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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 d@laliels
and Coll-1l) have been obtained by changing the organometallic concentration in the polymer. Observation by
high-resolution transmission electronic microscdpyRTEM) showed Co particles well isolated and regularly
dispersed in the polymer with a very narrow size distribution centered around 1.&alkl) and 2 nm
(Coll-Il) diameter. These particles are superparamagnetic above the blocking temperat@eli9l Kand 13.5
K (Coll-Il). The particle size deduced from the analyses of the magnetic susceptibilities and magnetization
curves are consistent with those measured by HRTEM. MagnetizatiiKaseems to saturate in fields up to
5 T leading to an enhanced mean magnetic moment per atom for both samples( mggrel.94+0.05 ug
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 momentuith=2.1+0.1 ug 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.
[S0163-182698)05005-X

[. INTRODUCTION eration in the presence of surfactants and nanostructured thin
films obtained by low-energy cluster beam depositidn.
The physical properties of nanoscale metal particles ar€rystalline polynuclear coodination compleX&s are ideal,
presently the object of intensive reseatchhese species, at since in this case exactly identical clusters are positioned
the border between the solid and molecular state, displageriodically in a lattice. For instance, a monocrystal of a
novel properties resulting from surface or quantum sizeMn,, compound allowed the unambiguous identification of
effects™? For example several measurements on free clustethe macroscopic quantum relaxation of the magnetization
evidence enhanced magnetic moment per atom for clusteghenomena? Unfortunately, well-defined coordination clus-
of the 3d metal®* or the appearance of ferromagnetism forters have less than a few tens of atoms. Furthermore, the
ultrasmall clusters of @ metals® Even if these results are ligand shell will induce a perturbation of their magnetic
consistent with theoretical calculatiohé further character- properties®
izations of the particles will be needed in order to understand In order to investigate the possibility of obtaining small
completely these phenomena. These characterizations ananoclusters with a very narrow size distribution and without
particularly necessary for studies on crystalline structurechemical bonding at the surface, we looked for an organo-
magnetization processes, magnetic anisotropy, Curie tenmmetallic approach to the synthesis of metal nanoclusters.
perature, superparamagnetism, quantum relaxation of th€hus, we have recently demonstrated that the decomposition
magnetization, etc. changes with cluster size. These studied organometallic precursors in the presence of a reactive gas
can only be carried out on well isolated and supported partH, or CO) could reproducibly lead to nonagglomerated
ticles with magnetic properties closed to those obtained fometal particles displaying in some cases very narrow size
free clusters. distributions'®14
Several methods have been used to synthesize metal The present work describes the properties of nanoscale
nanoclusters that include evaporation of metal atoms, micrometallic cobalt particle synthesized by the decomposition of
emulsion in an inert atmosphere, sonification, reduction othe new organometallic precursor G8-CgH;3)(7*CgHy,)
CoCl,, reduction in inverse micelles, electrochemical gen-(Ref. 15 in the presence of a stabilizing polymer. A prelimi-
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nary account of the synthesis and properties of some of these
clusters has been publish#iTheir size, morphology, and
crystalline structure have been explored by high-resolution
trasmission electron microscogfRTEM), wide angle x-ray
scattering(WAXS), and magnetic measurements. Thus, we
show the size modification of the size of the particles, which
contains ca. 150 and 310 atoms, as a function of initial con-
centrations. Magnetic measurements evidence enhanced ef-
fective magnetic anisotropy and enhanced magnetization,
compared to bulk values, and the absence of saturation in the
magnetization even at 35 T, these features depending on
cluster size. These results will be discussed in terms of the
high surface-volume ratio, which has an influence on the
magnetic moment per Co atom, on the effective magnetic
anisotropy and on the magnetization process.

Il. EXPERIMENTAL METHODS

The cobalt particles have been synthesized by the decom-
position of the organometallic precursor G -CgH;3)(7™*
CgHip) (Ref. 15 in the presence of a stabilizing polynfér. o .
The reaction of a THF(TetraHydroFurane solution of  FIG. 1. Low magnification TEM micrograph of small Co par-
Col7%-CgH19) (777-CgH1,) (Ref. 15 with dihydrogen was car-  ticles in Coll-l

ried out at 60 °C in a Fisher-Porter bottle in the presence of ) .
polyvinylpyrrolidone (PVP) for two different initial condi- dedicated diffractometer. All data sets included 580 measure-

tions, 10 Wt % Co towards PVFColl-), and 20 wt % Co ments cp_llected at room temperqture in the rangea3£§15°
(CollIl). The solution was maintained under dihydrogen forfor equidistants values(s=4 (sin /\); As=0.035 A™).
10 h in order to ensure complete reduction of the cobalPiffusion spectra from air and from a capillary filled with

precursor. At this stage, the product deposited as a bladRU"® PVP powder were also collected in the same conditions.
material that was recovered by filtration, and could be dis-TN€ raw intensity scattered by the sample was corrected for

solved again in THF or CCl, for further use. Finally, we air, capillary, and PVP contributions in order to extract scat-
obtained two different colloids with 11 w % Co for Coll-] tering from the particles onIfa'ssu.mlng weak interactions
and 12.81 w % Co for Coll-II diluted in the polymer. between cobalt and PVYPPolarization and absorption cor-
Further charaterization of the different colloids was F€ctions were also applied. Data were normalized according
achieved by reacting them with CQespectively, Coll, 0 Norman and Krogh-Moes methéHA_ structure-related
Coll-I1") at room temperature in dichloromethane. An infra-component, the so-called reduced intensfs), and its Fou-
red spectrum of the resulting solution shows two absorption§€T transform, the reduced radial distribution functi&DF)
at ca. 2000 and 1890 crfy in agreement with the presence that shows the distribution of interatomic distances in the
of terminal and doubly bridging CO groups at the surface ofS@MPple, were calculated as given in Ref. 18. _
the particles and similar to previous results obtained for CO Magnetic studies were carried out on dried colloid sample
adsorbed on cobalt surfaces in ultravacuum conditiémg ~ Prepared in an argon dry box to prevent any uncontrolled

sharp absorptions attributable to small molecular complexe@Xidation. Low-field susceptibility and magnetization up to
or clusters and no high-frequency CO stretching modes re2-> T were made using a MPMS 5.5 Quantum Design super-

sulting from the presence of partially oxidized cobalt sur-conducting quantum interference devi&QUID) Magneto-
faces were observed. meter where the temperature could be varied from 2 to 400
The size distribution and the morphology of the Co par-K- High-field magnetization up to 35 T was carried out by
ticles were studied by HRTEM performed on a Philips YSiNg the faC|I_|t|es _of the S.N.C.M.P._ln Toulouél_%rance}.
CM30/ST operating at 300 kV whose point resolution is 1.91h€ pulsed field increases according to a sinus law and
A. Crystalline structure was studied by both HRTEM and'€aches its maximum in a time of 0.1 s, and decreases ac-
WAXS. In order to avoid any possible oxidation of the co- cording to an exponential law in 1.6 s.'These measurements
balt particles, the samples were prepared in a glove box urVeré scaled upon those performed in the SQUID Bor
der an argon atmosphere. For HRTEM experiments, the > T-
powder was dissolved in THF and the resulting solution was
deposited onto a copper grid covered by a thin carbon film. Ill. RESULTS
For WAXS experiments, several samples were prepared
by carefully sealing Co PVP powder in Lindemann capillar-
ies (diameter=1.5 10 2 m). Some samples were exposed to  The size distribution of the samples was measured from
air as references in order to spot any eventual oxidation oiow magnification micrographs as the one presented in Fig.
the compound. The diffusion spectra, scattered by thd. To enhance the nanoparticles TEM contrast, the low mag-
samples irradiated with graphite-monochromatized sik/gr  nification micrographs were highly underfocussed in order to
(0.560 83 A radiation, were obtained using a home-built get Fresnel fringes surrounding the grains. Such images evi-

A. Particle morphology and structure



57 SURFACE EFFECTS ON THE MAGNETIC PROPERTE . . 2927

with interplanar distances of 2.13 A. HRTEM experiments
were then performed making focus series and comparing
them with simulated images of both the Co-bcc and CoO-fcc
cells. These simulations do not show sufficient contrast dif-
ference between the Co-bcc and the CoO-fcc models and so
do not permit rejection of either of the two models. How-
ever, since the samples for TEM were carefully prepared in
the absense of oxygen, and since no oxides were observed
either in WAXS experiments or in magnetic measurements
(see the following sectionsthe presence of the oxide in the
FIG. 2. HRTEM micrograph of two Co particldgiameter: 16 sample was rejected. Moreover, if CoO-fcc particles were

and 26 A in Coll- revealing bce crystalline structure. present.in the prepargtion, they also should appear with
much higher contrast in HRTEM images when observed

) along the[110J-type directions @111y CoO-fcc=2.45 A).
dence the presence of nonagglomerated small particles ho- ¢ qpgistent sets of data were obtained from WAXS mea-
mogeneously dispersed in the polymer. Numerical image,rements of different samples. Several patterns have been
analyses were performed after digitizing the images and sizgy5ineq for samples prepared under argon and samples ex-
g!stqgra_ms were caldculatéﬂ.'(lj'hey reveal a narrfow dlalrl’neter posed to air. Because of the very distinct patterns produced
istribution centered around 1.5 and 2 nm for Coll-l andy,, the protected particles compared to the exposed ones, it

Coll-Il, respectively. However, because of the Fresneln,, pe assumed that no or negligible oxidation took place in
fringes, it may be either overestimated or underestimated by, ., original sample

a few angstromgabout 2 A. HRTEM experiments were " pypon analysis of the experimental function only allows

then used to determine the fine structure of the particles, onhr6ximate measurement of the metal-metal bond length
HRTEM lattice images were digitized and the interplanargny of the extent of the order inside the sample because of

angles and spacings were measured from the correspondifgy ¢omplexity of the RDF produced by the large number of
numerical diffractogramsFourier transforms Direct inter-  54mg included in particles of nanometric size. In order to

pretation of the structural feature in term of projected potensy, iher investigate the structure, a model must be defined.
tial is favored when the particles are observed along suitablgrom this model. the theoretical’ functions for intensity and
directions. For instance, a HRTEM micrograph of fcc par- 4o distributioln can be computed using the Debye’s
ticles can be directly interpreted when they are observed witky ., 11221 The theoretical functions can then be checked and
their [110]- (respectively[001]-) type directions parallel to |4fineq against the experimental ones. Here, we applied an
the electron beam. In these directions of observation, thgy,gach previously describédhat is based on the charac-
lattice images reveal the three (ID1 (111), and(002) setof  teristic distance distributions exhibited by the different kinds
planes[respectively, the twa200) and (020) planeg with  of packing. In order to determine the crystalline structure,
angles between them of 70.5° and 54(i®spectively, 907  hcp and fcc structures have been considered. However a bce

Bee particles will be easily recognizable when observedstrycture has also been considered, since it was proposed on
along their[001]-type directions(respectively,[111]) that  our particles in HRTEM experiments.

permits the observation of ti@10) and (1D) perpendicular An hcp model was built from the structure of bulk cobalt
planes [respectively, the three (@), (10) and (1D) at room temperature. fcc and bcc models were also built
planes making 60° angles between them from reference lattices, the cell parameter being adjusted in

HRTEM experiments generaly reveal nonperfect latticesorder to set the shortest cobalt-cobalt distance to 2.50 A as in
due either to nonoriented and/or highly distorted particles. Irthe bulk. All models were built to be spherical in shape with
some cases, perfect lattices were imaged but evidence fardiameter of approximately 14 A for Coll-I, according to the
neither Co-fcc nor Co-hcp structures is observed. Moreovemesults from magnetic studies and HRTEM observations.
when particles were studied along a suitable direction, theylowever, well-defined structural features vanish above 9 A
usually exhibit a square lattice with interplanar distances ofn the RDF (Fig. 3) that might indicate poorly organized
about 2.05 A(+0.05. Two HRTEM micrographs of par- layers close to the surface of the particles. A global disagree-
ticles of different size$16 and 26 A exhibiting such square ment between experimental and simulated patterns allows us
lattice are reported in Fig. 2. Such a square lattice imag#o discard the fcc model. bcc and hcp give more ambiguous
cannot be due to a Co-fcc particle, since in this case thelementgFigs. 3 and 3 Allowing for an adjustment of the
lattice image would be formed by tw®02) perpendicular shortest metal-metal distance from 2.50 A down to 2.43 A,
planes whose spacing of 1.77 A does not correspond to théor the bcc structure both models generate peak pattern for
which is measured. Moreover, this lattice distance is lesslistances consistent with those observed. However strong
than the point resolution of the microscope and thereforaliscrepancies remain. The RDF computed from a 137 atoms
cannot be imaged. Such a square lattice could originate froracc model exhibits strong discrete peaks which cannot be
Co-bcc particles observed along tf@01] direction that ex- observed in experiment. The first peak is also asymmetrically
hibit two perpendiculaf110)-type planes. In this hypothesis, broadened. This results from a contribution of the second
the parameter of the Co-bcc cell would be 2.9(A0.05. interatomic distance significantly larger than the first one in
Such a square lattice contrasts could also be due to CoO-fthe bcc structuréa vs av3/2). This distance does not fit the
particles 6=4.26 A) observed along theip01]-type direc-  sharper profile in the experimental function. The RDF com-
tions that show the tw@00) and(020) perpendicular planes puted from a 156 atoms hcp model does not show these two
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reduced RDF{bcc model (Coll-I). reduced RDF{mixed structure modglColl-1).

defects, but because of extra peaks, especially at 3.6 and 7|'—ﬂ?TEM micrographd The lattice parameter deduced from
A, a purely hcp model is also not suitable. We, however

observed a strong correlation between the locations fo\é\/AXS _patttzazms IS very _close_ to the one observed on thin bee
maxima and minima introduced by bee and hep models, bothobalt fllms.. Howe_ver, in spite of_thls agreement, this result
in real and reciprocal space. We also investigated a mixely VETy surprising since small particles are expected to have a
. . . cc-like structure®
model including particles of both structures. We actually ob-
served a much better global agreement for a model including
30% of bce particles and 70% of hcp ones, even if still far
from perfect(Fig. 5). _ _
Since no hcp particles were observed by HRTEM, these We report_hereafter the main results obtamed_ on the mag-
results might indicate that local order for cobalt in these very1€tic properties of Coll-I and Coll-l measured in the solid
small particles is not the same for the core and the surface. [Ffat€ @s powders. A typical temperature dependence of zero-
this hypothesis, the atoms closest to the center should ado‘B?ld_Coc’led magnetizatioZFCM) and field cooled magne-
the observed bcc structure with a short metal-metal bond?tion (FCM) is shown in Fig. 6. In order to obtain these
length, whilst at the surface a more relaxed organizatiorfUrves, the sample was cooled in zero field from room tem-
should introduce a distribution of distances close to those oferature to 5 K. Then, a magnetic field of 1 mT was applied
an hcp structure. As is shown in Fig. 2, the HRTEM micro- and the ZFCM was measureq with increasing the tempera-
graphs reveal several defects in the atomic periodicity nedlre from 5 to 400 K, after which the FC.M was measumd n
the surface. Normally, metallic cobalt adopts a hcp structurd?® same applied field from 400 6 K with decreasing the
or a metastable fcc structure. However bce structure can bEMmperature. ,
stabilized via epitaxial growth on GaAs substrateBor the The ZFCM presents a narrow maximumTgg=9 K, and
two samples, the mean parameter of the core Co-bcc cell & large irreversibility starting afp =25 K in the field cooled
2.8 A (+0.09 with a shortest metal-metal distance estimated®™Cess. The inset of Fig. 6 shows inverse magnetization
to 2.43 A(from WAXS patterny, in agreement with the one dependence vs temperature. For T, the data fall on a
measured on the whole particl2.9 A (+0.09 from straight line interceptind ,=0=*1 K, according to a Curie

B. Magnetic properties

law.
U UL Ay This behavior is characteristic of a superparamagnetic as-
20000 - hep model ------- sembly of ferromagnetic particlésee Appendix A%* The

low value of T, shows the weakness of the interparticlar
interactions(see Appendix B In order to confirm this be-
havior, we measured the magnetization for temperatures
above the blocking temperature. As expected for
superparamagnetisffithe data fall on a single curv€ig. 7)
when plotted vs applied field divided by temperature
[M(B/T)].

A more precise analysis of these measurements can be
perfomed in the framework of superparamagnetisee Ap-
pendix A). The ZFCM and FCM curves can be fitted with a
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FIG. 6. ZFC and FC magnetizations vs temperature for Coll-1. Inset shows inverse ZFC and FC magnetizations vs temperature following

a Curie law(symbol: experimental; dashed line: simulajion

whered, and ¢ are the mean diameter and the width of thetively. This allows us to confirm that the size distribution is
distribution, respectively(see Figs. 6 and)7 These investi- very narrow. Moreover, since the magnetic interactions be-
gations allowed us to determine precisely the size distributween the particles are negligible, we conclude that the par-
tion, the effective magnetic anisotrop{), and the average ticles are well separated and dispersed in the polymer. These
magnetic moment per Co atom of the partiolsse Table)l results confirm the ones previously obtained from HRTEM
We find very narrow size distributiongr<0.18 for both  and WAXS experiments.

samples with diameters centered around 1.5 nm for Coll-l The effective magnetic anisotropyK{), and the mean
and 1.9 nm for Coll-ll(Fig. 8. As the particle size distribu- magnetic moment per cobalt atory(c,)), are slightly en-

tion is very narrow theM(B/T) curves can be well fitted hanced as compared to bulk fcc or hcp phases Co and in-
using a single Langevin functiaisee Fig. J. We deduce the crease as the particle size decrea3eble ). The coercive
mean magnetic moment per particle, in good agreement witfield has been estimated to be 0.025 T for Coll-l and 0.059 T
the parameters determined above. We thus extract the me#or Coll-1l at 5 K. In order to determine more precisely the
size with a very good accuracy, and find it to be 3@ and  values ofK, and{ ¢y, magnetization loops up to 5 {in-
310+20 atoms per patrticle for Coll-I and for Coll-Il, respec- sets Figs. 9 and )thave been measured. As expected for

temperatures below the blocking temperafifre, hysteristic
20 ' ' ' ' - behavior is observed. In order to confirm that saturation is
achieved, an initial magnetization curve upto 35 T at 4.2 K
is measured. It shows that the magnetization does not satu-
rate and still increases with applied magnetic field for both
samples(Figs. 9 and 10 These measurements were cali-
brated using the pulsed field remanence curve with those
measured by SQUID. Since the rate of the decrease of the
pulsed field is slow, we considered and verified that no de-
viation occured between the two measurents.

1.5

;“’ 1.0 - We analyze these results considering the law of approach
= to saturation of an assembly of particles with uniaxial
anisotropy?°
05 1 M(B)=MyT)] 1— &1 ___ 4] _Ka i 2
(B)=M(T) My(T)vB 15 M(T)B| |’ @
We tried to fit the magnetization curves up to 35 T with
00 i Eqg. (2) using the mean volume deduced previously. How-

0 200 400 600 800 10'00 ever, even setting the volume as a free parameter(Zds
inadequate to describe the approach to saturation. The intro-
duction of a size distribution and a contribution of isolated

FIG. 7. Magnetization vs applied field divided by temperature Paramagnetic impurities is not sufficient to explain the high-

B/T (104T/K)

for temperatures between 50 and 300 K. The dashed line anfield dependence observed, since both lead to saturation in
straight line present theoretical magnetization following a Langevinmagnetic fields in the range of 5 to 10 T. So it clearly ap-
law with a size distribution and a simple Langevin law, respec-pears that the origin of this effect is confined in the particles.
tively. In order to quantify the changes in the magnetization of the
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TABLE I. Parameters for Coll-I and Coll-ll deduced from the analysis of ZFCM, FCM, l&r{@/T)
curves.(a) Estimated from the ZFCM and FCMb) estimated from the magnetization measurementTfor

>Tg for B=5T.
a
Diameted (o) (me) K2
Sample Tg (K) (nm) o? @ (b) (10° J/n?)
Coll-I 9 1.5+0.1 0.18:0.02 1.65-0.1 1.94-0.05 0.83:0.1
Coll-ll 13.5 1.9+0.1 0.170.02 1.70.1 1.83+0.05 0.73:0.1

8 stimated by fitting ZFCM, FCM, ant¥(B/T) curves(see text

particles, we include in Eq2) a variation of the magnetic B>3T) compared to bulk values; these features increase
moment with the applied magnetic fieM(B) allowing us  with decreasing mean particle size. As suggested by Fig. 11,
to deduce the average magnetic moment per cobalt atomfe variation of ucq(B)) occurs in two stages: a rapid one in
[(1co(B))]. The results are given in Table Kuco) Vs the  fields up b 3 T and a slow one in higher fields. Similar
applied magnetic field is plotted in Fig. 1duco(B)) pre-  effects have been reported in Ref. 10 for ligated Ni and Co
sents a variation in two stages for the two samples: a rapi@articles. However, in our case, we should be careful with
one in fields up to 3—4 T and a quasilinear one in fields up tahe low-field value since its uncertainty is large. So, in the
35 T. These increases are more significant for the smallestext part of the discussion, we will just focus on the high-
particles. field portion of (uco(B)).

The effective magnetic anisotropyK§) has also been
found to be enhanced compared to the bulk valiies 4.5
10° J/n? and 2.5 10 J/n? for a hcp and fcc structure,

The decomposition of the organometallic precursorrespectively.?® K, has been determined by three methods
Co(7*-CgH139)(7*-CgH1,) (Ref. 19 in the presence of a sta- (see Table Ii. K, (c) which has been deduced frofiy via
bilizing polymer leads to the synthesis of Co particles. ByEqg. (A3) is clearly overestimated becau$g is mainly de-
changing the initial conditions, two sizes of particles havetermined by the biggest patrticles of the size distribution. On
been obtained. HRTEM studies evidence particles regularly
dispersed in the polymer with narrow log-normal size distri-
bution centered around 1.5 and 2 rrh0.2 nm for Coll-I
and Coll-1l, respectively. These results have been confirmed
by the analysis of ZFCM, FCM, ani(B/T) in terms of
superparamagnetism. Moreovéd,(B/T) is well fitted with
a single Langevin function without taking into account the
size disribution. This allows us to deduce the mean particle
size with small error bars, 15010 and 31620 atoms for
Coll-I and Coll-Il, respectively.

From the magnetic studies, one can see that,(B))
increases with applied magnetic field and is enhanéed

IV. DISCUSSION
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ooo 0wt Ty e ey FIG. 9. Experimental initial magnetization up to 35 T for Coll-|
00 05 10 15 20 25 30 35 (symbols. Inset presents the hysteresis loop at 5 K. The solid line
d (nm) shows the theoretical magnetization using E2). and (ucy(B))

presented in Fig. 11. The dashed lines present theoretical magneti-

FIG. 8. Size distributions of the colloids deduced from the zation curves for a constant value Qkcy(B)). The straight line
analysis of ZFCM, FCM, andl(B/T) curves. indicates the bulk value magnetic moment per Co atom.
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2F 1 approach to saturation. The dashed lines between low fields and
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0.0 . ! . s ! Ni-carbonyl cluster® and attributed to a "metallic” mag-
0 10 20 30 netic character of the internal Ni atoms, while the outer are
B(T) diamagnetic. These obsevations on Ni-carbonyl clusters are
in agreement with theoritical predictioA$The addition of
FIG. 10. Experimental initial magnetization up to 35 T for |igands at the surface of particles always leads to a reduced
Coll-Il (symbols. Inset presents the hysteresis loop at 5 K. Thepagnetization of the particles. In all the cases, we conclude
solid line shows the theoretical magnetization using &y.and to the presence of a core shell structure where the ferromag-
{1co(B)) presented in Fig. 11. The dashed lines present theoreticglaic core js surrounded by an antiferromagnetic, paramag-
ﬁ:\igir;%tilczztt;osntﬁgr\l;ifkf?/;ﬁZonrlzta:ét\ilslrﬁﬁ%ﬁ?)>érTCh§ Zigar'r?ht netic, or diamagnetic layer depending on the nature of the
9 P ' bonding at the surface. In particular, exposition to air leads
to the growth of an oxide layer, which can be evidenced by
the other hand, the values deduced from the fitting of ZFCMshifted hysterisis loops measured after a field cooling, com-
and FCM[K, (a)], and from the approach of saturatifi,  pared to the centered hysterisis loops measured after a zero-
(b)] are of the same order of magnitude and give a mordield cooling. The absence of such effects and moreover the
reliable value. In all the casek, is found to be enhanced enhanced magnetizations suggest that the cobalt particles do
compared to bulk value. Another way to determigis the  not display strong electronic interactions with the polymer
analysis of the coercive field variations vs temperatfifeor ~ and are not oxidize®® Since the HRTEM micrograph and
Coll-l and Coll-Il, the estimation oK, gives a slighty lower the magnetic studies show that the particles are well sepa-
value compared to the one deduced from the approach eated and display a very narrow size distribution, we propose
saturatiorf. that through the study of an assembly of particles, we obtain
Before discussing these effects, the polymer influence osome of the magnetic properties of a single one.
the particle magnetic properties should be estimated. In order The mean magnetic moment per cobalt atdmd,)) de-
to do it, magnetic measurements on carbonyl bonded patermined from the low-field experiment8«5 T) has been
ticles (Coll-1") have been performed. They demonstrate a refound to be enhanced compared to bulk value, increasing
duced magnetizationuc,)=0.4 ug (@t B=5T and T  with decreasing size. Enhanced magnetic moments have
=5K), and the absence of blocking temperatéfer T  been previously observed in free clusters dfr@etals** and
>5 K) compared to Coll-t* This can be interpreted in terms on supported Co fine particlé€nhanced surface magnetism
of a reduction of the magnetic volume, the magnetic mo-has been predicted where both spin and orbital magnetic mo-
ments of surface Co atoms bonded to carbonyl ligands beinghents increase with the reduction of the coordination
quenched. Similar quenching effects have been observed aumber®’ This has been directly observed by x-ray mag-

TABLE II. Parameters for Coll-1 and Coll-li(@) Estimated by fitting ZFCM, FCM, antl (B/T) curves,
(b) estimated with Eq(2), (c) estimated with Eq(A3).

</‘LCO> (mg) Ka (106 J/nﬁ)
Sample (N) (atoms B=5T B=30T (a) (b) (c)
Coll-I 150+10 1.94+0.05 2.16:0.1 0.83:0.1 1.0:0.1 1.75

Coll-ll 310+20 1.83-0.05 1.96-0.1 0.73:0.1 0.83:0.1 13
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netic circular dichroism measurements on ultrathin lay&rs. model and deserves much more work. Furthermore, in any
Since the crystalline structure does not change drastically theeal system, as shown by the microscopy studies, a number
value of the magnetic moment per Co atdp,=1.6—1.7 of defects like surface facets or distorted particles, will en-
wg for bee, fee, and hep crystalline structuygSthe increase  hance these effects.
of (uco) determined at 5 T, as the surface-volume ratio in- By using Eq.(4) andK, (b), we estimateK, and K to
creases, clearly demonstrates the major role played by sup+1 1¢ J/n? and 0.26:0.2 10 3 J/n?, respectively. The
face atoms. The mean magnetic moments per Co atomesulting calculated value d€. is comparable to that mea-
(mco)=1.94£0.05ug for Coll-l and(ucy =1.83+0.05ug  sured on Co surfacestypically from 0.1 to 1 103
for Coll-ll, are close to the one measure by Billas andj/n?).26:30-38However, even if this simple model gives real-
co-worker$ on free Co clusters wheKguc)=1.95-2.0ug  istic parameters, the particles present several defects, as
and(uco) =1.8—1.85ug for a cluster of 150 and 300 atoms, shown by the HRTEM and WAXS studies. Therefore, the
respectively. These results confirm the poor influence of th%ctoras beforeKé should not be exactly six as in the spheri-
polymer on the magnetic properties. Moreover, high-fieldcal morphology, but should be a more complex function re-
measurements show the increas¢f,) with applied field,  flecting the particular magnetization reversal process due to
leading to(uco)=2.1+0.1 ug for coll-l at B=35T, which  the strong uniaxial anisotropy on surface atoms. These con-
is 25% higher than bulk value. siderations allow us to conclude that the increase of
Itis a common feature that the magnetization of fine par{ ;. (B)) with high applied magnetic field, the latter being
ticles does not saturate. For ferrimagnetic partiCleS, for inmore important as the partide size decreases, reveals the
stanceyFe,0s, it has been concluded that the magnetic mo-influence of the competition between uniaxial surface anisot-
ment within such small particIeS are neither paraIIeI norropy and exchange energy on the magnetization processes
antiparallel to each other. In that case, the noncollinear spigjhen the surface/volume ratio is large. At the same time,
structure was explained as a surfécer as a pure bulk pecause of the incoherent rotation of the spins of the particles
effects’ The unsaturation was also observed @fFe in  that leads to a more hysteristic behavior, the effective mag-

al_uminaf"‘ and Fe-O(Ref. 35 particles. This effect was at- netic anisotropy is found to be larger in the fine particles.
tributed to the presence of an oxide shell surrounding the

ferromagneticx-Fe coré* and to the amorphous crystallite
structure, respectively. In our case, since the particles are
metallic and relatively ordered, we reject these hypothesis We have successfully synthesized fine cobalt particles
and try to connect this feature to the enhanced effective magwith two different very small sizes. Magnetic and micros-
netic anisotropy. copy studies are consistent, indicating very narrow size dis-
Enhanced anisotropies are currently observed on fingributions and a regular dispersion of the particles in the
magnetic particles and have been predicted by theoreticgolymer. WAXS and HRTEM studies reveal a surprising
calculations® The volume dependence &, can be ana- bcc-like crystalline structure with a distorted surface. These
lyzed on the basis of a simple model in which the total enparticles are single domain and superparamagnetic. By using

V. CONCLUSIONS

ergy barrier is written, a single Langevin function for temperatures above the block-
, ) ing temperature, we determine precisely the mean size of the
AE=K v +Kss, (3  particles 156:10 and 316:20 atoms for Coll-l and Coll-Il,

respectively. The magnetic measurements allow us to deter-
mine the average magnetic moment of cobalt atoms that in-
ased with applied field, reachifgc,)=2.1+0.1 ug at
35 T for the smallest particles, which is 25% higher than
the bulk value. These results are in relative agreement with
a, theoritical calculations and experimental results for free co-
q K, (4) balt clusters. The effective magnetic anisotropy is enhanced
compared to bulk Co. This is due to the large influence of the
where a;=6. This dependence has been experimentallypurface atoms which have an uniaxial magnetic anisotropy of
shown by Bodker and co-workers enFe particles’ How-  the same order as the one measured for Co ultrathin layers.
ever, if the particles are assumed to have spherical shap¥/e also demonstrate the role of uniaxial anisotropy on sur-
obvious symmetry arguments show that the total effectivdaces for the magnetization process that leads to a hedgehog-
magnetic anisotropy is not affected by surface and remainkke spin structure in zero field becoming colinear with large
the bulk one. Nevertheless, this model becomes wrong forPplied magnetic fields.
ultrafine particles with a few number of layers. As shown by
Dimitrov and Wysin, who solve numerically the Landau- APPENDIX A
Lifschitz-Gilbert equation considering a particle with classi- ) ) ] o
cal spins in interaction through a Heisenberg exchange and !N @ solid matrix, the relaxation of the magnetization for a
an uniaxial anisotropy on surface sites, the coercive field i§ingle particle with an effective uniaxial anisotropy per unit
not zero for sufficiently small particles, and increases withvolume K, will follow the Neel process™™" characterized
decreasing particle siZ8.A hedgehoglike spin structure for DY @ relaxation time given by
small particles is predicted in zero field, and very strong
magnetic fields are needed to reach a colinear spin structure.
This case is not considered with the Stoner and Wohfarth

whereK; andKg are the volume and the surface uniaxial
anisotropy energy constants, respectively, andnd s are

the volume and the surface area of the particle. For spheric%ﬁ
particles with diameted, Eq. (3) gives R

Ka=K,+

AE(B)
kT

T 1=f, exp— (A1)



57 SURFACE EFFECTS ON THE MAGNETIC PROPERTE . . 2933

where f, is a frequency factor usually taken to be %
10°-10'? Hz. AE is the height of the energy barrier given in V= Jo vf(v)do, (A10)
the presence of an applied fidRiparallel to the magnetiza-

tion easy axis b
Y Y andf(v) is the size(volume distribution. The limit volume,

2 2K, vm(T) equal to 3KgT/K,, is the maximum volume particle
AE(B):Kav( 1- B_> with Bo:mv (A2)  in the superparamagnetic state. The first integral represents
0 s the contribution of the superparamagnetic particles, while the
wherev is the volume andV4(T) the spontaneous magneti- second corresponds to the blocked one. The temperature
zation of the particle vs temperature. For a dc experiment afariation of ZFCM gives rise to a peak at a temperaflige
the time scaler,,=10—100 sec, the blocking temperature for this peak arising from the increase of the fraction of the
a particle of volumev is given by, superparamagnetic particles while their magnetization de-
creases due to thermal fluctuations. The FCM follows ZFCM
AE(B)_ (A3) with decreasing temperature and divergesTet Ty as the
30kg biggest particles become blocked. FCM still increases with
For T>Tg(v), the particle magnetic moment can achievegﬁglf:jmg temperature and saturates as all particles are

_thermal equilibrium in th_e time of measurement, and thus, 5 The model presented previously included four parameters:
in the superparamagnetic state. In that case, the magnetlzR- '

tion of an assembly of identical particles will follow a 2. Ms(T), do (mean diameter and o (width of the size

Lanaevin function. and its suscentibility a Curie function distribution). For a better definition of the two latter param-
9 ' P Y ' eters, we fit in the same time the magnetization curves for

My(T)uB temperature above the blocking temperature. As expected for
S superparamagnetigfithese curves fall to a single one when

Tg(v)=~

M(B,T)=Mg(T)[coth(x) — 1/x] with x=

keT Ad the magnetization is plotted vs applied magnetic field di-
(A4) vided by temperature. In that cadd(B/T) is given by
and
XMy(T) w
M(B.T)= 5 — for x<1. (AS) M(BIT)=M(T) 3 j ML T
0 B
For T<Tg(v), the particle magnetic moment is blocked and (A11)
its magnetization depends on its magnetic history. The
ZFCM and the FCM are, respectively, Since no noticeable variation of the saturation magnetiza-
tion with temperature is observed, we kedp(T) as a con-
b M§(T) stant independent of temperature in formulas), (A9), and
MZec(B,T)= 3K B, (A6) (A11). Indeed, normallyM(T) decreases with increasing
2 temperature. So, the inverse ZFCM and FCM should deviate
y M§(T)v 30M §(T) from t.he straight Iine.repre_senting the Curie law. As can be
MZ(B,T)= 3T B~ 3K seen in the inset of Fig. 6, inverse ZFCM and FCM follow a
sTa(v) a Curie law up to 400 K without noticeable deviations. This
K v allows us to say thaM4(T) is practically constant for tem-
with Tg(v)~ 30kg for B<B, in (3). (A7)  peratures between 5 and 400 K.
However, in any fine particle system, there is a distribution APPENDIX B

of particle sizes that gives rise to a distribution of blocking ] ] o
temperature§z(v). So the ZFCM and the FCM become, In the model presented in Appendix A, the magnetic in-

respectively, fteractions between parti_cles have.been qeglected. By taking
into account the magnetic dipolar interactions, Chantrell and
M2(T)B 1 (vm(™ Wohlfarth demonstrate that the magnetic susceptibility fol-
Mzec(B,T)= BT Y fo v2f(v)do lows a Curie-Weiss-like law with a critical temperaturg
B

determined by a microscopic approdChthe value ofT is

Mi(T)B 1 (= obtained from the formula
= vf(v)dv, (A8
3K,V me (v) (A8)
’MZD? 25|71
MIT)B 1 [om(™ T SY 46028 14 22
Meo(B,T)= SSkBT v JO v?f(v)dv To 7Kg (4e)™ 1+ (B1)
30M2(T)B 1 (= where each particle of diametér fills a volume having a
T ]—;JU (T)Uf(v)dvv (A9)  radiusR, §is the thickness of the layer of protective surfac-

tant, andg is the volumetric particle packing fraction. In our
where case withe=0.01,6=2D, D=1.6 nm, we findTy~2 K for
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Coll-I. Another approach developed by Dormann and Fioranglected. Moreover, sample shape effectsTgnas Dormann
gives values folly in the same ordet: As shown in the inset  and Fiorani descril#é have not been observed. This absence

of Fig. 6, inverse ZFCM abov@ g presents practically a of interactions confirms the regular dispersion of the particle
Curie law dependence| T,/ <1 K), where T, can be ne- in the polymer as observed by HRTEM.
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