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Enhancement of the magnetic anisotropy of nanometer-sized Co clusters:
Influence of the surface and of interparticle interactions
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We study the magnetic properties of spherical Co clusters with diameters between 0.8 nm and 5.2 nm
(25-7000 atomsprepared by sequential sputtering of Co and@l The particle size distribution has been
determined from the equilibrium susceptibility and magnetization data and it is compared with previous
structural characterizations. The distribution of activation energies has been independently obtained from a
scaling plot of the ac susceptibility. Combining these two distributions we have accurately determined the
effective anisotropy constamt.;. We find thatK ¢ is enhanced with respect to the bulk value and that it is
dominated by a strong anisotropy induced at the surface of the clusters. Interactions between the magnetic
moments of adjacent layers are shown to increase the effective activation energy barrier for the reversal of the
magnetic moments. Finally, this reversal process is shown to proceed classically down to the lowest tempera-
ture investigated1.8 K).
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. INTRODUCTION amorphous matrix of AlO;, prepared by sequential deposi-
tion of both materiald®>~1” By varying the deposition time,
Single-domain magnetic particles are attractive for applithe diameter of the aggregates can be controlled between
cations in data storage. Their properties differ from those obelow 1 nm and 7 nm. For a range of thicknesses, a rela-
the bulk magnefsbecause, as the size of the particles dedively ordered disposition of the particles with a rather ho-
creases, an increasing fraction of the total magnetic atomsogeneous dispersion of the particles inside the matrix is
lies at the surface. The electronic and magnetic structure dibtained, in which they are arranged in layers separated from
these atoms can be modified by the smaller number of neiglibe adjacent ones by a controllable distalcEhe paper is
bors as compared to the btk and/or by the interaction organized as follows. In the first two sections we briefly
with the surrounding atoms of the matrix where the particleglescribe the method employed to prepare the samples and
are dispersed. It was shown that surface effects might lead {§€ir physical characterization. Then, we present our experi-
a smaller net magnetic moment of the partitfeBy contrast, ~Mental results. Using the data obtained from ac magnetic
experiments performed on “bare” particles of Fe, Co, and NjSUSceptibility, zero-field-cooleFC) and field-cooledFC)
produced in bean€ show that the net magnetic moment per Magnetization measurements, and isotherms of magnetiza-

atom increases as the size of the cluster decreases, approa?ﬂp asa fL.mc.t|on.of t.he field, we he_lve determined the par-
) - " icle size distribution in samples which have been prepared
ing the limiting value for a free atom. In addition, the net

anisotropy of the particle exceeds the bulk valdéThis with different Co deposition times. We compare these results

tl lated to th tai f i with available data from a previous structural characteriza-
excess was recently correlated fo the augmentation o Non. This important information is then used to accurately
orbital magnetic moment of the peripheral atoth¥?

: ; | determine the effective anisotropy constant and its variation
Magnetic nanoparticles are also good candidates for thgii, the size of the particles. We have also been able to

study of quantum effects in intermediate scales between thgeparate surface anisotropy effects from the effect of the
microscopic and the macroscopic classical wofltIn real dipole-dipole interaction between the magnetic moments of

systems, however, we usually deal with macroscopic enthe particles. The last section is left for the conclusions.
sembles of particles with different sizes and shapes. The av-

erage magnetic properties of these systems come from intr§- \,oRPHOLOGY AND STRUCTURE OF THE SAMPLES
particle as well as interparticle phenomena, which are
usually difficult to disentangle. Therefore, in this field of The Co aggregates were prepared in Orsay by sputter
research it is desirable to obtain systems in which each of théeposition of Co atoms on a smooth alumina surface. Details
parameters, such as the average patrticle size, the particle siaethe sample preparation and of its structural characteriza-
distribution, the crystalline structure, and the spatial arrangetion have already been reported elsewHéré! The amount
ment of the particles, can be varied independently of eacbf deposited Co is given here by the nominal thicknggs
other. that the deposits would have if they were homogeneous. This
We believe that the work reported here is a step forwarcamount was measured by using energy-dispersive x-ray
in this direction. We present the magnetic characterization o$pectroscopy in the transmission electron microscope and
a new type of systems of Co nanoparticles, embedded in afound to be within less than 5% of the planned dose in all
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TABLE |. Parameters of the Gaussian distribution of particle’s
sizes obtained by TEMa) and from the fit of the magnetization
data (b) The width o of the distribution is given in units of the
average diameter. The last column gives the estimated fraction of
Co atoms which do not aggregate in particles.

@ (b)

teo (nm) <D>a (nm) a? <D>b (nm) o® Xpara

0.1 0.81) 0.355) 0.7(2)

0.2 0.8320) 0.3 1.31) 0.31) 0.7(2)

0.3 1.43) 0.3 1.41) 0.325) 0.224) T(K

0.4 1.43) 0.22 2.21) 0.2(1) 0.51) (K)

0.7 2.96) 0.23 313 0.21)  0.289) FIG. 1. dc susceptibility of a multilayer with.,=0.1 nm and

1 4.28) 0.27 5.23) 0.255 0.133) N=100 measured with a field of 0.01 T: open symbols, FC; solid

symbols, ZFC. The lines represent the results of calculations per-
formed with the parameters of the size distribution given in Table I:
appears to occur dt,=2 nm. On top of each Co layer a VY calculated takingU =KV and Keg=2.4x 100 Jin?; solid
new alumina layer of about 3 nm was deposited. Oxidized Slilnes, ZFC and FC susceptibilities calculated for surface anisotropy
was used as a substrate. A given sample is usija“ made with Ks=0.3 mJ/m. Inset: inverse suceptibility of three multilay-

a A g P ially s:(a) te=0.1 nm, N=100; (b) tc,=0.3 nm, N=40; and(c)
piling up a numbeN (1-100 for the samples studied heoé¢

2 "~ tco=0.7 nm,N=30. The lines represent the equilibrium suscepti-
these layers’ It was found that the amount of Co deposited bility of (b) calculated for(D)=1.4 nm and three values af:

on the surface is larger than the Co mass which forms clusp 25 (upper curv 0.3 (medium curvg and 0.35(lower curve.

ters visible by transmission electron microscd@¥M). The

relative difference between these quantities increaség,as magnetization and of the ac susceptibility with temperature
decreases. Therefore, we have in our samples nonaggregaid magnetic field is rather insensitive to the precise value of
atoms or very small clusters, which contribute to the mag, provided thatN is larger than 10 layers.

netic signal of the samples, in addition to Co aggregates. One

of the difficulties of the interpretation of the magnetic data is IV. RESULTS AND DISCUSSION

to separate these two contributions.

The morphology, size, and spatial distribution of the ag-
gregates were also studied using the TEM data. The aggre- The magnetic dc susceptibility was measured by cooling
gates are of approximately spherical shaaeleast fort;,  the samples in zero fielZFC) or in the presence of the
<1 nm). The average diametéD) of the particles in- measuring magnetic fieldC). Typical ZFC-FC magnetiza-
creases linearly withic,. We give in Tabé | a list of the tion curves are plotted in Fig. 1. At high temperatures the
important parameters obtained from these experiments for aiFC and FC curves coincide, indicating that the samples
samples studied. behave as superparamagnets. In this region, both curves fol-

low the Curie-Weiss lavC/(T— 6). The value ofC increases

as tg, increasegsee the inset of Fig.)1l as expected for
. EXPERIMENTAL DETAILS larger clusters formation as the deposition time of Co in-

creases. The Curie-Weiss temperat@iis nearly zero but for

The magnetic measurements were performed in Zaragozae two samples containing the largest particles. This is
using a commercial Superconducting quantum interferencgrought about by the interaction between the particles, which
device (SQUID) magnetometer in the temperature range ofwe shall consider in a separate section below. At lower tem-
1.8 K<T<320 K and in magnetic fields up to 5 T. The ac perature, the two curves start to separate. The ZFC curve
susceptibility was measured by applying a small ac fieldsshows a maximum at a temperatufg below which the
(0.45 mT) to the sample with frequency/2m in between  magnetic moments are blocked in fixed directions. It is well
0.01 Hz and 1.5 kHz. The samples had a rather large diamagnown that the phenomenon of blocking is related to the
netic signal arising from the silicon substrate. This contribu-magnetic anisotropy of the particl&&The anisotropy favors
tion was estimated independently by measuring a bare sulsome particular orientations of the magnetic moment, two
strate and found to be linear in field and independent of thgpposite to each other in the simplest case of uniaxial anisot-
temperature. It was subsequently subtracted from all experiopy, which are separated by activation energy bartiers
mental data. Since the mass of deposited Co is accuratetiie temperature decreases, the number of thermal phonons of
known, we give the susceptibility in S| absolute units. Un|eSSenergy equal or larger thdd decreases, thus leading to an
indicated otherwise, the data shown in this paper were meaxponential increase of the timeneeded to reverse the mag-
sured on samples having more than 20 CefAlbilayersin  netic moment of a particl&~2°
order to maximize their magnetic signals. We have checked
for tc,=0.3 nm andtc,=0.7 nm that the variation of the 7= 1oexXp(U/kgT). D

A. Superparamagnetic blocking

094409-2



ENHANCEMENT OF THE MAGNETIC ANISOTROPY @ . .. PHYSICAL REVIEW B 65 094409

1.6 T T 1.6 ——————T——T——
@t =07nm . 1'4LL Jo.14
> a a 10.12
[~ 98 e - 1.2¢
3 : S Lof Jo.10
E, 05 (Dy=36,3.1,26m | = 0sf — fo.os F
ch E 0.6f Joos T
S 3 e 100K, N=1 | oM oo a
04 ¥ o 100K,N=30 S 04 o v 1%
T A 200K 0.2}% % H 10.02
o 300K ‘ 00N %S00
0.0 ; } 0 50 100 150 200 250 300
12 L Bt =03nm i T(K)
8 : . " FIG. 4. Left axis: temperature dependence of the remanent mag-
= 08 L SO S * i netization O) and of the saturation magnetization measured with
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\g o 70K lated with Egs. (2) and (9), respectively taking Mg,
04 X 100K =1.7u5/Co atom, the parameters given in Table I, and the distri-
4 200K | bution f(U) estimated from the blocking of the ac susceptibility.
0.0 . .0 300K Right axis: temperature dependence of the coercive figlpdf the
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o o ) ) Kess IS an effective anisotropy constant with contributions
_0F7'G' 2. EqL(l;ItlbnErggmagnstlzatlon Ofdmt'g'_lg‘;‘yerst :’V'ttbo from the intrinsic magnetocrystalline anisotropy of the fcc
=0.7 nm(@ andtc,=0.3 nm(b), measured at different tempera-  ~, o from other sources, such as stress-induced anisotropy
tures. The lines represent the calculated res{diotted line, pure . .

. ~ AR or surface-induced anisotropy. The dependendé Gf on V
Langevin curve foD=3.1 nm; solid lines, results calculated av- . . .
eraging a Langevin curve over a Gaussian distribution of $izes will be considered below in Sec. IV C.
Above Ty the magnetization isotherms are fully reversible

Eg. (2)] with 0=0.2 and three different values of the average di- . . N
ameter.(b) Solid line, as in the upper picture far=0.32 and because the magnetic moments are in thermal equilibrium.

(Dy=1.4 nm; dotted lines, equilibrium magnetization calculatedAS Shown in Fig. 2, the experimental data measured well

for T=12 K andT=30 K with the same size distribution but for @b0ve the blocking temperature of each sample collapse onto

uniaxial anisotropy withJ = 7K D2 andK=0.2 mJ/nf. a single curve when they are plotted as a functiorHaT,
indicating that the effect of the anisotropy is weak. Further-

Here 7,~10"1°-10"%® s is an inverse attempt frequency, more, pure Langevin curves fit the experimental data reason-

which depends on the damping of the magnetic moment bﬁbly well, which shows that the size distributions of all these
the phonon or the magnon baths. In this simple picture, thg@mples are narrow. BeloWg, the magnetization shows
superparamagnetic blocking takes place wheequals the hysteresigsee Flg. $w_|th both the coercive fielti . and the
measurement time of each experimental paint thus Tg remanenceM, increasing as the temperature decredsés

= aU/kgln(t./7), wherea is a constant which depends on F19- 4 o

the width of the particle size distributiofimore details are Ve Plot in Fig. 5 the low¥ values ofM, and of the
given below. We have indeed observed thag increases

with the Co deposition time, that is, with the average volume 2.0 . T . . 1.0
of the aggregates. Therefore, we writt=K.¢V, where I bulk— ]
. 10.8
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-20 -10 0 10 20 FIG. 5. Variation of the low-temperature reduced remanent mag-
H(kOe) netizationm, (O, right axi9 and saturation magnetizatiovi; (@,

left axig) with the amount of deposited Co for all samples studied.
FIG. 3. Hysteresis loop of a multilayer witiz,=0.1 nm mea- The dotted line represents {IX,a;a) 1.7+ Xparats With Xpara @S
sured atT=2 K after cooling the sample in zero field or in 5 T obtained from TEM studies and the dashed line is a guide to the
from room temperature. eye.
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saturation magnetizatio ¢ as a function ot¢,. It is inter- Therefore, in what follows, we approach the problem in a
esting to note that, fot-,<<0.7 nm, the reduced remanence different way. As a starting point of the analysis we consider
m,=M, /Mg is smaller than the value 1/2 predicted for par-that the spheres have the bulk magnetizatign,=1.7ug
ticles having their easy axes oriented at randorie at- per Co atom, whereas the missing magnetic moment is ex-
tribute the reduction ofn, below this value to the presence clusively attributed to the paramagnetic Co fraction. The
of paramagnetic atoms that do not contributerta A Curie cpntribution of the clusters to the net saturation magnetiza-
tail shown by the saturation magnetization at the lowest temton of each sample then equals<Xpara)Msp. It was ob-
peratures is also related to this extra contribution. The exced@in€d by subtracting the loW-paramagnetic tail from the
paramagnetism arises likely from single atoms or very smali®t@ Ms. This tail corresponds approximately to (0.7 1)

clusters that are formed in the first stages of the preparatiot er pgrarr?ggettlc atorr]n for_ all samples, ‘lNhiCh indicates tk;at
process and which do not give rise to further ese isolated atoms have in average only one unpaired elec-

aggregatiort®822|t was found that the fractioR, s of Co tron. In this way,Xpara is also estimated. The so-obtalnfed
Xpara Values(see Table)lincrease as:, decreases and are in

which is deposited bUt. is not detected by TEM increases a?easonably good agreement with the values previously deter-
tco depreases. Accordinglyn, decreases as the amount of mined by TEM® We show in Fig. 5 that (% Xpara) 1.7
deposited Co decreases. On Fhe other hand, the _sample Wl-tlb)(para,uB calculated using the TEM values reproduces well
tco=1 nm hasmrzo.?l, that is, larger than 1/2’, likely be- 6'gbserved dependenceMf as a function of ¢, (with the
cause of the predominant ferromagnetic coupling betwee@xception of the sample withe,=0.3 nm). We also find
particles. . that the remanent magnetization calculated as 0.5(1
It is also remarkable that the average magnetic _momenLXpara)Msb accounts for the experimental data fog,
per atom for the whole sample, as obtained finof Figs.  <0.4 nm. Above this thickness, the interaction between the
4 and 5, is smaller than the value for bulk Co (dg/per Co  particles becomes importarisee Sec. IV D and, conse-
atom for all samples and that it decreasestgg decreases quently, the remanence becomes larger than what is expected
(and thus as the average size of the particles decped$es  for noninteracting magnetic moments.
dependence is opposite to that observed for free Co clusters
in beam& and also for Co particles of similar size supported
in a solid matrix}®?® In those experiments, the measured
magnetic moment per atom exceeded the bulk value and it In this section we will try to determine the particle size
was found to increase as the diameter of the particles delistribution from the equilibrium magnetic properties of each
creases. sample and compare it with the results obtained by TEM. In
The smaller value of14 that we measure could be related Fig. 2 we have plotted the equilibrium magnetizatignof
to the presence of an oxide layer at the surface of the patwo different samples havint,,=0.3 nm and 0.7 nm, re-
ticles, which orders antiferromagnetically. However, we didspectively. We recall that, for a set of magnetic moments
not find any trace of oxide in electron energy loss spectroswithout anisotropyM (H, T, u) =ML (uH/T), whereL de-
copy (EELS) measurements. Moreover, it is known that thenotes the Langevin function. If the anisotropy energy is taken
exchange interaction between this layer and the magneti@to account, there is no analytical expressionNoiH, T, w)
core of the particles would also induce a net anisotropy or@nd the shape of the magnetization curve deviates from the
the latte?* This so-called exchange anisotropy leads to gpure Langevin form whet/kgT is large. However, it can
shift of the hysteresis loops when the sample is cooled dowastill be evaluated numerically, as was described in Ref. 26.
in the presence of a magnetic field. For example, Peng and For a real sample, we have to averdgéH,T,u) over
co-workeré® have recently measured an exchange bias fieléhe appropriate distribution of particle sizes. Comparing the
as large as 1 T for CoO coated Co clusters having a diametealculated magnetization to the experimental data we shall
of 6 nm and 13 nm. By contrast, as we show in Fig. 3, thelry next to get information about this distribution. In order to
hysteresis loops measured after cooling the sample in zewirectly compare our results with those obtained previously
field or in 5 T from room temperature are nearly identical,by TEM, we defineg(D) as the distribution of number of
thus with no evidence for an antiferromagnetic order at theparticles having a diameter equal@o For spherical particles
surface layer. Thus, we conclude that most of the particleg.=7M¢,D%/6, whereMy, is, for the reasons given in the
are free from oxidation. previous section, taken as equal to the saturation magnetiza-
It is, however, still possible that some of the Co atoms, intion of bulk Co. We fit the experimental data using the fol-
close contact with the AD; matrix, have a weak chemical lowing expression:
link with it. This chemical bonding can reduce the number of
unpaired electrons and then quench the magnetic moment of 1igH
the metal atom, as was shown by van Leeuwen and — ol —
co-workers> From our data, it is not p)(l)ssible to determine M(H.T) xpara,ugtan?‘( kgT ) + (17 Xara)
whether the atoms involved in the reduction of the average

B. Determination of the particle size distribution

magnetic moment are located at the periphery of the particles f g(D)V[M(H,T,x)/M4]dD

or are those atoms which do not form aggregates, because XM )
the relative concentration of both increases as the average sb ’
size of the clusters decreases. f 9(D)vdD
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taking for g a Gaussian distribution. decreases was also observed in the TEM Hfata. conclu-

For each sample, we fit only data measured at temperaion, the codeposition of Co andA); yields Co clusters of
tures for which the two calculations, with and without anisot-controllable size and with a narrow and nearly constant dis-
ropy, give approximately the same result. We give an exiribution of diameters.
ample of this method in the lower panel of Fig. 2 for a
multilayer withtc,=0.3 nm. Above 30 K, the calculations C. Magnetic anisotropy

performed with and without anisotropy almost coincide. For .
lower temperatures, close B;=8.6 K, the experimental Next, we want to study the dependence of the effective

magnetization starts to deviate from the pure isotropic be@nisotropy on the cluster size. The anisotropy of the particles
havior, as happens for the data measure@-al2 K. Even C&n be estimated by comparing thg average acuvatlon energy
then, the experimental data are rather well reproduced by odlY) t© the average volumer/6(D)”. Usually (U) is esti-
calculations if we use the value &f.(; determined from the Mated agU)=25zTg, whereTg is the temperature of the
blocking of the ac susceptibilitisee Sec. IV C below (D) maximum of the ZFC su§cept|b|llty. H_owever, this procedure
values obtained from the fit for all samples are given in Tabld®2dS to an overestimation of the anisotropy bzgggTLgsde-
I. We find that( D) increases withc,, as expected. For most Pends not only orfU) but also increases withr.*
of the samples it is, however, larger by 10%—40% than the N order to get more reliable values we need a way to
values that were previously found by TEM. This discrepancycPtain the full distribution of activation energié¢U) and
can be ascribed to the fact that the TEM experiments werd€n to find which value ob) corresponds to particles with a
performed on single layers deposited on a special carboffiameter equal tqD). Fortunately,f(U) can be directly
substrate, whereas we have measured multilayers preparégtérmined from ac susceptibility data meggsgored near the su-
on a Si oxide. However, we have also measured a monolay@erparamagnetic blocking temperatulig .~ As men-
with tc,=0.7 nm and obtained almost the same magnetizalioned above, the blocking occurs when the average relax-
tion results(see the upper panel of Fig) &s for a multilayer. ation time becomes of the order ofddl/It is therefore cIt_aar
An alternative explanation is that the saturation magnetizathat the temperature dependence)dfand x” near Tg is
tion of the smallest particles is enhanced with respect to thgetermined by the distribution df among the particles. In
bulk, as was found in similar systems of Co clustetd®23  order to relatey’ and x” to the distributionf (U) it is com-
However, even if we had used the maximum value ofig3 ™Mon to assume that those particles having Uy, are fully
per Co atom, which was found by Respaatdal, (D) would bIoc.k'ed_ and th_e ones that' dp not fulfill this condition are in
have decreased by 10% only, that is, within the uncertaintﬁqu'“b_”um- This hypothesis is reasonable pecause the relax-
of the fitting procedure. In order to get the same diameterdtion time depends exponentially éhaccording to Eq(1).
that were observed by TEMM, should be as large as FOr noninteracting particles,
3ug—4ug per Co atom for the smallest clusters.

The fit of the magnetization curves is more sensitive to ,zfub (U T)f(u)dUJrzfm (U,T)f(U)dU
the value of(D) than to the width of the distributiomr. In X Xed = 3)o, ’
fact, it is possible to obtain a reasonably good fit by using a 4
single Langevin curve =0) with almost the samé&D)
value as foro# 0 (see Fig. 2, upper paneln order to get a T
better estimation ofr, we have also fitted the equilibrium X"= 5 KeTxeq(T,Up) T(Up), (5)
susceptibility, as obtained from the low field dc or ac mea-

surements well abovég, using the following expression:  here U,=kgT In(L/w ) is the activation energy of those
partié:les having exactly-zzte at a given tempgrqture(eq
f g(D)V(MZ,V/3kgT)dD =MgVI3kgT and x, = Mg /2K¢¢; are the equilibrium sus-
_ 3) ceptibility and the reversibléhigh-frequency limit suscep-
(D)VdD tibility, respectively?’ It follows from Eq. (5) that Uf(U)
9 can be directly determined by plotting’ versus the scaling

his la i lid also f il ith uniaxial variableU, . In Fig. 6 we show the result for a multilayer
This formula is valid also for particles with uniaxial mag- it ¢ =0.7 nm. Similar results were obtained for the
netic anisotropy if, as is the case for our samples, the anisofior samples

ropy axes are not orientédlt turns out that the equilibrium = 5o important to note here th&{U) is the fraction of the
sfusce.ptlblhty.ls very sensitive to the presence of '?fge PaTfotal magnetic volume occupied by particles having the acti-
ticles in the distribution and therefore éq as is shown inthe \ a4inn energy, since the susceptibility is mainly dominated
inset of Fig. 1. For this reason, the contribution of the paraby the contribution of the largest particles. ContragyD)

mallgnet:cc momentds Weﬁ can be neglected 'Sl all casesr.] The gives instead the number of particles of a given size. The two
values for(D) and o that are given in Table | are those distributions are related as follows:

which reproduce best both the equilibrium magnetization

Xeq

isotherms and the equilibrium susceptibility. The width of Vg(D)

the distribution is found to be rather constant and in good f(U)= — . (6)
agreement with the value found previously by TEM. The (dU/dD)f Vg(D)dD

slight increase ofo as the average size of the aggregates 0
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FIG. 6. Imaginary part of the susceptibility of a multilayer with FIG. 7. Size dependence of the effective anisotropy constant for
tco=0.7 nm andN=30 plotted as a function of the scaling vari- all samples investigated< gives the value obtained for a single-
ableUg /kg=T In(1/wy), with =10 ' seconds. The solid line layer withtc,=0.7 nm. The solid line is a best squares fit of the
is a fit according to Eq(5) taking a Gaussian fog(D). Results ~ data to Eq(8).
obtained as explained in the tejdf. Eq. (7)] from ZFC-FC mag-
netization curves measured with two different magnetic fields arg¢hat the activation energy decreases in a magnetic field. In

also shown for comparison. addition, the distribution function broadens a bit as a result
of the random orientation of the easy axes.
For spherical particled (D) = K ¢ 7/6)D 3. Thereforef (U) We now come back to our main goal. The anisotropy

is, apart from normalization factors, proportional to constant is plotted in Fig. 7 as a function of the average
(U/K 1) Y3g[ (BU/ K o55)¥3]. Using this relationship and diameter of the aggregates. It is interesting to compare these
taking a Gaussiam(D), it is possible to fity”(U,). The experimental data with the constalis; that is estimated
anisotropy constant is then simply the ratio betwekKD )) using only the intrinsic magnetocrystalline anisotropy of
andV((D)). Although the fit is rather good, we find that the bulk Co. For hcp Co, the stable phase for large particles,
function g that is extracted in this way froi(U) (or ") is  Kess, equals the intrinsic uniaxial anisotropy constaft
systematically narrower than the size distribution obtained=4.3x10° J/n?. However, the structural characterization of
previously using the equilibrium magnetization and magnetiall samples studied here shows that they crystallize in the fcc
susceptibility. We will discuss later on the possible physicalphase. Therefore, we would expect that the intrinsic anisot-
origin of this discrepancy. ropy of the particles in our samples would be smaller than
The distributionf(U) can also be obtained by a different that for hcp Co. For cubic anisotroffy*! K¢;=K/4, where
method, which makes use of the ZFC and FC dc susceptibiK is the second-order intrinsic anisotropy constant. Taking
ity curves measured at low enough magnetic fields. The difK =2.6x10° J/n? for fcc Col%® this gives Kq¢1=6.5
ference between the ZFC and FC magnetization curves stems10* J/n?. Therefore, the values that we find for all
from the different contributions of the blocked particles to samples are almost one to two orders of magnitude larger
each of them. Neglecting the weak variationhdf,, with T,  than expected for magnetocrystalline anisotropy. Further-
this contribution only depends dnvia the critical energyJy, more,K ¢ is observed to increase @3) decreases. The size
which determines the relative number of blocked and superdependence of the effective anisotropy follows approxi-
paramagnetic particles at a given temperature. Using thmately the following phenomenological expression:
same approximation which led to Eqg) and(5) for the ac
susceptibility, it is possible to show that 6K
Kesi=Ke+ oy (8)
IMec—Mzrc)
g Min(Up THIIU), (D with  K,=5(x2)x10* I and K.=3.3(=0.5)

X 10~1 mJ/nt. This result is robust in the sense that it does
where M, =M¢q—M, and M, is the magnetization not change qualitatively if we use the average diameter
brought by the reversible rotation of the magnetic momentsfound by TEM, instead of the values obtained from the mag-
This expression is valid provided that the applied magnetiqetization data. The first term is closeKd4 and can there-
field is much smaller than the anisotropy field,  fore be identified as the contribution of the intrinsic anisot-
=2Ket1/Mgp, asis actually the case in our experiments. It isropy. The second one is proportional to the fraction of atoms
also possible to approximatd ;. (Up)=x4(Up)H. There- located at the periphery of the particles, which can be more
fore, Eq. (7) gives an independent method to determinethan 80% of all Co atoms for the smallest clusters studied
f(U). We plot in Fig. 6 the results obtained for an appliedhere. Our experimental results indicate then that there exists
field of 0.001 T, which are in good agreement with the aca rather large contribution of the surface atoms to the net
susceptibility data. In the same figure, data obtained foanisotropy.
noH=0.01 T are also shown. In this case the maximum of The enhancement of the magnetic anisotropy of
the distribution shifts towards lower valuesWdf , indicating  nanometer-sized metallic particles with respect to the bulk
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has been previously reported by several authd?$3For Co
particles with diameters varying between 4.4 and 1.8 nm,
Chen and co-worket8 obtainedK ¢; which increases from
about 5<10° J/n? to about 3 1P J/n?. These values are
even larger than ours. However, they are of the same order as
the values that would have been obtained if we had used the
temperature of the maximum of the ZFC susceptibility, as
was done by the authors. More recently, Respatidl®
studied the anisotropy of Co particles of 1.5 and 1.9 nm by
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fitting the whole ZFC and FC magnetization curves, a
method that can be considered as equivalent to ours. They &
found Kq;r=8.3x10° J/n? and K;=7.3x10° J/n?, re- Y
spectively, in reasonably good agreement with our data. The 0 10 20 30 40 50
existence of a large surface anisotropy in metallic particles is T(K)

thus well established experimentally.

The origin of this extra anisotropy has been related to the FIG. 8. Real part of the susceptibility of a Co multilayer with
modification of the electrostatic and exchange interactions ofco=0.3 nm andN=40 measured for two different frequencies.
the atoms located at the surfdc&;**which depends largely The dotted line is calculated fas/27=0.1 Hz with Eq.(4) using
on whether the surface is oxidized or not. Since our samplefie parameters of Table | and takitg=7Ke(D/6, with Koy
show no oxide layer, we have to consider how the properties 1-15><é106 Jin?. The solid lines are calculated taking)
of a “bare” metallic surface are modified with respect to the = TKsD? With Ks=2x10"" mJ/nf. Inset: the size distribution
bulk. The value oK that we have found is actually compa- 4€termined by TEM fottc,=0.7 nm is compared to the distribu-
rable to the perpendicular anisotropy measured in free CHONS obtained fromy” for two limiting cases where the anisotropy
surfaces® It is commonly accepted that this perpendicular:isn;'tzf:);?gnsal‘:ﬁgczyamseot'g&%ﬁ/:éu"n:g ?hn;rfcu;:ﬁlr;(?:lt'ge
o e e e 18 a0 O] Mool s gues Tespoce 16 I 4 K.

. =0.33 mJ/m.

more localized at the surface and, consequently, have larger

orbital moments. The same theoretical interpretation can be

app“ed to the atoms at the periphery of small metallic We recall here that we have found that the activation bar-
clusters? In this case, the enhanced anisotropy at the surfacéer distribution is systematically narrower than the size dis-
extends to the inner atoms via the strong exchange interagrbution for all samples. As an example, in the inset of Fig.
tion with them, which leads to an increase of the averagé we plot the size distributiog(D) of a multilayer with
anisotropy of even spherical clustéfsThis interpretation tc,=0.7 nm extracted fromy” and directly observed by
has been confirmed by x-ray magnetic dichroism experiTEM. The horizontal scale for the former distribution is
ments performed on Au/Co/Au Iayé?sand more recently  (6U, /7K1 Y3 with Koy=10° J/nt. It is tempting now to
also on Co-disk-like aggregates supported on Au surfaces. attribute the “narrowing” of the blocking transition to the

It was found that the orbital componemi_of the total mag- effect of the surface anisotropy. Whet,/D>K., then U
netic moment scales with the fraction of atoms located at the_k 5 whereS=#D? is the surface of the particle. It fol-
surface of the aggregates. For spherical clusters, as the onggys then from Eq(6) thatf(U)=D2g(D) and the width of
studied here, we expect then that «1/(D), dependence he gistribution of activation energies must then be smaller
that we have indeed observed fidg;. We therefore con- ,an yheny=y . Figure 8 shows indeed that when the same
_clude that the obs_,erved increaselfy is likely due to the susceptibility data are represented versus the variable
increasingly localized character of thel &lectrons of the (Ub/’ITKS)]'/Z the ensuing size distribution is in better agree-

atoms located at the surface. . ment with what it is found by TEM or from the equilibrium
Once the particle size distribution and the anisotropy are agnetization and susceptibility. In this way, we also obtain
known, it is possible to predict the time-dependent magneti ) ’ ’
P P P g gs which turns out to be between 0.2 and 0.3 nfJfor all

response of the samples and compare it to the experiment.

Examples of these calculations are compared to the expers@MPles. This value can be then used to recalculate the ac
mental data in Figs. 1, 2, and 4. The calculations accountusceptibility and the ZFC magnetization. We find that the

very well for the experimental data measured ab®ye as ~ calculations performed with the same parameteend(D)
expected. They also reproduce in Fig. 1 the deviation of th@s before(see Table)l but takingU=D? are in much better
FC susceptibility from the equilibrium susceptibility that agreement with the experimefsee Figs. 1 and)8Although
takes place below 5 K. However, they reproduce neither théhe width of the of size distribution is not always accurately
position nor the shape of the maximum of the ZFC suscepdetermined, it seems that the influence of the surface
tibility. Another example of this discrepancy is shown in Fig. anisotropy also modifies the shape of the susceptibility peak
8, where we plot the experimentgl for a multilayer with  at the blocking. We conclude that the dynamical response of
tco=0.3 nm and the values calculat@ibtted ling with Eq.  very small particles is therefore determined by the special
(4). Again, the width of the blocking transition is clearly physical properties of the atoms which are located at their
overestimated by the calculations. surface.

100 Hz
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D. Influence of the number of layers: 6
Dipole-dipole interaction between the particles

There has been some debate during the last years about >
the effect that the dipole-dipole interaction between magnetic
nanoparticles has on their relaxation times. Shtrikman and 4r
Wolfarth®® and later Dormanret al° predicted that the ef- \
fective activation energy increases by an amount that de- X P
pends on the number and spatial arrangement of the neighbor q—g \
particles. By contrast, in the model proposed byriypand 2 5\'\ B
Tronc* the interaction between the particles leads to a lower Z\
U. The experimental validation of one of these two models is - ‘7. o8
complicated because, for some preparation methods, it is dif- v
ficult to vary the density of particles in the sample without ot .
modifying the distribution of particle siz€$:* 0 50 100 ,1151% 200 250 300

The preparation method of our samples presents a number (K)
of advantages. We have seen that the average size can begig g nverse ac susceptibilityf2m=1 Hz) of two samples
controlled by changing the deposition time, but also theith the sametc,=0.7 nm but different number of layer®, N
packing of the particles can be controlled. The TEM images=30; O, N=1. Inset: for the same two samples, scaling plogbf
show that the clusters in a layer do not agglomerate andmeasured at different frequencies: Dots, 0.025 Hz; up triangles, 0.1
furthermore, that the deposition of several layers of Co andHz; squares, 1 Hz; down triangles, 10 Hz. In both casgs
Al,O; leads to a self-organized spatial arrangement of the=10"1% s.
particles(see Ref. 1Y For a multilayer each cluster has, on

average, six nearest neighbors in the same plane, three aboygergy of each particle, by an amount of about 200 K. This
and another three below it. Fog,=0.7 nm, the average (difference is of the same order of magnitude as the interac-
distance between nearest Co clusters in the same layer ign energy with the six nearest neighbors in the multilayer.
Ay=5.4 nm, whereas the distance to nearest neighbors e also find that the relative width &ff(U) has the same
adjacent layers ia=4.5 nm:" In this section, we compare value for the two samples, which confirms again that the
the relaxation rate of two samples having both, distribution of particle sizes is the same.
=0.7 nm(D)=3 nm), but very different number of layers,  Finally, we would like to mention that the effect that the
namely, 30 and only one. By going from a monolayer to ainteraction between the layers has on the effective anisotropy
multilayer we certainly expect that the average energy ofs smaller, by more than one order of magnitude, than the
interaction of a particle with the others changes. The interyariation ofK 4 with size, as shown in Fig. 7. The interac-
action energy between particles in adjacent layers is the lar@ion is, moreover, expected to be much weaker for the
est and of the order ofu?’/\*~40 K. By contrast, smaller particles, in agreement with the small valuegof
in a sample with a single layer, each particles hasfound for to,<0.7 nm. Therefore, this effect only intro-
in average, only six neighbors coupled by a weaker interacduces a small uncertaintabout 5%) in the value of.
tion (u*/Aj~20 K).

In order to attribute any difference between the two ) ]
samples to the effect of the interparticle interactions, it is E. Magnetic relaxation at low temperatures
very important to check beforehand that the sizes of the ag- In the previous sections, the reversal of the magnetic mo-
gregates are the same in both. We showed in Fig. 2 that th@ents has been treated as a classical process assisted by the
equilibrium magnetization curves of the two samples are alinteraction with a thermal bath. However, taken as a quantum
most identical, and we compare in Fig. 9 the inverse of theivariable, the spin of a magnetic clus@&r=M \V/gug can in
ac susceptibility curves. Aboves, the susceptibility follows  principle flip also by quantum tunneling across the barrier if
the Curie-Weiss law, with identical values 6f which con-  the effective Hamiltonian contains terms which deviate from
firms that(D) and o are practically the same. By contrast, the uniaxial symmetry* This possibility is very attractive
the Curie-Weiss temperatuieis about 2 times smaller for because it would show the existence of quantum effects at
the monolayer, indicating that the average interparticle interthe intermediate scale between the microscopic and the mac-
action is notably reduced. It is also apparent that the blockingoscopic worlds. Quantum relaxation can dominate over the
temperature of the monolayer is smaller than that of thehermal activation at very low temperatures, when the ther-
multilayer. As we have done before, the activation energy ofnal population of the first excited state double{S—1)
the two samples can be compared by plottyigneasured at becomes negligible, and should lead to a saturation of the
different frequencies as a function of the scaling variablerelaxation rate to a nearly-temperature-independent Vlue.
Uy, as shown in the inset of Fig. 9. The maximum of the Such a saturation has indeed been observed in some systems
curve for the monolayer is clearly shifted towards lower val-of single-domain particles in the past:42°43
ues of U, with respect to the maximum obtained for the In this section, we present measurements of the relaxation
multilayer. Our data give strong evidence that the interactiorof the remanent magnetization of an initially saturated
between the aggregate layers tends to increase the activatisample. We have chosen the sample with the smallest Co

i * i
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BT In the inset of Fig. 10 we show the temperature depen-
o | dence of the so-called magnetic viscos®ty, determined as
. the slope of theM, vs In() curves. Below about 2.5 KS,

= 02+ E» ‘ . does not vary much witif. We note, however, that, accord-

8 a7 2 1 ing to Eq.(9), the magnetic viscosity is just

\L‘Q 34 5 6 78 -

2 01l ) -

8 _M keToost(u 10
, S=inr = KeT5 f(Up) (10
"0 50 100 150 200 250

Ub/kB(K) and it is therefore proportional th(U). The apparent satu-

] o ration of S measured between 1.7 K and 2.5 K just reflects

FIG. 10. Time-dependent remanent magnetization of e shape of the distributiof(U), and it is indeed rather
(Co0.1 nm ALOs 3 nm)igo multilayer plotted as a function of e gescribed by the “classical” calculation. These data
the scaling variablé)g /ks=T In(te/7o) with 70=10"" s. The in- .0 2 example of how important it is to have information

set shows the temperature dependence of the magnetic viscosi . . .
The solid lines are calculated according to E@.and(10). dg?;gf(u) in order to adequately interpret the relaxation

clusters for two reasons: first, because the rate for quantum
relaxation must be the largest for these c!usters of only about V. FINAL REMARKS AND CONCLUSIONS
25-50 atoms, and second, because this sample shows the
strongest anisotropy. The separation of the two lowest-lying We have presented a detailed and extensive study of the
state doublets, which is roughly given 8y,~gugH,, is  magnetic properties of Co aggregates prepared by sequential
then about 3 K, thus larger than the lowest temperaturgeposition of Co and AD;. This preparation method en-
that our magnetometer can reach,{(,=1.7 K). We have ables us to control both the average size and the number of
measured the decay of the magnetization of the sampl@yers independently. We have shown that the distribution of
that takes place after a magnetic field of 5 T is switchedactivation energies can be accurately determined from ac
off at different temperatures. The decay Mf, is approxi- susceptibility and ZFC-FC magnetization measurements. We
mately logarithmic in time. An important advantage of have investigated the variation of the effective anisotropy as
recording the relaxation at zero field is that it can thenthe size of the aggregates decreases from about 5 nm to
be easily calculated using our knowledge of the activatiorbelow 1 nm. We find thaK. scales with the fraction of
energies distribution. At zero field, the equilibrium magneti-atoms located at the periphery of the aggregates. The
zation is zero for all particles. Therefore, using the samestrength of the surface anisotropy is of the same order of
approximation as before, the time-dependent magnetizatiowhat is found for free Co surfaces and we therefore attribute
is given by it to the increase of the orbital magnetic moment of these
atoms. Furthermore, the activation energies distribution re-
sembles the distribution of particle’s surfaces rather than the
Mg (= volume distribution. For such small clusters, it is therefore
M(t.T)= TJU fU)d(), ©) more appropriate to write) =K S than the “traditional” U
b =KefV. Using the distributions of sizes and of activation

where we have made the reasonable approximation that ta crales that we have determined, we are able to give a

magnetic moments of the particles are initially saturated b uantitative - account of al th_e_ equilibrium and time
e . dependent experimental quantities. We have also shown
the magnetic field. The factor of 1/2 arises from the revers; o )
. , ; X that the activation energy increases when the average
ible rotation of the magnetic moments for a random orienta-

tion of the easy axes, as in the Stoner-Wolhfarth métiak gu:gté?r:er?tf Vater?rﬁg rﬂgg’gbg;ng%aﬁrg‘lﬂeFir;r;Tlreatiees’ n

pointed out by Labartat al,** if the magnetic moments flip 29 o : y, the
X , decay of the remanent magnetization of clusters containing
by a thermally activated process, the relaxation curves mea- : X
. only about 25—50 atoms is shown to proceed via a thermally
sured at different temperatures should scale when plotted as _: .
i . . : activated mechanism down to the lowest temperatures

a function ofU,. This plot also gives a picture of the relax-

ation at very long times, which are not experimentally acces[nvestlgated.

sible. Our experimental data, which we plot in Fig. 10 do
indeed show a rather good scaling for the samg
=10"1% s that was obtained from the shift of the maximum
of x” with frequency. The solid line in the figure was calcu- We would like to thank Dr. C. Paulsen and Dr. J. Carrey
lated with Eq.(9) using the distributiorf (U) that we deter- for assistance with some of the experiments reported in this
mined with the method described in Sec. IV C. The scalingvork. This work has been partly funded by Spanish Grant
of the data confirms that the relaxation mechanism is classNo. MAT 99/1142 and the European ESPRIT contract
cal (not tunneling down toT=1.7 K. “MASSDOTS.”
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