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Magnetic Anisotropy of a Single Cobalt Nanocluster
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Using a new micro-SQUID setup, we investigate magnetic anisotropy in a single 1000-atom cobalt
cluster. This system opens new fields in the characterization and understanding of the origin of magnetic
anisotropy in such nanoparticles. For this purpose, we report three-dimensional switching field measure-
ments performed on a 3 nm cobalt cluster embedded in a niobium matrix. We are able to separate the dif-
ferent magnetic anisotropy contributions and evidence the dominating role of the cluster surface.
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Magnetic nanostructures are subjects of growing inter-
est because of their potential applications in high density
magnetic recording media [1] and their original magnetic
properties [2]. Because of the limited sensitivity of con-
ventional magnetic characterization techniques [3], most of
the experimental studies on nanosized grains were carried
out on large assemblies of particles [4], where distributions
of particle sizes, shapes, and defects rendered the interpre-
tations quite difficult. From a fundamental point of view,
we present in this Letter the first magnetization reversal
measurement performed on individual cobalt clusters con-
taining about 1000 atoms. A new micro-SQUID setup [3]
measures the three-dimensional (3D) diagram of the mag-
netization switching fields which is described with a uni-
form rotation model. We deduce the magnetic anisotropies
of such individual nanoparticles which are dominated by
surface anisotropy.

In bulk magnetic materials (3D), magnetostatic and
bulk magnetocrystalline energies are the main sources of
anisotropy, whereas in low-dimensional systems such as
thin films (2D), wires (1D), or clusters (OD) strong inter-
facial effects are expected [2,5,6]. Only experiments on a
single cluster can provide information on the different con-
tributions to the magnetic anisotropy. Here we present the
first magnetic measurements on individual cobalt clusters
of 3 nm in diameter. High resolution transmission electron
microscopy (HRTEM) performed on Co clusters deposited
on carbon coated copper grids showed that they are well
crystallized in the fcc structure (Fig. 1a) with a sharp size
distribution (3—4 nm). Similar cobalt clusters are then em-
bedded in a thin niobium film for magnetic measurements,
and x-ray diffraction measurements showed that embed-
ded clusters keep their fcc structure. Clusters mainly
form truncated octahedrons [7,8]. Faceting is thermo-
dynamically favorable to minimize the surface energy [9]
leading to an equilibrium shape in the truncated octahe-
dron form. Such perfect polyhedrons contain 1289 or 2406
atoms for diameters of 3.1 or 3.8 nm, respectively. As pre-
viously observed for free and deposited metallic clusters
(Co, Ni, Al) [10,11], the growth of a polyhedron to one
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which is one layer larger occurs by the filling of successive
facets. This result has also been theoretically predicted
using molecular dynamics [12]. In the first stage, atoms
have a high probability (=80%) to participate to the
growth of a close-packed (111) face, which will be the
first covered. In a second stage, atoms will fill an adjacent
(111) or (100) face (Fig. 1b). The magnetic signals of such
particles are at least a thousand times smaller than those
of previously studied nanoparticles [13,14] deposited onto
the micro-SQUID device. In order to achieve the needed
sensitivity, Co clusters were directly embedded into the
junctions of the micro-SQUID (Fig. 2).

A laser vaporization and inert gas condensation source
is used to produce an intense supersonic beam of nano-
sized Co clusters which can be deposited in various
matrices in UHV conditions. In such a low energy
deposition regime (LECBD: low energy cluster beam
deposition), clusters do not fragment upon impact on the
substrate [15]. The niobium matrix is simultaneously
deposited thanks to a UHV electron gun evaporator [16].
As prepared, 20-nm-thick niobium films containing a
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FIG. 1. (a) High resolution transmission electron microscopy
observation along a [110] direction of a typical 3 nm cobalt clus-
ter exhibiting a fcc structure. (b) A characteristic cluster simu-
lated for our magnetic calculations with light atoms belonging
to the 1289-atom truncated octahedron basis and dark atoms to
the (111) and (001) added facets.
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FIG. 2. Schematic drawing of a micro-bridge-dc-SQUID
which is patterned out of a 20-nm-thick superconducting
niobium film containing a low density of 3 nm cobalt clusters
(dots).

very low concentration of cobalt clusters (<0.1%) are
electron beam lithographed to pattern micro-bridge-dc-
SQUIDs [17] (Fig. 2). The later ones allow us to detect
the magnetization reversal of a single Co cluster for an
applied magnetic field in any direction and in the tempera-
ture range between 0.03 and 30 K. However, the desired
sensitivity is only achieved for Co clusters embedded into
the microbridges, where the magnetic flux coupling is high
enough. Because of the low concentration of embedded Co
clusters, we have statistically between 0 and five noninter-
acting particles in a microbridge (300 X 50 nm?). In most
cases, only one cluster gave a measurable signal. For cases
with several signals, a precise three-dimensional study al-
lowed us to show that each signal corresponds to an inde-
pendent cluster. Indeed, studying precisely the intersection
of two Stoner-Wohlfarth astroids allows one to find inter-
actions between clusters. We found no interaction between
particles and a random orientation of the easy magnetiza-
tion directions.

For cobalt, the exchange length is 7 nm which is larger
than the 3 nm particle size [18]. In this case, we can use
to a good approximation the Stoner and Wohlfarth model
[19,20] describing the magnetization reversal by uniform
rotation. This model supposes that the exchange interac-
tion in the cluster couples all the spins strongly together to
form a giant spin for which the direction is given by the
unit vector m. The magnetization reversal is described by
the potential energy,

Em,H) = Eg(m) — uovM;m - H, (1)

where v and M, are the magnetic volume and the satu-
ration magnetization of the particle, respectively, and H
is the external magnetic field. Eo(m) is the magnetic
anisotropy energy given by

EO(m) = Eshape(m) + Esurface(m)
+ Emp(m) + Eyc(m). (2)

Eghape s the magnetostatic energy related to the cluster
shape. Egyface 1S due to the symmetry breaking and surface
strains. In addition, if the particle experiences an external
stress, the volume relaxation inside the particle induces
a magnetoelastic (ME) anisotropy energy, Eme. Ewmc
is the cubic magnetocrystalline anisotropy arising from
the coupling of the magnetization with the fcc crystalline
lattice as in the bulk. All these anisotropy energies can
be developed in a power series of mfjmyf m; with p =
a+ b+ c=2,4,6,...giving the order of the anisotropy
term. Shape anisotropy energy contains only second or-
der terms. Surface and magnetoelastic energies begin with
second order terms, whereas the cubic magnetocrystalline
anisotropy starts with fourth order terms.

At T =0K and H = 0, m is aligned along an easy
magnetization axis which is a minimum of E. When a
magnetic field H is applied, the position of the minima
in E changes continuously with m following the position
of a minimum. However, there are particular fields where
this minimum disappears, leading to a discontinuous varia-
tion of m with a jump to another minimum of E. The
corresponding fields are called the switching fields of the
magnetization. The micro-SQUID technique measures
the switching fields for any direction of H [14] allowing
us to determine the magnetic anisotropy energy Ep of a
single cluster. The magnetization switching is detected us-
ing the cold mode [3]. In the superconducting state, the
SQUID is biased close to the critical current. The magne-
tization reversal of the particle then triggers the transition
of the SQUID to the normal state. The three-dimensional
switching field measurements and the studies as a function
of temperature were done using a three step method (blind
mode) [14]. First, the magnetization of the particles is satu-
rated in a given direction (at 7T = 35 mK). Second, a field
is applied at a temperature between 35 mK and 30 K which
may or may not cause a magnetization switching. Finally,
the SQUID is switched on (at 7 = 35 mK) and a field is
applied in the SQUID plane to probe the resulting magne-
tization state. This method allows us to scan the entire
field space. Figures 3a and 3c display a typical three-
dimensional switching field distribution for a 3 nm Co
cluster at T = 35 mK. This surface is directly related to
the anisotropy involved in the magnetization reversal of the
particle. The experimental results in Figs. 3a and 3c can
be reasonably fitted with the Stoner and Wohlfarth model
[21] to obtain the following anisotropy energy:

Eo(m)/v = —Klmg + szg

— K4(m)%,m§, + m)zc,mg, + mg,mi). 3)

K and K; are the anisotropy constants along z and y, the
easy and hard magnetization axes, respectively. Ky is the
fourth order anisotropy constant, and the (x'y’z’) coordi-
nate system is deduced from (xyz) by a 45° rotation around
the z axis with z/ = z. We find K; = 2.2 X 10° J/m?,
K> = 0.9 X 10° J/m?, and K4 = 0.1 X 10° J/m>. The
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FIG. 3 (color). (a),(c) Top view and side view, respectively,
of the experimental three-dimensional angular dependence of
the switching field of a 3 nm Co cluster measured with the
micro-SQUID. This surface is symmetrical with respect to the
H,-H, plane and only the upper part (uoH, > 0 T) is shown; it
corresponds to almost 2000 measuring points. Continuous lines
on the surface are contour lines on which uoH, is constant.
(b),(d) Top view and side view, respectively, of the theoretical
switching field surface considering only second and fourth order
terms in the anisotropy energy.

corresponding theoretical surface is showed in Figs. 3b
and 3d. Furthermore, we measure the temperature depen-
dence of the switching field distribution (Fig. 4). We de-
duce the blocking temperature of the particle T = 14 K
leading to an estimation of the number of magnetic atoms
in this particle: N = 1500 atoms [22]. Detailed measure-
ments on about 20 different particles showed similar three-
dimensional switching field distributions with comparable
anisotropy [K; = (2.0 = 0.3) X 103 J/m?, K, = (0.8 *
0.3) X 10° J/m?, and K; = (0.1 = 0.05) X 10° J/m?)]
and size (N = 1500 £ 200 atoms).

In the following, we analyze various contributions to the
anisotropy energy of the small Co clusters in view of the
experimental results reported above. Fine structural stud-
ies [16] showed that niobium atoms penetrate the cluster
surface to almost two atomic monolayers because cobalt
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FIG. 4. Temperature dependence of the switching field mea-
sured in the H,-H, plane in Fig. 3. An extrapolation of the
switching fields to zero gives the blocking temperature 75 =
14 K [22].

and niobium are miscible elements. Further magnetic mea-
surements [16] showed that these two atomic monolayers
are magnetically dead. For this reason, we estimate the
shape anisotropy of the typical, nearly spherical, deposited
cluster in Fig. 1b after removing two atomic monolayers
at the surface. By calculating all the dipolar interactions
inside the particle assuming a bulk magnetic moment of
Mar = 1.7up, we estimate the shape anisotropy constants:
K = 0.3 X 10° J/m? along the easy magnetization axis
and K, = 0.1 X 103 J/m? along the hard magnetization
axis. These values are much lower than the measured ones,
which means that Egp,pe is not the main cause of anisotropy
in the cluster.

We expect that the contribution of the magnetoelastic
anisotropy energy Eyg coming from the matrix-induced
stress on the particle is also small. Indeed, by using the
codeposition technique, niobium atoms cover uniformly
the cobalt cluster creating an isotropic distribution of
stresses. Therefore they cannot give rise to second order
terms in the magnetic anisotropy energy. In addition,
stresses would relax preferably inside the matrix and not
in the particle volume since niobium is less rigid than
cobalt. HRTEM and x-ray diffraction measurements
performed on niobium films containing cobalt clusters
showed that niobium is nanocrystallized with a typical
10—-20 nm grain size. This is direct evidence that strains
have relaxed inside the matrix. Moreover, we verified that
possible strains induced by an epitaxial growth of niobium
on cobalt can be ruled out. Indeed we initiated the
growth of niobium on a fcc cobalt film [grown on a single
Cu(100) crystal] by molecular beam epitaxy (MBE) at
room temperature. In situ reflection high energy electron
diffraction (RHEED) and low energy electron diffraction
(LEED) measurements showed unambiguously that there
is no epitaxy of niobium on cobalt. We believe therefore
that only interface anisotropy Egyface can account for the
experimentally observed second order anisotropy terms.
Niobium atoms at the cluster surface might enhance this
interface anisotropy through surface strains and magneto-
elastic coupling.
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Quantitative information on surface anisotropy is only
available in the case of a cluster-vacuum interface using
the Néel anisotropy model. This phenomenological model
is based on a simple atomic picture. In a first approxima-
tion, the magnetic energy of a pair of atoms can be written
as L cos?(6), where L is an atomic interaction and 6 is the
angle between the atomic bond and the magnetization. L
depends on the fcc cobalt magnetoelastic constants and, at
low temperature, L = —1.5 X 107 J/m? [23]. Summing
over all the nearest neighbors in the fcc cobalt cluster in
Fig. 1b, this interaction vanishes, except at the cluster sur-
face where the cubic symmetry is broken. As a result,
this interaction is proportional to the number of surface
atoms (Ng). We have contributions from (111) and (100)
facets with in-plane anisotropy and from edges with an
easy direction along their axes. Apices give no contri-
bution to the anisotropy since locally the cubic symme-
try is not broken. After removing two atomic dead layers
at the cluster surface and dividing the corresponding en-
ergy by the number of atoms in the particle (M), one
finds: K; = 2.5 X 10° J/m? along the easy direction and
K> = 0.5 X 10° J/m? along the hard magnetization axis.
K, and K, are proportional to the surface-to-volume ratio
(i.e., Ng/Nyy). It is interesting to mention that the Néel
surface anisotropy involves very large anisotropy constants
in thin films (107 J/m?), whereas, in clusters, symmetries
reduce this anisotropy to a value close to our experimental
result. The fourth order term K4 gives the cubic magne-
tocrystalline anisotropy in the fcc cobalt cluster. x/, y/,
and z’ correspond to the crystallographic directions [100],
[010], and [001], respectively. Thus, [111] directions are
weak easy magnetization axes. Note that this anisotropy
constant is smaller than the one reported in previous pa-
pers [23,24].

In conclusion, we have shown that the micro-SQUID
technique combined with the LECBD is a powerful method
to investigate the magnetic properties of nanosized mag-
netic particles. It allows one to measure in three dimen-
sions the switching field of individual grains, giving access
to its magnetic anisotropy energy. Furthermore, the tem-
perature dependence of the switching field is measurable
and allows one to probe the magnetization dynamics.
In the case of nanosized cobalt clusters embedded in
the niobium film of the micro-SQUID, it seems that the
cluster-matrix interface provides the main contribution to
the magnetic anisotropy.
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