterizations
particularly necessary for studies on crystalline structu
magnetization processes, magnetic anisotropy, Curie t
perature, superparamagnetism, quantum relaxation of
magnetization, etc. changes with cluster size. These stu
can only be carried out on well isolated and supported p
ticles with magnetic properties closed to those obtained
free clusters.

Several methods have been used to synthesize m
nanoclusters that include evaporation of metal atoms, mi
emulsion in an inert atmosphere, sonification, reduction
CoCl2, reduction in inverse micelles, electrochemical ge
570163-1829/98/57~5!/2925~11!/$15.00
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eration in the presence of surfactants and nanostructured
films obtained by low-energy cluster beam deposition8,9

Crystalline polynuclear coodination complexes10,11 are ideal,
since in this case exactly identical clusters are positio
periodically in a lattice. For instance, a monocrystal of
Mn12 compound allowed the unambiguous identification
the macroscopic quantum relaxation of the magnetiza
phenomena.12 Unfortunately, well-defined coordination clus
ters have less than a few tens of atoms. Furthermore,
ligand shell will induce a perturbation of their magnet
properties.10

In order to investigate the possibility of obtaining sma
nanoclusters with a very narrow size distribution and witho
chemical bonding at the surface, we looked for an orga
metallic approach to the synthesis of metal nanoclust
Thus, we have recently demonstrated that the decompos
of organometallic precursors in the presence of a reactive
~H2 or CO! could reproducibly lead to nonagglomerate
metal particles displaying in some cases very narrow s
distributions.13,14

The present work describes the properties of nanos
metallic cobalt particle synthesized by the decomposition
the new organometallic precursor Co~h3-C8H13!~h

4-C8H12)
~Ref. 15! in the presence of a stabilizing polymer. A prelim
2925 © 1998 The American Physical Society
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2926 57M. RESPAUDet al.
nary account of the synthesis and properties of some of th
clusters has been published.14 Their size, morphology, and
crystalline structure have been explored by high-resolu
trasmission electron microscopy~HRTEM!, wide angle x-ray
scattering~WAXS!, and magnetic measurements. Thus,
show the size modification of the size of the particles, wh
contains ca. 150 and 310 atoms, as a function of initial c
centrations. Magnetic measurements evidence enhance
fective magnetic anisotropy and enhanced magnetizat
compared to bulk values, and the absence of saturation in
magnetization even at 35 T, these features depending
cluster size. These results will be discussed in terms of
high surface-volume ratio, which has an influence on
magnetic moment per Co atom, on the effective magn
anisotropy and on the magnetization process.

II. EXPERIMENTAL METHODS

The cobalt particles have been synthesized by the dec
position of the organometallic precursor Co~h3-C8H13!~h

4-
C8H12) ~Ref. 15! in the presence of a stabilizing polymer.14

The reaction of a THF~TetraHydroFurane! solution of
Co~h3-C8H13!~h

4-C8H12) ~Ref. 15! with dihydrogen was car-
ried out at 60 °C in a Fisher-Porter bottle in the presence
polyvinylpyrrolidone ~PVP! for two different initial condi-
tions, 10 wt % Co towards PVP~Coll-I!, and 20 wt % Co
~Coll-II !. The solution was maintained under dihydrogen
10 h in order to ensure complete reduction of the cob
precursor. At this stage, the product deposited as a b
material that was recovered by filtration, and could be d
solved again in THF or CH2Cl2 for further use. Finally, we
obtained two different colloids with 11 w % Co for Coll-
and 12.81 w % Co for Coll-II diluted in the polymer.

Further charaterization of the different colloids w
achieved by reacting them with CO~respectively, Coll-I8,
Coll-II 8! at room temperature in dichloromethane. An infr
red spectrum of the resulting solution shows two absorpti
at ca. 2000 and 1890 cm21, in agreement with the presenc
of terminal and doubly bridging CO groups at the surface
the particles and similar to previous results obtained for
adsorbed on cobalt surfaces in ultravacuum conditions.16 No
sharp absorptions attributable to small molecular comple
or clusters and no high-frequency CO stretching modes
sulting from the presence of partially oxidized cobalt s
faces were observed.

The size distribution and the morphology of the Co p
ticles were studied by HRTEM performed on a Phili
CM30/ST operating at 300 kV whose point resolution is 1
Å. Crystalline structure was studied by both HRTEM a
WAXS. In order to avoid any possible oxidation of the c
balt particles, the samples were prepared in a glove box
der an argon atmosphere. For HRTEM experiments,
powder was dissolved in THF and the resulting solution w
deposited onto a copper grid covered by a thin carbon fi

For WAXS experiments, several samples were prepa
by carefully sealing Co PVP powder in Lindemann capilla
ies ~diameter51.5 1023 m!. Some samples were exposed
air as references in order to spot any eventual oxidation
the compound. The diffusion spectra, scattered by
samples irradiated with graphite-monochromatized silverKa
~0.560 83 Å! radiation, were obtained using a home-bu
se
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dedicated diffractometer. All data sets included 580 meas
ments collected at room temperature in the range 0°,u,65°
for equidistants values~s54p ~sinu/l!; Ds50.035 Å21!.
Diffusion spectra from air and from a capillary filled wit
pure PVP powder were also collected in the same conditio
The raw intensity scattered by the sample was corrected
air, capillary, and PVP contributions in order to extract sc
tering from the particles only~assuming weak interaction
between cobalt and PVP!. Polarization and absorption cor
rections were also applied. Data were normalized accord
to Norman and Krogh-Moes method.17 A structure-related
component, the so-called reduced intensityi (s), and its Fou-
rier transform, the reduced radial distribution function~RDF!
that shows the distribution of interatomic distances in
sample, were calculated as given in Ref. 18.

Magnetic studies were carried out on dried colloid sam
prepared in an argon dry box to prevent any uncontrol
oxidation. Low-field susceptibility and magnetization up
5.5 T were made using a MPMS 5.5 Quantum Design sup
conducting quantum interference device~SQUID! Magneto-
meter where the temperature could be varied from 2 to
K. High-field magnetization up to 35 T was carried out b
using the facilities of the S.N.C.M.P. in Toulouse~France!.19

The pulsed field increases according to a sinus law
reaches its maximum in a time of 0.1 s, and decreases
cording to an exponential law in 1.6 s. These measurem
were scaled upon those performed in the SQUID forB
55 T.

III. RESULTS

A. Particle morphology and structure

The size distribution of the samples was measured fr
low magnification micrographs as the one presented in F
1. To enhance the nanoparticles TEM contrast, the low m
nification micrographs were highly underfocussed in orde
get Fresnel fringes surrounding the grains. Such images

FIG. 1. Low magnification TEM micrograph of small Co pa
ticles in Coll-I.
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dence the presence of nonagglomerated small particles
mogeneously dispersed in the polymer. Numerical ima
analyses were performed after digitizing the images and
histograms were calculated.20 They reveal a narrow diamete
distribution centered around 1.5 and 2 nm for Coll-I a
Coll-II, respectively. However, because of the Fres
fringes, it may be either overestimated or underestimated
a few angstroms~about 2 Å!. HRTEM experiments were
then used to determine the fine structure of the partic
HRTEM lattice images were digitized and the interplan
angles and spacings were measured from the correspon
numerical diffractograms~Fourier transforms!. Direct inter-
pretation of the structural feature in term of projected pot
tial is favored when the particles are observed along suita
directions. For instance, a HRTEM micrograph of fcc p
ticles can be directly interpreted when they are observed w
their @110#- ~respectively,@001#-! type directions parallel to
the electron beam. In these directions of observation,
lattice images reveal the three (111̄), (111), and~002! set of
planes@respectively, the two~200! and ~020! planes# with
angles between them of 70.5° and 54.7°~respectively, 90°!.
Bcc particles will be easily recognizable when observ
along their @001#-type directions~respectively,@111#! that
permits the observation of the~110! and (11̄0) perpendicular
planes @respectively, the three (011̄), (101̄) and (11̄0)
planes making 60° angles between them#.

HRTEM experiments generaly reveal nonperfect lattic
due either to nonoriented and/or highly distorted particles
some cases, perfect lattices were imaged but evidence
neither Co-fcc nor Co-hcp structures is observed. Moreo
when particles were studied along a suitable direction, t
usually exhibit a square lattice with interplanar distances
about 2.05 Å~60.05!. Two HRTEM micrographs of par-
ticles of different sizes~16 and 26 Å! exhibiting such square
lattice are reported in Fig. 2. Such a square lattice im
cannot be due to a Co-fcc particle, since in this case
lattice image would be formed by two~002! perpendicular
planes whose spacing of 1.77 Å does not correspond to
which is measured. Moreover, this lattice distance is l
than the point resolution of the microscope and theref
cannot be imaged. Such a square lattice could originate f
Co-bcc particles observed along the@001# direction that ex-
hibit two perpendicular~110!-type planes. In this hypothesis
the parameter of the Co-bcc cell would be 2.9 Å~60.05!.
Such a square lattice contrasts could also be due to CoO
particles (a54.26 Å) observed along their@001#-type direc-
tions that show the two~200! and~020! perpendicular planes

FIG. 2. HRTEM micrograph of two Co particles~diameter: 16
and 26 Å in Coll-I revealing bcc crystalline structure.
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with interplanar distances of 2.13 Å. HRTEM experimen
were then performed making focus series and compa
them with simulated images of both the Co-bcc and CoO-
cells. These simulations do not show sufficient contrast
ference between the Co-bcc and the CoO-fcc models an
do not permit rejection of either of the two models. How
ever, since the samples for TEM were carefully prepared
the absense of oxygen, and since no oxides were obse
either in WAXS experiments or in magnetic measureme
~see the following sections!, the presence of the oxide in th
sample was rejected. Moreover, if CoO-fcc particles w
present in the preparation, they also should appear w
much higher contrast in HRTEM images when observ
along the@110#-type directions (d(111)CoO-fcc52.45 Å).

Consistent sets of data were obtained from WAXS m
surements of different samples. Several patterns have b
obtained for samples prepared under argon and sample
posed to air. Because of the very distinct patterns produ
by the protected particles compared to the exposed one
may be assumed that no or negligible oxidation took place
the original sample.

Direct analysis of the experimental function only allow
an approximate measurement of the metal-metal bond le
and of the extent of the order inside the sample becaus
the complexity of the RDF produced by the large number
atoms included in particles of nanometric size. In order
further investigate the structure, a model must be defin
From this model, the theoretical functions for intensity a
radial distribution can be computed using the Deby
formula.21 The theoretical functions can then be checked a
refined against the experimental ones. Here, we applied
approach previously described18 that is based on the charac
teristic distance distributions exhibited by the different kin
of packing. In order to determine the crystalline structu
hcp and fcc structures have been considered. However a
structure has also been considered, since it was propose
our particles in HRTEM experiments.

An hcp model was built from the structure of bulk coba
at room temperature. fcc and bcc models were also b
from reference lattices, the cell parameter being adjuste
order to set the shortest cobalt-cobalt distance to 2.50 Å a
the bulk. All models were built to be spherical in shape w
a diameter of approximately 14 Å for Coll-I, according to th
results from magnetic studies and HRTEM observatio
However, well-defined structural features vanish above 9
in the RDF ~Fig. 3! that might indicate poorly organize
layers close to the surface of the particles. A global disagr
ment between experimental and simulated patterns allow
to discard the fcc model. bcc and hcp give more ambigu
elements~Figs. 3 and 4!. Allowing for an adjustment of the
shortest metal-metal distance from 2.50 Å down to 2.43
for the bcc structure both models generate peak pattern
distances consistent with those observed. However str
discrepancies remain. The RDF computed from a 137 ato
bcc model exhibits strong discrete peaks which cannot
observed in experiment. The first peak is also asymmetric
broadened. This results from a contribution of the seco
interatomic distance significantly larger than the first one
the bcc structure~a vs a)/2!. This distance does not fit th
sharper profile in the experimental function. The RDF co
puted from a 156 atoms hcp model does not show these
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2928 57M. RESPAUDet al.
defects, but because of extra peaks, especially at 3.6 an
Å, a purely hcp model is also not suitable. We, howev
observed a strong correlation between the locations
maxima and minima introduced by bcc and hcp models, b
in real and reciprocal space. We also investigated a mi
model including particles of both structures. We actually o
served a much better global agreement for a model includ
30% of bcc particles and 70% of hcp ones, even if still
from perfect~Fig. 5!.

Since no hcp particles were observed by HRTEM, th
results might indicate that local order for cobalt in these v
small particles is not the same for the core and the surfac
this hypothesis, the atoms closest to the center should a
the observed bcc structure with a short metal-metal b
length, whilst at the surface a more relaxed organizat
should introduce a distribution of distances close to those
an hcp structure. As is shown in Fig. 2, the HRTEM micr
graphs reveal several defects in the atomic periodicity n
the surface. Normally, metallic cobalt adopts a hcp struct
or a metastable fcc structure. However bcc structure can
stabilized via epitaxial growth on GaAs substrates.22 For the
two samples, the mean parameter of the core Co-bcc ce
2.8 Å ~60.05! with a shortest metal-metal distance estima
to 2.43 Å ~from WAXS patterns!, in agreement with the one
measured on the whole particle@2.9 Å ~60.05! from

FIG. 3. Experimental~solid line! and simulated~dashed line!
reduced RDF:~bcc model! ~Coll-I!.

FIG. 4. Experimental~solid line! and simulated~dashed line!
reduced RDF:~hcp model! ~Coll-I!.
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HRTEM micrographs#. The lattice parameter deduced fro
WAXS patterns is very close to the one observed on thin
cobalt films.22 However, in spite of this agreement, this res
is very surprising since small particles are expected to ha
fcc-like structure.23

B. Magnetic properties

We report hereafter the main results obtained on the m
netic properties of Coll-I and Coll-II measured in the so
state as powders. A typical temperature dependence of z
field cooled magnetization~ZFCM! and field cooled magne
tization ~FCM! is shown in Fig. 6. In order to obtain thes
curves, the sample was cooled in zero field from room te
perature to 5 K. Then, a magnetic field of 1 mT was appl
and the ZFCM was measured with increasing the temp
ture from 5 to 400 K, after which the FCM was measured
the same applied field from 400 to 5 K with decreasing the
temperature.

The ZFCM presents a narrow maximum atTB59 K, and
a large irreversibility starting atTD525 K in the field cooled
process. The inset of Fig. 6 shows inverse magnetiza
dependence vs temperature. ForT.TB , the data fall on a
straight line interceptingT05061 K, according to a Curie
law.

This behavior is characteristic of a superparamagnetic
sembly of ferromagnetic particles~see Appendix A!.24 The
low value of T0 shows the weakness of the interparticl
interactions~see Appendix B!. In order to confirm this be-
havior, we measured the magnetization for temperatu
above the blocking temperature. As expected
superparamagnetism,24 the data fall on a single curve~Fig. 7!
when plotted vs applied field divided by temperatu
@M (B/T)#.

A more precise analysis of these measurements can
perfomed in the framework of superparamagnetism~see Ap-
pendix A!. The ZFCM and FCM curves can be fitted with
log-normal size distribution

f ~d!5
1

A2pds
exp2H @ ln~d!2 ln~d0!#2

2s2 J , ~1!

FIG. 5. Experimental~solid line! and simulated~dashed line!
reduced RDF:~mixed structure model! ~Coll-I!.
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FIG. 6. ZFC and FC magnetizations vs temperature for Coll-I. Inset shows inverse ZFC and FC magnetizations vs temperature
a Curie law~symbol: experimental; dashed line: simulation!.
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whered0 ands are the mean diameter and the width of t
distribution, respectively,~see Figs. 6 and 7!. These investi-
gations allowed us to determine precisely the size distri
tion, the effective magnetic anisotropy (Ka), and the average
magnetic moment per Co atom of the particles~see Table I!.
We find very narrow size distributions~s,0.18! for both
samples with diameters centered around 1.5 nm for Co
and 1.9 nm for Coll-II~Fig. 8!. As the particle size distribu
tion is very narrow theM (B/T) curves can be well fitted
using a single Langevin function~see Fig. 7!. We deduce the
mean magnetic moment per particle, in good agreement
the parameters determined above. We thus extract the m
size with a very good accuracy, and find it to be 150610 and
310620 atoms per particle for Coll-I and for Coll-II, respe

FIG. 7. Magnetization vs applied field divided by temperatu
for temperatures between 50 and 300 K. The dashed line
straight line present theoretical magnetization following a Lange
law with a size distribution and a simple Langevin law, resp
tively.
-

-I

th
an

tively. This allows us to confirm that the size distribution
very narrow. Moreover, since the magnetic interactions
tween the particles are negligible, we conclude that the p
ticles are well separated and dispersed in the polymer. Th
results confirm the ones previously obtained from HRTE
and WAXS experiments.

The effective magnetic anisotropy (Ka), and the mean
magnetic moment per cobalt atom (^mCo&), are slightly en-
hanced as compared to bulk fcc or hcp phases Co and
crease as the particle size decreases~Table I!. The coercive
field has been estimated to be 0.025 T for Coll-I and 0.05
for Coll-II at 5 K. In order to determine more precisely th
values ofKa and ^mCo&, magnetization loops up to 5 T~in-
sets Figs. 9 and 10! have been measured. As expected
temperatures below the blocking temperature,24 a hysteristic
behavior is observed. In order to confirm that saturation
achieved, an initial magnetization curve up to 35 T at 4.2
is measured. It shows that the magnetization does not s
rate and still increases with applied magnetic field for bo
samples~Figs. 9 and 10!. These measurements were ca
brated using the pulsed field remanence curve with th
measured by SQUID. Since the rate of the decrease of
pulsed field is slow, we considered and verified that no
viation occured between the two measurents.

We analyze these results considering the law of appro
to saturation of an assembly of particles with uniax
anisotropy,25

M ~B!5Ms~T!H 12
kBT

Ms~T!vB
2

4

15F Ka

Ms~T!BG2J . ~2!

We tried to fit the magnetization curves up to 35 T wi
Eq. ~2! using the mean volume deduced previously. Ho
ever, even setting the volume as a free parameter, Eq.~2! is
inadequate to describe the approach to saturation. The in
duction of a size distribution and a contribution of isolat
paramagnetic impurities is not sufficient to explain the hig
field dependence observed, since both lead to saturatio
magnetic fields in the range of 5 to 10 T. So it clearly a
pears that the origin of this effect is confined in the particl
In order to quantify the changes in the magnetization of

nd
n
-
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TABLE I. Parameters for Coll-I and Coll-II deduced from the analysis of ZFCM, FCM, andM (B/T)
curves.~a! Estimated from the ZFCM and FCM,~b! estimated from the magnetization measurement foT
.TB for B55 T.

Sample TB ~K!
Diametera

~nm! sa

^mCo& (mB)a

Ka
a

(106 J/m3)~a! ~b!

Coll-I 9 1.560.1 0.1860.02 1.6560.1 1.9460.05 0.8360.1
Coll-II 13.5 1.960.1 0.1760.02 1.760.1 1.8360.05 0.7360.1

aEstimated by fitting ZFCM, FCM, andM (B/T) curves~see text!.
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particles, we include in Eq.~2! a variation of the magnetic
moment with the applied magnetic fieldMs(B) allowing us
to deduce the average magnetic moment per cobalt a
@^mCo(B)&#. The results are given in Table II.^mCo& vs the
applied magnetic field is plotted in Fig. 11.^mCo(B)& pre-
sents a variation in two stages for the two samples: a ra
one in fields up to 3–4 T and a quasilinear one in fields up
35 T. These increases are more significant for the sma
particles.

IV. DISCUSSION

The decomposition of the organometallic precurs
Co~h3-C8H13!~h

4-C8H12) ~Ref. 15! in the presence of a sta
bilizing polymer leads to the synthesis of Co particles.
changing the initial conditions, two sizes of particles ha
been obtained. HRTEM studies evidence particles regul
dispersed in the polymer with narrow log-normal size dis
bution centered around 1.5 and 2 nm~60.2 nm! for Coll-I
and Coll-II, respectively. These results have been confirm
by the analysis of ZFCM, FCM, andM (B/T) in terms of
superparamagnetism. Moreover,M (B/T) is well fitted with
a single Langevin function without taking into account t
size disribution. This allows us to deduce the mean part
size with small error bars, 150610 and 310620 atoms for
Coll-I and Coll-II, respectively.

From the magnetic studies, one can see that^mCo(B)&
increases with applied magnetic field and is enhanced~for

FIG. 8. Size distributions of the colloids deduced from t
analysis of ZFCM, FCM, andM (B/T) curves.
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B.3 T! compared to bulk values; these features incre
with decreasing mean particle size. As suggested by Fig.
the variation of̂ mCo(B)& occurs in two stages: a rapid one
fields up to 3 T and a slow one in higher fields. Simila
effects have been reported in Ref. 10 for ligated Ni and
particles. However, in our case, we should be careful w
the low-field value since its uncertainty is large. So, in t
next part of the discussion, we will just focus on the hig
field portion of^mCo(B)&.

The effective magnetic anisotropy (Ka) has also been
found to be enhanced compared to the bulk values~K54.5
105 J/m3 and 2.5 105 J/m3 for a hcp and fcc structure
respectively!.26 Ka has been determined by three metho
~see Table II!. Ka ~c! which has been deduced fromTB via
Eq. ~A3! is clearly overestimated becauseTB is mainly de-
termined by the biggest particles of the size distribution.

FIG. 9. Experimental initial magnetization up to 35 T for Coll
~symbols!. Inset presents the hysteresis loop at 5 K. The solid l
shows the theoretical magnetization using Eq.~2! and ^mCo(B)&
presented in Fig. 11. The dashed lines present theoretical mag
zation curves for a constant value of^mCo(B)&. The straight line
indicates the bulk value magnetic moment per Co atom.
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the other hand, the values deduced from the fitting of ZFC
and FCM@Ka ~a!#, and from the approach of saturation@Ka
~b!# are of the same order of magnitude and give a m
reliable value. In all the cases,Ka is found to be enhance
compared to bulk value. Another way to determineKa is the
analysis of the coercive field variations vs temperature.24 For
Coll-I and Coll-II, the estimation ofKa gives a slighty lower
value compared to the one deduced from the approac
saturation.27

Before discussing these effects, the polymer influence
the particle magnetic properties should be estimated. In o
to do it, magnetic measurements on carbonyl bonded
ticles ~Coll-I8! have been performed. They demonstrate a
duced magnetization̂ mCo&50.4 mB ~at B55 T and T
55 K!, and the absence of blocking temperature~for T
.5 K! compared to Coll-I.14 This can be interpreted in term
of a reduction of the magnetic volume, the magnetic m
ments of surface Co atoms bonded to carbonyl ligands b
quenched. Similar quenching effects have been observe

FIG. 10. Experimental initial magnetization up to 35 T f
Coll-II ~symbols!. Inset presents the hysteresis loop at 5 K. T
solid line shows the theoretical magnetization using Eq.~2! and
^mCo(B)& presented in Fig. 11. The dashed lines present theore
magnetization curves for a constant value of^mCo(B)&. The straight
line indicates the bulk value magnetic moment per Co atom.
e

of

n
er
r-
-

-
g

on

Ni-carbonyl clusters10 and attributed to a ’’metallic’’ mag-
netic character of the internal Ni atoms, while the outer
diamagnetic. These obsevations on Ni-carbonyl clusters
in agreement with theoritical predictions.28 The addition of
ligands at the surface of particles always leads to a redu
magnetization of the particles. In all the cases, we concl
to the presence of a core shell structure where the ferrom
netic core is surrounded by an antiferromagnetic, param
netic, or diamagnetic layer depending on the nature of
bonding at the surface. In particular, exposition to air lea
to the growth of an oxide layer, which can be evidenced
shifted hysterisis loops measured after a field cooling, co
pared to the centered hysterisis loops measured after a z
field cooling. The absence of such effects and moreover
enhanced magnetizations suggest that the cobalt particle
not display strong electronic interactions with the polym
and are not oxidized.29 Since the HRTEM micrograph an
the magnetic studies show that the particles are well se
rated and display a very narrow size distribution, we prop
that through the study of an assembly of particles, we ob
some of the magnetic properties of a single one.

The mean magnetic moment per cobalt atom (^mCo&) de-
termined from the low-field experiments (B,5 T) has been
found to be enhanced compared to bulk value, increas
with decreasing size. Enhanced magnetic moments h
been previously observed in free clusters of 3d metals3,4 and
on supported Co fine particles.9 Enhanced surface magnetis
has been predicted where both spin and orbital magnetic
ments increase with the reduction of the coordinat
number.6,7 This has been directly observed by x-ray ma

al

FIG. 11. Mean magnetic moment per Co atom^mCo& vs applied
field. ~h! for Coll-I and ~n! for Coll-II. The low-field value
@^mCo(B51 mT)&# have been estimated from the ZFCM and FC
fits, while the high-field values@^mCo(B)&# from the analysis of the
approach to saturation. The dashed lines between low fields
high fields are guides to the eye.
TABLE II. Parameters for Coll-I and Coll-II.~a! Estimated by fitting ZFCM, FCM, andM (B/T) curves,
~b! estimated with Eq.~2!, ~c! estimated with Eq.~A3!.

Sample ^N& ~atoms!

^mCo& (mB) Ka (106 J/m3)

B55 T B530 T ~a! ~b! ~c!

Coll-I 150610 1.9460.05 2.1060.1 0.8360.1 1.060.1 1.75
Coll-II 310620 1.8360.05 1.9060.1 0.7360.1 0.8360.1 1.3
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netic circular dichroism measurements on ultrathin layer30

Since the crystalline structure does not change drastically
value of the magnetic moment per Co atom~mCo51.6– 1.7
mB for bcc, fcc, and hcp crystalline structures!,31 the increase
of ^mCo& determined at 5 T, as the surface-volume ratio
creases, clearly demonstrates the major role played by
face atoms. The mean magnetic moments per Co a
^mCo&51.9460.05mB for Coll-I and ^mCo&51.8360.05mB
for Coll-II, are close to the one measure by Billas a
co-workers4 on free Co clusters wherêmCo&51.95– 2.0mB
and^mCo&51.8– 1.85mB for a cluster of 150 and 300 atom
respectively. These results confirm the poor influence of
polymer on the magnetic properties. Moreover, high-fi
measurements show the increase of^mCo& with applied field,
leading to^mCo&52.160.1 mB for coll-I at B535 T, which
is 25% higher than bulk value.

It is a common feature that the magnetization of fine p
ticles does not saturate. For ferrimagnetic particles, for
stancegFe2O3, it has been concluded that the magnetic m
ment within such small particles are neither parallel n
antiparallel to each other. In that case, the noncollinear s
structure was explained as a surface32 or as a pure bulk
effects.33 The unsaturation was also observed ona-Fe in
alumina34 and Fe-O~Ref. 35! particles. This effect was at
tributed to the presence of an oxide shell surrounding
ferromagnetica-Fe core34 and to the amorphous crystalline35

structure, respectively. In our case, since the particles
metallic and relatively ordered, we reject these hypothe
and try to connect this feature to the enhanced effective m
netic anisotropy.

Enhanced anisotropies are currently observed on
magnetic particles and have been predicted by theore
calculations.36 The volume dependence ofKa can be ana-
lyzed on the basis of a simple model in which the total e
ergy barrier is written,

DE5Kv8v1Ks8s, ~3!

whereKv8 and Ks8 are the volume and the surface uniax
anisotropy energy constants, respectively, andv and s are
the volume and the surface area of the particle. For sphe
particles with diameterd, Eq. ~3! gives

Ka5Kv81
as

d
Ks8 , ~4!

where as56. This dependence has been experiment
shown by Bodker and co-workers ona-Fe particles.37 How-
ever, if the particles are assumed to have spherical sh
obvious symmetry arguments show that the total effec
magnetic anisotropy is not affected by surface and rem
the bulk one. Nevertheless, this model becomes wrong
ultrafine particles with a few number of layers. As shown
Dimitrov and Wysin, who solve numerically the Landa
Lifschitz-Gilbert equation considering a particle with clas
cal spins in interaction through a Heisenberg exchange
an uniaxial anisotropy on surface sites, the coercive fiel
not zero for sufficiently small particles, and increases w
decreasing particle size.38 A hedgehoglike spin structure fo
small particles is predicted in zero field, and very stro
magnetic fields are needed to reach a colinear spin struc
This case is not considered with the Stoner and Wohlfar39
he
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model and deserves much more work. Furthermore, in
real system, as shown by the microscopy studies, a num
of defects like surface facets or distorted particles, will e
hance these effects.

By using Eq.~4! and Ka ~b!, we estimateKv8 and Ks8 to
261 105 J/m3 and 0.2060.2 1023 J/m2, respectively. The
resulting calculated value ofKs8 is comparable to that mea
sured on Co surfaces~typically from 0.1 to 1 1023

J/m2!.26,30,38However, even if this simple model gives rea
istic parameters, the particles present several defects
shown by the HRTEM and WAXS studies. Therefore, t
factoras beforeKs8 should not be exactly six as in the sphe
cal morphology, but should be a more complex function
flecting the particular magnetization reversal process du
the strong uniaxial anisotropy on surface atoms. These c
siderations allow us to conclude that the increase
^mCo(B)& with high applied magnetic field, the latter bein
more important as the particle size decreases, reveals
influence of the competition between uniaxial surface anis
ropy and exchange energy on the magnetization proce
when the surface/volume ratio is large. At the same tim
because of the incoherent rotation of the spins of the parti
that leads to a more hysteristic behavior, the effective m
netic anisotropy is found to be larger in the fine particles

V. CONCLUSIONS

We have successfully synthesized fine cobalt partic
with two different very small sizes. Magnetic and micro
copy studies are consistent, indicating very narrow size
tributions and a regular dispersion of the particles in
polymer. WAXS and HRTEM studies reveal a surprisin
bcc-like crystalline structure with a distorted surface. The
particles are single domain and superparamagnetic. By u
a single Langevin function for temperatures above the blo
ing temperature, we determine precisely the mean size of
particles 150610 and 310620 atoms for Coll-I and Coll-II,
respectively. The magnetic measurements allow us to de
mine the average magnetic moment of cobalt atoms tha
creased with applied field, reaching^mCo&52.160.1 mB at
B535 T for the smallest particles, which is 25% higher th
the bulk value. These results are in relative agreement w
theoritical calculations and experimental results for free
balt clusters. The effective magnetic anisotropy is enhan
compared to bulk Co. This is due to the large influence of
surface atoms which have an uniaxial magnetic anisotrop
the same order as the one measured for Co ultrathin lay
We also demonstrate the role of uniaxial anisotropy on s
faces for the magnetization process that leads to a hedge
like spin structure in zero field becoming colinear with lar
applied magnetic fields.

APPENDIX A

In a solid matrix, the relaxation of the magnetization for
single particle with an effective uniaxial anisotropy per u
volume Ka , will follow the Néel process40,41 characterized
by a relaxation time given by

t215 f 0 exp2
DE~B!

kBT
, ~A1!
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where f 0 is a frequency factor usually taken to b
109– 1012 Hz. DE is the height of the energy barrier given
the presence of an applied fieldB parallel to the magnetiza
tion easy axis by

DE~B!5KavS 12
B

B0
D 2

with B05
2Ka

Ms~T!
, ~A2!

wherev is the volume andMs(T) the spontaneous magnet
zation of the particle vs temperature. For a dc experimen
the time scaletm510– 100 sec, the blocking temperature f
a particle of volumev is given by,

TB~v !'
DE~B!

30kB
. ~A3!

For T.TB(v), the particle magnetic moment can achie
thermal equilibrium in the time of measurement, and thus
in the superparamagnetic state. In that case, the magne
tion of an assembly of identical particles will follow
Langevin function, and its susceptibility a Curie function,

M ~B,T!5Ms~T!@coth~x!21/x# with x5
Ms~T!vB

kBT
,

~A4!

and

M ~B,T!5
xMs~T!

3
for x!1. ~A5!

For T,TB(v), the particle magnetic moment is blocked a
its magnetization depends on its magnetic history. T
ZFCM and the FCM are, respectively,42

MZFC
bl ~B,T!5

Ms
2~T!

3Ka
B, ~A6!

MFC
bl ~B,T!5

Ms
2~T!v

3kBTB~v !
B'

30Ms
2~T!

3Ka
B

with TB~v !'
Kav
30kB

for B!B0 in ~3!. ~A7!

However, in any fine particle system, there is a distribut
of particle sizes that gives rise to a distribution of blocki
temperaturesTB(v). So the ZFCM and the FCM becom
respectively,

MZFC~B,T!5
Ms

2~T!B

3kBT

1

V E0

vm~T!

v2f ~v !dv

1
Ms

2~T!B

3Ka

1

V Evm~T!

`

v f ~v !dv, ~A8!

MFC~B,T!5
Ms

2~T!B

3kBT

1

V E0

vm~T!

v2f ~v !dv

1
30Ms

2~T!B

3Ka

1

VEvm~T!

`

v f ~v !dv, ~A9!

where
at

is
za-

e

n

V5E
0

`

v f ~v !dv, ~A10!

and f (v) is the size~volume! distribution. The limit volume,
vm(T) equal to 30kBT/Ka , is the maximum volume particle
in the superparamagnetic state. The first integral repres
the contribution of the superparamagnetic particles, while
second corresponds to the blocked one. The tempera
variation of ZFCM gives rise to a peak at a temperatureTB ,
this peak arising from the increase of the fraction of t
superparamagnetic particles while their magnetization
creases due to thermal fluctuations. The FCM follows ZFC
with decreasing temperature and diverges forT,TD as the
biggest particles become blocked. FCM still increases w
decreasing temperature and saturates as all particles
blocked.

The model presented previously included four paramet
Ka , Ms(T), d0 ~mean diameter!, and s ~width of the size
distribution!. For a better definition of the two latter param
eters, we fit in the same time the magnetization curves
temperature above the blocking temperature. As expected
superparamagnetism24 these curves fall to a single one whe
the magnetization is plotted vs applied magnetic field
vided by temperature. In that case,M (B/T) is given by

M ~B/T!5Ms~T!
1

V E0

`

vLFMs~T!vB

kBT G f ~v !dv.

~A11!

Since no noticeable variation of the saturation magnet
tion with temperature is observed, we keepMs(T) as a con-
stant independent of temperature in formulas~A8!, ~A9!, and
~A11!. Indeed, normallyMs(T) decreases with increasin
temperature. So, the inverse ZFCM and FCM should dev
from the straight line representing the Curie law. As can
seen in the inset of Fig. 6, inverse ZFCM and FCM follow
Curie law up to 400 K without noticeable deviations. Th
allows us to say thatMs(T) is practically constant for tem
peratures between 5 and 400 K.

APPENDIX B

In the model presented in Appendix A, the magnetic
teractions between particles have been neglected. By ta
into account the magnetic dipolar interactions, Chantrell a
Wohlfarth demonstrate that the magnetic susceptibility f
lows a Curie-Weiss-like law with a critical temperatureT0
determined by a microscopic approach.43 The value ofT0 is
obtained from the formula

T05
p2Ms

2D3

72KB
~4«!2/3S 11

2d

D D 21

, ~B1!

where each particle of diameterD fills a volume having a
radiusR, d is the thickness of the layer of protective surfa
tant, and« is the volumetric particle packing fraction. In ou
case with«50.01,d52D, D51.6 nm, we findT0'2 K for
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Coll-I. Another approach developed by Dormann and Fior
gives values forT0 in the same order.44 As shown in the inset
of Fig. 6, inverse ZFCM aboveTB presents practically a
Curie law dependence (uT0u,1 K), where T0 can be ne-
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iglected. Moreover, sample shape effects onT0 as Dormann
and Fiorani describe44 have not been observed. This absen
of interactions confirms the regular dispersion of the parti
in the polymer as observed by HRTEM.
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