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Abstract. We report magnetization and electron paramagnetic resonance (EPR) measurements
on Co clusters embedded in Ag obtained by an inverse micellar technique. The cluster size
(~10 atoms), the saturation magnetizatio¥;), and the anisotropy constant were obtained
from magnetization measurements at low temperature. In the as-prepared sample we found that
M,/ MPYK = 0.44+0.05. Reduction of the sample under afttix at 373 K leads to an enhancement

of the ratioM,/MP"¥ to 1.16 + 0.19—consistent with Co-cluster-beam experiments—and to an
anisotropy constant ok = (8.5 + 6.5) x 10’ erg cnm3, much larger than the corresponding

bulk value. The EPR clearly shows the effect of dynamic narrowing due to superparamagnetic
relaxation. Modelling the EPR spectra, we obtained independently the anisotropy energy value
and the volume dispersion.

1. Introduction

Ultrafine magnetic particles play an important role in the fabrication of artificially structured
materials. Granular magnetic solids are a good example of artificially structured materials and
they are usually in the form of small ferromagnetic (FM) particles embedded in an immiscible
matrix which may be insulating or metallic [1]. Actually, for many granular metals, Fe/Au,
Fe/Cu, Co/Ag, Co/Cu,. ., it ispossible to obtain FM particles in the nanometric range [1].

Achieving an understanding of the changing magnetic properties of small clusters and fine
particles of transition metal ions is a challenge that has recently led to a considerable amount
of work, both theoretical [2, 3] and experimental [4,5]. In the last few years a great effort
has been made to study the magnetic moment of free clusters by means of Stern—Gerlach
experiments [5]. These experiments have clearly shown an enhancement of the magnetic
moment as the size of the cluster decreases belb@0 atoms.

In supported fine-particle systems, the sizes obtained range from a few nanometres to
~1 um and generally have a certain dispersion that depends on the preparation method.
Recently, microemulsion techniques have yielded nanometric particles with small size
dispersion [6-9]. Chent al [8] report magnetic results for Co particles in microemulsions.
These authors postulate that their particles with diameters in the range 18—45 A are constituted
by two magnetic components. One of these is FM with a magnetic moment comparable
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to the bulk one and a second component characterized by an effective magnetic moment
us = 7.5+ 1 up which they attribute to a ‘shell’ phase. Yet the origin of the magnetic moment

of this shell phase is not clear and, as observed by the authors, the enhancement found for the
magnetic moment turns out to be larger than the one observed in cluster-beam experiments [5].
More recently, Respaudt al report magnetization [10] and high-frequency ferromagnetic
resonance [11] measurements on Co nanoparticles. These authors find an enhancement of
the Co magnetic moment in agreement with the cluster-beam experiments [5] and effective
magnetic anisotropies larger than for the bulk.

There is controversy regarding the effect of Ag covering of Co nanopatrticles. On one hand
Agis agood candidate for preventing oxidation, but the effect on the magnetic properties of the
Co nanoparticles has been claimed to produce important changes in the magnetic properties
such as the coercive field [12], and to either change drastically the saturation magnetization [13]
or not [14], and recent tight-binding calculations indicate tifatis enhanced from the bulk
value for small Co cluster size and also, for a given number of Co atéfnpdepends on the
size and shape of the Ag covering [15].

In this paper we present magnetization and EPR results for Co clusters embedded in
Ag particles fabricated by microemulsion techniques. The Co nanoparticles were obtained
by a technique similar to one described earlier [16] and codteditu’ with Ag. The
proportion of Co/Ag/organic components was determined by atomic emission spectroscopy and
subsequently by neutron activation analysis. The measurements on the as-prepared samples
were made in a superconducting quantum interference device (SQUID) magnetometer and
they were characterized by means of EPR. The magnetization data were fitted to the exact
result for a system of non-interacting particles in the presence of uniaxial anisotropy. For the
as-prepared sample, the EPR was measured as a functiori3tfo < 7 (K) < 535) and
interpreted within a model for superparamagnetic resonance. Thermal annealing at 373 K in
a reducing H atmosphere produces significant changes in the magnetization and EPR data,
which were interpreted within the same models as were used for the as-prepared sample.

2. Experimental procedure

The microemulsions employed in the production of the particles were composeukbptane,
agueous solution, and aerosol-OT (AOT, sodium dodecylsulphosuccinate). The droplet size
of these microemulsions was controlled by the raie= [H,O]/[AOT]. This ratio was set

at 10. The whole process for obtaining the particles was carried out in an inert glove box.
For the formation of the magnetic cores two different microemulsions were prepared. The
first one consisted of an aqueous solution of KIO3),-6H,O and the second one contained
NaBH,;. The two microemulsions were mixed and the Co magnetic particles were formed
inside the nanodroplets. Solid NaBkvas added in excess and then an aqueous solution
containing AgNQ with a previously established molar ratio (@ = 1/10) were poured

over this microemulsion containing the magnetic cores. Th&idgs can only be reduced
within the nanodroplets containing the Co particles. This process prevents surfactant from
being present at the Co/Ag interface. The coated microparticles were separated from the
solution by ultracentrifugation, washed several times witeptane and ethanol in order to
remove AOT surfactant, and finally dried with acetone.

The samples were characterized by atomic emission spectroscopy, and found to have the
composition Co 2.5%, Ag 39.1%, organic components 58.4% by weight. Independent neutron
activation analysis was carried out to determine the total Co content, yielding the following
values for the as-prepared sample8&4-0.06% Co and 4(2+1.7% Ag. Transmission electron
microscopy and x-ray characterization for similarly prepared samples have been published
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before [16]. We performed a heat treatment of part of the sample in a flowirgribsphere
at 373 K for two hours. We will present the results for both as-prepared (AP) and heat-treated
(HT) samples.

3. Results

3.1. Magnetization measurements

The magnetization data were obtained in acommercial Quantum Design SQUID magnetometer
inthe 2< T (K) < 300 temperature range. In order to obtain the saturation moment of the
particles it is necessary to measure the magnetization as a functibrablow temperatures.

We assumed a density of 8.8 g thncorresponding to bulk Co. In figure 1 and figure 2 we
have plottedV versusH /T for several values of for the AP and HT samples respectively.

It is observed that the experimental data do not collapse Hijtit as would be expected for

a classical Langevin function [17].
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Figure 1. Magnetization of the as-prepared sample. A scaled plovofiersusH/T; the
dotted curves are a simultaneous fit of all of the data #tt> 30 kOe to a modified Langevin
function given by equation (4.4) including the effect of a uniaxial anisotropy, and volume dispersion
following a log—normal distribution.

Infigure 3 we show zero-field-cooled (ZFC) and field-cooled (FC) magnetization measure-
ments obtained under an applied fieldf= 50 Oe for the AP and HT samples. The AP
sample remains in a superparamagnetic [17] regime down to the lowest measured temperature
(2 K) and shows no maximum as is commonly observed for larger particles [8,9]. The HT
sample shows a very large increase of the low-field magnetization when compared with the AP
sample, and a maximum M (ZFC) versud at7,, = 6.0 K, associated with the blocking [18]
of the superparamagnetic state. In the inset we show the inverse of the susceptibility. The
magnetization above 50 K can be described by a Curie—-Weiss law:

M/H = C/(T —0) (3.1)
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Figure 2. As figure 1, but for the heat-treated sample. The dotted horizontal curve corresponds to
the best-fitted saturation magnetization.
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Figure 3. The magnetization temperature dependencH at 50 Oe for as-prepared) and
heat-treated()) Co/Ag 1:10 samples. Open (full) symbols correspond to zero-field-cooled (field-
cooled) magnetization measurements. The inverse susceptibility (inset) shows a Curie-Weiss-type
behaviour showing antiferromagnetic interactions.

whered is the Curie—Weiss temperature. A highfit of the inverse susceptibility

x NT)=H/M(T)

to this functional form (full curves in the inset of figure 3) yields= —70+ 5 K and
6 = —10+6 K for the AP and HT samples respectively, which indicates that antiferromagnetic
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(AF) interactions are present in the AP sample, and that the magnitude of this interaction
decreases significantly in the HT sample.

3.2. EPR measurements

EPR measurements were performed with an X-band Bruker SP-300 spectrometer operating at
9.44 GHz with a variable temperature cryostat. The AP sample was encapsulated in a quartz
tube, and purged several times with Ar before sealing the tube. The EPR was recorded as a
function of increasing’, for T > 300 K (figure 4). The circles correspond to a fit of the spectra

to a model that includes uniaxial anisotropy and will be described below. Itis observed that the
most intense line narrows on increasif@nd shifts slightly towards higher resonance fields.
This is characteristic of the EPR of superparamagnetic particles [19-21].-A500 K the
spectrum can be characterized by a gyromagnetic fgcto.124-0.03, close to the reported
g-value for films [22] ¢ = 2.14 4 0.04).
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Figure 4. The X-band EPR absorption derivative for the AP sample taken at different temperatures.
The circles correspond to a fit of the data to the model described in the text.

The EPR spectra obtainedzt- 500 K are very different from the other spectra obtained
atT < 500K. Also, the room temperature EPR spectrum was not recovered after heating above
500 K, indicating an irreversible transformation. This resultindicates a sample transformation,
which was also previously observed from magnetization measurements on similar samples [16].

Infigure 4 all of the EPR scans show an absorption iear 1500-1700 Oe. This absorp-
tion shifts slightly to higher fields &8 is increased and it splits into several lines above 450 K.
For the B-reduced sample (HT) this low-field line disappears, but a broad line reappears if
the sample is left in air for a period of one month (see figure 5). We therefore conclude that
this low-field line may be associated with an oxide phase.

EPR spectra of the HT sample below room temperature are shown in figure 6. The circles
correspond to a fit of the spectra to a model that will be described below.
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Figure 5. EPR absorption spectra of as-prepared (AP) and heat-treated (HT) samples, and samples
heat treated after a month’s exposure to air (HT-B). All spectra were taken at room temperature.
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Figure 6. Low-temperature evolution of the HT EPR spectra. The dotted curves are fits using
the same anisotropy, average volume, and dispersion for the three temperatures. The observed
narrowing on increasing is due to the dynamics of the superparamagnetic behaviour.

4, Discussion

4.1. High-field magnetization

We used a non-interacting-particle model to obtain the best-fit parameters for the magnetic
moment of the particles and their anisotropy. We considered particles of véluptssessing
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a magnetic momen¥, vV, whereM; is the saturation magnetization. In what follows we will
assume that the applied magnetic field is alongztais. The magnetization direction is
specified by the polar and azimuthal angleg,(¢»). The Zeeman energy is given by

E; = —M;V H Cc0oSHy,. (41)

Similarly a uniaxial anisotropy axis can be defined by the angles#) and this term can be
written as

Ey=KVsity (4.2)
wherey is the angle between the anisotropy axis and the magnetization, and
COSYr = sinB, Sindy; COSpa — Ppr) + COSHy COSHy.

The magnetization was then calculated by averaging over randomly distributed easy axes and
over a volume distribution given by a log—normal probability density:

P(V) = Cexp(—In*(V/Vq)/207) (4.3)

where P(V) is maximum atVp, oy is the standard deviation of (W/Vp), andC is a
normalization constant. We used the modified Langevin function given bileMand
Thursley [23] for the magnetization:

M _ _
[ o ) ([ )
T Jv JQ, Qu Qu

(4.4)

whereE = Ez + E5, dQy = sinfy, dby, dey, and d24 = sinf, db,4 dp4. The mag-
netization, calculated using equation (4.4), was introduced into a non-linear least-squares
routine to obtain the best-fit parameters. The dotted curves in figure 1 and figure 2 connect
the values ofV/ (H, T) calculated using this model. At higH we expect any inter-particle
interaction to be overwhelmed by the Zeeman interaction. Therefore only the high-field data
(H > 30 kOe) were used in the fit which was performed on all of the data obtained at different
T, optimizing M, K, the average volume, arg simultaneously. From this fit we obtained
M, = 646+ 67 emu cnt, K = 20+ 1.1 x 107 erg cn73, (V) = 1174+ 41 A%, and
oy = 0.46+ 0.17. The saturation magnetization is noticeably reduced from the bulk value,
M, = 1470 emu cm?®, indicating a possible oxidation, consistent with the susceptibility
measurements at high@r (figure 3). The particle volume derived from this fit is extremely
small. Considering a FCC structure, with a lattice parameter{22]3.54 A, we can estimate
a single-atom volume to bea®/4 = 11.1 A3. This would indicate that the magnetic clusters
are of only~10 atoms.

The fits to the high-field data for the HT sample are shown in figure 2 by dotted curves.
The best-fit values for the parameters were as follow: = 17004 285 emu cm?,
K = (85+6.7) x 107 erg cnt 3, (V) = 77+ 40 A3, andoy = 0.74+ 0.21. However, the
fitted parameters do not reproduce well the data for low and moderate fielesZ0 000 Oe),
which may be an indication of the effect of inter-particle interactions.

The results for the HT sample indicate that:

(a) The anisotropy is of the same order of magnitude as the values determined for other Co
nanoparticles [8, 14], but much larger than the crystalline anisotropy value observed for
thin FCC films [22] K < 1 x 1C° erg cnT3).

(b) A larger dispersiondy) was found in the HT sample as compared with the AP sample.

(c) The best-fit value oM, (horizontal dotted curve in figure 2) is larger than that for the
bulk, indicating that the heat treatment is effective in reducing the Co to its metallic state.
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Itis difficult to estimate a shape anisotropy energy without knowing the actual shape of the
clusters. For an ensemble of nine atoms arranged as a linear chain, or as a squ&@atoifs,
the anisotropy energy would be [24D.937 M? or ~0.987 M? respectively. The actual cluster
shapes are most probably much more compact than alinear or square arrangement, as suggested
by experimental [25] and theoretical studies [26], leading to a subsequent reduction of the shape
anisotropy energy. An upper limit to the magnetostatic energy could be estimated as half the
maximum value calculated abovét/2)(0.987 M?) ~ 4 x 10° erg cn13, which is an order
of magnitude smaller than the anisotropy energy derived from the data. From these estimates
we conclude that the uniaxial anisotropy cannot be attributed solely to a demagnetizing shape
factor and it should be considered as a second-order effect.

The enhancement a¥f; relative to the bulk value is in agreement with experimental
findings in Co-cluster-beam experiments [5]. This effect was also observed recently [16] for
other Co/Ag nanoparticles prepared by the same chemical methods. In that work, however,
M; was found by extrapolating (H, T) versus(1/H) to (1/H) — 0 atT = 2 K without
considering the anisotropy effect on the approach to saturation. A large enhancemgnt of
(of up to 30%) has also been reported [8] for larger Co colloidal particles (280—4000 atoms).
However, atomic beam experiments [5] have shown Mat— M;(bulk) for cluster sizes
greater thamz400 atoms.

The process of nucleation of larger clusters starts to appear clearly at annealing temp-
eraturesT, > 523 K, as is evident from previous magnetization measurements [16], where
two peaks in the ZFC magnetization were observed, one at ddwhand another broader
peak at around 150 K. This irreversible annealing effect was also observed in our sample by
means of EPR, as already mentioned. At higher annealing temperatures-thenaximum
at 6 K decreases in amplitude and the higlmaximum shifts towards high&f and reaches
a susceptibility maximum close to room temperature for an annealing temperature of 573 K.
Finally, for annealing temperatures Bf > 823 K, larger (multidomain) particles are formed
leading to a reduction in the coercive fields as was reported previously [6].

4.2. Low-field magnetization

The ZFC magnetization data can be interpreted following the theory for single-domain mag-
netic particles with uniaxial anisotropy. The anisotropy energy gives rise to a two-well
potential. The magnetization will relax to its equilibrium following an Arrhenius law given by

T = 10exXp(AE/kpT) (4.5)

where AE = KV is the energy barrier under the Stoner—Wohlfarth [27] assumption and
70 ~ 1071 s [17]. Below a certain blocking temperatuffg, the magnetization will not relax
within the measuring timerf, ~ 100 s in our case). Under these assumpti@pss given by

the conditiont = t,, resulting in the relation

KV =~ 30kpT;. (46)

At T = Tg, the ZFC magnetization will present a maximum. In real samples the particles
are most likely to have a volume distribution. In this case the temperature at which a magnet-
ization maximum occursl,,, will be shifted from theTy associated with the most probable
volume [18].

Using the valueX, M, (V), andoy obtained from the high-field magnetization data,
and assuming a model of non-interacting particles, it is easy to caldjjatee temperature at
which xzrc is maximum. Within this model [18] for a probability densi®(V'), each particle
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of volumeV will give a contribution to the susceptibility given by

0 T < TB

X= {(MSV)ZP(V)/SkB T > Tg. (4.7)
Here T; is the blocking temperature given by equation (4.6). Using this simple model we
obtainedr,,(calo = 1.5 Kand 3.75 K for the AP and HT samples respectively. These results
are consistent with the experimental observations: for the AP safiplexp < 2.0 K,
while for the HT sample7,,(exp = 6.0 K (higher than the calculatefi,). We want to
remark thatT,,(calc) is close tar,,(exp), which is a further check that the anisotropy and
volume determined from the high-field magnetization data are consistent with low-field data.
The differenceT,,(exp — T,,(calc), found for the HT sample may be due to ferromagnetic
inter-particle interactions which have been observed to increase the blocking temperature [17].

Evidence for inter-particle interactions can be deduced from magnetization data at low
field (H < 5000 Oe), where the anisotropy has negligible effectdq#f, T) [23]. In non-
interacting-particle modelsy (H, T) should scale withH /T in the absence of interactions.
We observed that the HT sample bel@w= 30 K did not follow this scaling law. This is
not surprising since at a 10% Co concentration in Ag we can expect interactions between the
clusters to be present. Though the study of interactions [28, 29] is of great importance for
concentrated magnetic nanoparticles, such a study is beyond the scope of this paper.

4.3. EPR

To analyse the data we used a model initially proposed by de Biasi and Devezas [20], and
more recently extended by Bergetral [21]. In the case of a strong external magnetic field,

the magnetic moment of the particles will be aligned, to a first approximation, parallel to the
applied field. In this case the resonance condition (assuming no shape anisotropy) can be
approximated by

w/y = H+ Hy(Y) (4.8)
wherew = 27v, y = gup/h, H is the applied field, andl, (y) is the anisotropy field given
by
K
Ha(y) = +-[8c0s'y — 1] (4.9)
wherevs is the angle between the magnetization and the anisotropy axis. In the superpara-

magnetic regime, thermal fluctuations of the magnetic moments result in a dynamic narrowing
of the resonance spectra given by [20]

H3" = Hy(¥)[L — 3L(x)/x]/L(x) (4.10)
where
L(x) = coth(x) — 1/x

is the usual Langevin function, and= MgV H/kgT.
The magnetic resonance spectrum of a collection of randomly oriented, non-interacting
magnetic particles can be calculated as [21]

dI/dHa//}'sim/f dy VP(V)dV (4.11)
vJy

whereF is the line-shape function which we took as
Fou/(1+u?)?
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with
u=[(H+H;") — w/y]/AH;

with an intrinsic linewidthA H;. The EPR intensity is proportional to the particle volume,
which has been explicitly written in equation (4.11). The volume distributhRyV)), is given
by the functional form (4.3). Als& and M, were taken as independent@fandT .

Within this theory the central part of the EPR (the fitindicated by circles in figure 4) is well
reproduced for all” within a consistent set of parameters: the peak-to-peak linewidth,,,
decreases witli' in accordance with the dynamic narrowing expected for superparamagnetic
resonance of nanoparticles. The volume dispersion was best fitied te 0.3 £ 0.2, in
agreement with th&f (H, T) result. The intrinsic linewidthA H;, was left free at each. We
found a monotonic decreaseAfH; with 7 (going from 19Gt 30 Oe at 300 K to 98- 12 Oe at
500 K), where in all caseA H; < AH,,,. Also the centres of the spectra were allowed to vary
for each fit, finding an increase of the resonance field with increasing temperature. This feature
has also been observed in other experiments on the EPR of magnetic nanoparticles [19, 30].

For the theory outlined above (for the given values fand T), it turns out that
the calculated EPR spectra are sensitive to the anisotropy energy barrier of the particles
(~KV) and not tokK andV separately. The energy barrier was found to be approximately
constant for allT, yielding (KV)zpr = (6.4 4 0.6) x 10~*° erg as opposed to the value
(KV)y = (204 1.5) x 107%° erg obtained fromV (H, T) at low T. This result confirms
that the clusters are indeed small and the anisotropy value is much larger than the bulk value:
fixing the anisotropy value to the one obtained from the magnetization data, we get an average
cluster size of 3@ 15 atoms while if we keep the cluster size at the average of 10 atoms, as
obtained fromM (H, T'), we obtain from the EPR spectka= (7 + 3) x 10’ erg cnt 2.

The EPR result forKV is somewhat surprising, since we would have expected the
anisotropy constant to decrease with increadindgading toK V-values (from EPR at high
T) smaller than the ones obtained fram(H, T) at low T. A possible explanation as to the
origin of this difference may lie in the fact that the experiments are carried out at two very
different characteristic measuring times: 100 s in magnetization measurements &sdri0
the EPR measurements. This would imply that the characteristic blocking temperature would
be at least six times larger in the EPR experiment (considering a characteristic fluctuation time
of 101! s), which would result in a larger effective EPR anisotropy barrier [17].

In figure 6 we show the EPR spectra of the HT sample at three different temperatures.
The three spectra shown were fitted (circles) with the same saturation magnetization, the same
average volume, and identical log—normal volume distributiens£ 0.74), as obtained from
M (H, T) atlowT. The fit qualitatively reproduces well the larger signal ‘tails’ (as compared
with the AP sample; see figure 4) originating in a broader volume distribution, consistent with
a largeroy obtained from theVf (H, T) data. The anisotropy was left as a free parameter in
the fit, as were the intrinsic linewidth, the central resonance field, and the amplitude of each
scan. The parameters obtained from the fit yigktV )z pr = (7.3 + 4.0) x 107 1° erg, as
compared with the valuek V), = (6.5 + 6.0) x 10~1° erg obtained from\M (H, T) at low
T. In this case we can say that the anisotropy energy, as obtained from the EPR, agrees with
the value determined from (H, T). Yet, as mentioned above, we would have expected the
anisotropy barrier, as measured by means of EPR at higher valiesmbe smaller than the
value obtained from magnetization measurements at lower valués \8fe can add that the
quality of the EPR spectra taken ABt= 155 K is poorer than at higher values Bf In the
T = 155 K spectrum the signal ‘tails’ extend further than the fit. This may indicate that in
low-T EPR, the dynamic averaging due to fluctuations is becoming less effective.



Magnetization and EPR of Co clusters 5653
5. Conclusions

Our results show that the microemulsion technique is suitable for preparing clusters of a few
atoms with small size dispersion. In the as-prepared sample the magnetization saturates at
a value much smaller than for the corresponding bulk Co, indicating a partially oxidized
state which is reduced under a mild heat treatment under a flowingtiosphere at

373 K. After this heat treatment the magnetization extrapolates to values larger than that
for the bulk, in accordance with recent experimental results from Co cluster experiments
and theoretical predictions. After the heat treatment a wider volume distribution is deduced
from the magnetization measurements. EPR is shown to be a very sensitive tool for
observing sample transformations, such as the one occurring at 535 K in the AP sample.
EPR spectra show line profiles which can be understood as corresponding to dynamically
narrowed superparamagnetic resonance. The lines narr@wraseases, following closely

the predictions for the EPR of nanoparticles. Both the EPR and magnetization results are
consistent as regards the smallness of the clusters, indicating an average =fL0rdgoms

per cluster. From the EPR least-squares fits we deduced larger anisotropy barriers than the ones
resulting from the magnetization measurements, yet of the same order of magnitude. As far as
we know, this is the first work in which the anisotropy energy is determined simultaneously by
magnetization and EPR measurements. We believe that comkiAd 7) and EPR results

may help us to understand the behaviour of very small clusters in the superparamagnetic regime.
The way in which inter-particle interactions modify the I@mnagnetization and EPR spectra
remains are an open question that requires further analysis.
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