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Limits of the macrospin model in cobalt nanodots with enhanced edge magnetic anisotropy
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We report on a theoretical study, by an atomic scale micromagnetic model, of the magnetic configurations
and magnetization reversal in cobalt circular nanodots (one and two atomic layers thick, up to 10 nm in
diameter) with enhanced magnetocrystalline anisotropy at the edge. According to the dot diameter, out-of-
plane, twisted, and in-plane configurations are found. The results are first compared to the macrospin model,
usually applied to this type of nanoparticles, and then to a continuous micromagnetic model with a sole radial
variation of the magnetization. Field induced magnetization switching is also computed. We observe a process
close to coherent rotation for nanodot diameters as small as 2 nm, but with a lower switching field as compared
to the macrospin model, that may be called quasiuniform rotation. Our results fix the application limits of the
macrospin model, which forgets atomic-scale variation of the properties.
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I. INTRODUCTION

Magnetic clusters, with dimensions in the nanometer
range, are driving a considerable interest due to their poten-
tial application in ultrahigh density data storage. At this size,
the exchange energy dominates the demagnetizing energy
(dipolar coupling) in the energy balance. As exchange energy
tends to align neighboring spins, the complex micromagnetic
structure is generally simplified to the macrospin model:' the
magnetic configuration is thought to be monodomain and the
magnetization reversal to be coherent (i.e., all the spins are
always parallel to each other during the magnetization rever-
sal). This assumption leads to simple models first described
by Stoner and Wohlfarth,> which give insights about the
static and dynamic behaviors of the magnetization in
nanostructures.”® The simplicity of these models makes
them very appealing, and most experiments are indeed dis-
cussed through them.>%*-'4 However, the phenomena at this
scale are richer than this simplicity. For example, ferrimag-
netic oxide clusters such as y-Fe,O; have shown a surface
spin disorder due the breaking of the symmetry at the surface
that induces some important deviation to the macrospin
model, like an absence of magnetization saturation at low
temperature in high magnetic fields."> In metallic clusters,
the increase of the surface magnetic anisotropy recently
reported! 1416 also drives the need to consider the limits of
the macrospin model and establish new models. Indeed, as
the exchange energy, when considered as a first neighbor
interaction, is decreased at the surface due to the low coor-
dination, the enhanced magnetic anisotropy at the surface
may cause different behaviors for the surface and volume
spins. On the theoretical point of view, this problem has al-
ready been addressed in the case of clusters with a radial
magnetic anisotropy.'’° These studies have shown that for a
ratio between atomic surface anisotropy and exchange ener-
gies higher than 1, the magnetization reversal is not coherent
and surface spins switch independently of the volume spins.

Among the more recent experimental results, cobalt nan-
odots grown on Pt(111) (Ref. 14) and Au(111) [Refs. 21 and
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22] have given impressive examples of enhanced magnetic
anisotropy at the lower coordinated atoms. In these two di-
mensional structures, the experiments have shown that the
magnetic anisotropy is mainly distributed at the edge atoms,
which induce an easy magnetization axis perpendicular to
the surface. Without this contribution, the nanodots would be
magnetized in plane. However, in these two studies, this de-
termination relied on macroscopic magnetometry measure-
ments and on their analysis using the macrospin model. A
recent study of Co/Pt(111) nanodots using spin resolved
scanning tunneling microscopy?’ has contested this interpre-
tation, claiming that the magnetic anisotropy in the center of
the dots is perpendicular. This poses the question of the va-
lidity of the model used to analyze these first experiments.
Following the model of Ref. 14 with the enhanced aniso-
tropy at the edge spins, the hypothesis of homogeneous mag-
netization is not trivial as the edge and center spins have
different easy magnetization axes (perpendicular or in plane).
In this study, we use this enhanced edge anisotropy model
and perform a micromagnetic study at the atomic level and at
zero temperature, in order to determine the magnetic con-
figurations in the dots. For mono- and bilayer thick dots with
diameter up to 10 nm, corresponding to the experimental
case of Refs. 14 and 21, we study the magnetic configura-
tions and the field induced magnetization reversal and com-
pare these results to the macrospin model. A continuous mi-
cromagnetic model is also introduced in order to obtain a
phase diagram of the magnetic configuration versus the pa-
rameters.

II. ATOMIC MODEL

The aim of the calculation is to obtain the minimum en-
ergy magnetic configurations in ferromagnetic nanodots and
at zero temperature. The magnetic energy is written as

©2007 The American Physical Society
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where m; is the atomic magnetic moment unit vector on site
i, p the atomic magnetic moment, and r; is the vector con-
necting sites i and j. The sum contains four terms: (i) the
Zeeman energy, (ii) the exchange coupling between first
neighbors (with J the exchange energy per bond), (iii) the
magnetocrystalline anisotropy energy (MCA, expressed as a
second degree local anisotropy with k; the anisotropy energy
and e; the anisotropy axis on site i), and (iv) the dipolar
coupling between magnetic moments. Note that this descrip-
tion assumes classical localized magnetic moments. The
magnetization configuration which minimizes Eq. (1) is cal-
culated by integrating, from a nonequilibrium state, the
Landau-Lifchitz-Gilbert (LLG) equation

dm; eff dm;
?ZYOH,‘ Xmi+am,~><?, (2)

where 7, is the gyromagnetic ratio (y,>0) and « is the
damping factor (taken as 0.5 in order to ensure a fast inte-
gration convergence). The effective field Hfff acting on the
magnetic moment m; describes the influence of the aniso-
tropy and the other magnetic moments as

eff _ _ Lﬂ (3)
Mope o,

For a particle containing N magnetic moments, we obtain
a set of 3N coupled equations. The LLG equation is numeri-
cally integrated with a time step of 1 fs which was found to
be a good compromise between accuracy and calculation
speed. The minimum energy configuration is found by relax-
ing the LLG equation until |dm,/dt| <1076 rad/fs.

We focus on mono- and bilayer thick circular Co nanodots
with diameters up to 10 nm. The cylindrical axis is called the
z axis. The atoms have a hexagonal stacking with a lattice
parameter a=2.5 A. The atomic magnetic moment is u
=2.1ug (Mg=1.77%10° A/m).'*?? The exchange energy is
taken as J=8.4 meV per bond [for a three-dimensional (3D)
material, it corresponds to an exchange constant A;,=0.75
X 107" J/m (Ref. 24)]. Following the experimental results
on Co nanoparticles on Au(788) and Pt(111), we are inter-
ested in perpendicular MCA and take e;=e,Vi. We consider
the extreme case proposed in Ref. 14, where MCA is only
due to the edge atoms (k;=0 for the atom / in the center, k;
=k for the atom i at the edge). We take k=0.6 meV, close to
the experimental values.'*?! For comparison, we also con-
sider the case with a homogeneous MCA, with k;=k’ Vi. For
a given size, we adjust k£’ so that the total MCA is the same
in both cases. It is worth noticing that in the macrospin ap-
proximation, the dipolar interaction induces an effective
shape magnetic anisotropy (SMA), with z as the hard axis, as
the diameter is higher than the thickness (we denote by K,
the increase of SMA energy from uniform in-plane to per-
pendicular states). This energy is exactly evaluated by sum-
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ming the dipole-dipole interactions over the whole dot.> In
terms of characteristic length scales, the usual 3D exchange
length A=+2A;p/ M0M§ is 2 nm here and a bulk material
with a homogeneous MCA of 0.6 meV/at. (K=8.7
X 10% J/m?) has a Bloch wall width =VA;,/K of 2 nm.

III. ZERO FIELD MAGNETIC CONFIGURATIONS

We first address results on the magnetic configurations at
equilibrium under zero field. On the micromagnetic point of
view, the magnetic configurations are determined by the
competition, at a local scale, of the three different energies:
exchange, magnetocrystalline anisotropy, and dipolar cou-
pling. Unlike the first two that are local, the dipolar energy is
long ranged. With increasing the dot size, its strength in-
creases, which leads to a variety of configurations versus the
dot diameter. Moreover, at the edge spins, the MCA and
dipolar coupling energies have opposite tendencies: the
MCA tends to align the spins along the z axis, whereas the
dipolar coupling tends to align them along the longest direc-
tion of the structure, i.e., perpendicular to the z axis. In the
macrospin picture, the situation is simpler as the exchange
energy is supposed to be infinite. In that case, local quantities
can be avoided and only the integral energies have to be
considered. The total MCA is proportional to the number of
edge atoms (approximately proportional to \N). Neglecting
in a first approximation the dot diameter variation of the
thickness to diameter ratio, the SMA is proportional to the
number of atoms N (a more accurate model including the
aspect ratio is discussed below). Thus, MCA dominates at
lower size, whereas SMA dominates at higher size and the
magnetization direction is expected to switch from perpen-
dicular to in-plane direction above a critical size. Once more,
as both MCA and SMA are second degree in m, the transi-
tion is expected to be abrupt with no intermediate tilted
states.

Using the parameters given above for Co, the critical di-
ameters are expected to be 5.75 and 6.15 nm, respectively,
for mono- and bilayer dots (note that the higher critical di-
ameter for bilayer dots is due to a lower demagnetizing fac-
tor, linked to the thickness to diameter ratio?®). The variation
of the angle 6 between the total moment and the z axis is
shown in Fig. 1(a), as computed for mono- and bilayer dots.
As expected in the macrospin model, a reorientation transi-
tion is clearly evidenced. For both thicknesses, the moments
lie along the z axis for diameters lower than 5 nm and in the
(x,y) plane for diameters higher than 9 nm. However, the
transition appears to be smooth and tilted magnetization
states are found. These tilted magnetization states are inho-
mogeneous as the magnetic moments at the edge are less
tilted than the magnetic moments at the dot center, due to the
edge MCA [see the example of a 5.25 nm diameter mono-
layer particle in Figs. 1(b) and 1(c)]. This result is in contra-
diction with the macrospin model. Note that, on the contrary,
we have found that when MCA is homogeneously distributed
over the whole particle, the magnetic configurations are al-
ways homogeneous and no twisted states are found.

This result is, in fact, analogous to the twisted spin con-
figurations predicted in magnetic multilayers with perpen-
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dicular interface magnetic anisotropy.?”?® In that case, the
authors predicted twisted spin configurations when the total
MCA and SMA nearly compensate. In our case, the edge
MCA is analogous to the thin film interface magnetic aniso-
tropy. We generalize here the model from Ref. 27 to our
cylindrical geometry. The magnetic configuration is de-
scribed in a continuous approximation by 6(r), the angle be-
tween the magnetic moment at position r with the z direc-
tion, where r is the distance from the particle center. Note
that (i) all moments are assumed to tilt toward the same
in-plane direction and (ii) a cylindrical symmetry is assumed
for this function, with no dependence on thickness as it is
only a few atomic layers. These assumptions come from the
structures obtained with the atomic model, as shown in Fig.
1. For a cylindrical dot, with thickness ¢ and radius R, the
magnetic energy E is

E[ 0 k' [a6)\?
M =J {A(—) + K, cos? 6‘]rdr+RKe sin” 6.
2t 0 dr

(4)

The first term in the integral is the exchange energy, with
A=N\J\2/a (where A:% and I, respectively, for the mono-
and bilayer dots). The second one is the SMA, with K,
=X7(R/t)puoM3/2 [where M s=\2u/d® is the magnetization;
X=0.932 and 0.966 for the mono- and bilayer dots, respec-
tively, account for the discrete lattice effect’® and 7(R/f)
accounts for the dot cylindrical shape®]. It is assumed for
simplicity that SMA is homogeneous over the whole particle
and thus one has, in terms of the uniform demagnetizing
factors, 7=N,—N,. The last term is the edge MCA with K,
=k\3/2/a*. The function 6(r) which minimizes the energy is
the solution of the following equation obtained by variational
calculus
d*0 de

u——+——+usinfcos =0 for0<u=<R/A, (5a)
du®  du

do
P sin fcos 6 for u=R/IA = uy,,, (5b)

where u=r/A, A=\“'TK4 is the usual exchange length, and
p=K,/ \r’rKd is a nondimensional parameter proportional to
the edge anisotropy. Although the case of the infinite thin
film has an analytical solution,?” it does not in our geometry.
Therefore, Egs. (5a) and (5b) are solved numerically by the
shooting method (an initial value #(0) results in a given pro-
file of @ at u=u,,,, that is compared to the boundary condi-
tion [Eq. (5b)]). A general phase diagram versus the two
parameters R/2A and p can be constructed and is shown in
Fig. 2. Its shape is very similar to that obtained analytically
in the case of an ultrathin film.?’

Profiles of the magnetization inside the nonuniform re-
gion are shown in Fig. 3, evidencing that nonuniformity de-
creases at the phase boundaries. In order to compare these
results with those of the atomic model, the dependence of the
demagnetizing factors on the aspect ratio cannot be ne-
glected. In addition, as the atomic disks are not perfectly
circular, it is necessary to multiply K; and K, by factors F
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FIG. 1. (Color online) (a) Variation of the angle # between the
total moment and the z axis (cylindrical axis) versus the dot diam-
eter, for monolayer (black squares) and bilayer (gray triangles) nan-
odots. Both calculations [in black (gray) for monolayer (bilayer)
dots] are compared to the macrospin model (dashed lines) and the
continuous micromagnetic model (continuous lines) described in
the text. The sketches indicate the typical calculated magnetic con-
figuration: out of plane, twisted, and in plane. [(b) and (c)] Twisted
magnetic configuration for a 5.25 nm diameter monolayer dot.
Panel (b) corresponds to the magnetization profile as a function of
the distance from the particle center (the points correspond to all
atomic positions in the atomic calculation and the line to the con-
tinuous micromagnetic model). Picture (c) is a magnetization map
[the arrows indicate the magnetic moment projection in the (x,y)
plane and the gray points indicate the magnetic moment projection
on the z axis].

and F, so that the same number of total and perimeter atoms
is considered (we found F;=0.95 and F,=1.1). The calcu-
lated continuous micromagnetic curves obtained under these
conditions have been superposed to the atomic model results
in Figs. 1(a) and 1(b), showing a good agreement. The dif-
ferences that remain between the two model are small once
the proper effective micromagnetic parameters are used.
The discrete character in the atomic model, not included
in the continuous model, does not have a dramatic impact on
the results, the edge roughness being only taken into account
via the renormalization of the demagnetizing and edge aniso-
tropy energies. Moreover, the attenuated exchange and non-
uniform demagnetizing energy terms at the edges, not in-
cluded in the continuous model, are not essential features to
reproduce the results. Thus, we see that using physically rea-
sonable atomic parameters, although the macrospin model is
clearly inadequate, the essential features of the magnetization
states can be obtained through continuous micromagnetics.
In particular, no decoupling of edge from bulk is observed
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FIG. 2. (Color online) The three possible magnetization states,
two uniform and one nonuniform (indicated by the sketches), in a
circular disk of radius R, as a function of the two nondimensional
parameters p and R/2A. The continuous blue curves correspond to
the phase diagram of the continuous micromagnetic calculation and
delimit the three possible states. The dotted straight line with
R/2A=p corresponds to the macrospin phase diagram, where no
twisted states are predicted: the magnetization is either parallel
(R/2A <p) or perpendicular to the z axis (R/2A > p). The dashed
black (red) curve indicates the change of effective parameters for
monolayer (bilayer) dots. Note that these curves are not simple
straight lines with p=const because they include the fact that the
demagnetizing factor (and thus the exchange length) varies with the
dot size.

here, contrary
previously.!718

to more extreme cases investigated

IV. FIELD-INDUCED MAGNETIZATION REVERSAL

We now consider the magnetization reversal induced by
an external magnetic field. Using the atomic simulation, the
dot hysteresis loops are calculated in a quasistatic mode by
increasing the external field strength step by step and relax-
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FIG. 3. (Color online) Profiles of the magnetization (perpen-
dicular magnetization component m_) versus radial position r, for a
disk with radius R=A and three values of the parameter p.
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FIG. 4. Switching field astroids for the 5.25 nm diameter mono-
layer dots. The magnetic fields are normalized to the anisotropy
field (ugHyx=0.55 T). The dots correspond to the atomic simulation,
the continuous line to the continuous micromagnetic calculation,
and the dashed line to coherent magnetization reversal.

ing the magnetic configuration using the LLG equation after
each increment. The magnetization switching field H corre-
sponds to the critical field above which the magnetization
jumps irreversibly from an energy minimum to an other one.
Calculations were also performed in the continuous micro-
magnetic model. Instead of the differential equation [Eq.
(5a)], a slightly different equation has to be solved in the
presence of an applied field,

&0 do ,

u— +—+usin fcos f—uhsin(f—-y) =0, (6)

du”  du
where v is the angle at which the field is applied with respect
to the z axis and h=H/[MXn(R/t)] is the reduced field
modulus. Starting from uygH=1 T, the field was decreased up
to —1 T by steps wyAH=1 mT. For each field, a (u) profile
was found as discussed previously. Reversal was detected by
an abrupt change of the solution.

The magnetization switching field has been calculated as
a function of the angle 7y in order to obtain the so-called
astroid curve. The results are first compared with the mac-
rospin model, i.e., for a coherent rotation (CR) of the spins.
Again, this model provides a very simple description of the
switching field, which only involves average quantities.
When y=0, it predicts that the switching field (HS®) equals
the anisotropy field H,

HER (= 0) = Hy = ot ™
Mo
where k=(Z;k;—/C,)/N is the mean anisotropy energy per
atom. When y#0, HX(y) is exactly calculated from the
Stoner-Wohlfarth solution.?’

The simulations with the nanodots which are magnetized
in the twisted magnetic configuration show a strong dis-
agreement with the CR astroid (see one example in Fig. 4).
Indeed, we observe a strong reduction of the switching field
as compared to the CR switching field, particularly for an
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FIG. 5. Switching field astroids for 3.25 nm
diameter (a) monolayer and (b) bilayer dots. The
upper parts (open points) correspond to the edge
MCA cases and the lower parts (full points) cor-

respond to the homogeneous MCA case. The
lines correspond to the macrospin switching field
astroid. The value of the anisotropy field is
MmoHg=1.46 and 1.72 T for, respectively, mono-
and bilayer dots.
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external field aligned along the z axis. This is understood
easily by considering the torque applied by the external field
on the magnetization: in the macrospin model, the magneti-
zation is parallel to the external field and the torque is small;
in the twisted state, the magnetization is tilted and the torque
is stronger.

The micromagnetic model displays an even more com-
plex curve, which fits the simulation results but also shows
additional tips in tilted directions. These tips are due to the
lower degree of freedom in the micromagnetic model (two
dimensional moments) than in the atomic simulation (3D
moments), and the disappearance of such tips under rotation
symmetry has been discussed elsewhere.® The deformed as-
troid and particularly the presence of many tips in it are
generally seen as the signature of higher order anisotropy
terms.®?? In our case, this interpretation is not suitable as all
anisotropies are second degree in m. It is, in fact, related to a
noncoherent magnetization reversal. Due to the different
magnetization configurations, the energy variation versus the
mean magnetization direction is not simply due to the mag-
netocrystalline and shape anisotropies but also includes an
effective configuration anisotropy. The first order deviation
to the macrospin is seen as an effective configuration energy
with a cubic (fourth order) symmetry,'® which can be evi-
denced in the astroid.?*3° We evaluate this effective configu-
ration anisotropy in the example of the 5.25 nm monolayer
dot shown in Fig. 4. Considering the magnetocrystalline and
shape anisotropies, the magnetic anisotropy energy has a
uniaxial form

E, = ke sin” 6,

(8)

with k.=8.7 ueV/at. To fit the astroid in Fig. 4 in the
framework of the coherent magnetization reversal,?? we use
the effective anisotropy energy,

ES(0) = ky sin® 6 cos” 0+ k, sin® . 9)

We have found k;=24 ueV/at. and k,=6 ueV/at. (note that
the fit can be further improved using even higher order terms
but that the essential correction to the CR is the fourth order
one). The uniaxial anisotropy constant k, is close to k.
Thus, most of the deviation to the macrospin is found in the
fourth order anisotropy constant K;, which represents the
configuration anisotropy, in good qualitative agreement with
Ref. 19.

1.0

By considering the torque acted by the field on the mag-
netization, the deviation from the CR model is not surprising
for the particles that display a twisted configuration. How-
ever, we have also identified some important deviations for
the particles with diameter well below 5 nm, as shown in
Fig. 5. Due to the edge MCA (Fig. 5, upper parts), the mac-
rospin model only approximately reproduces the calculation
and a slight deviation is observed. This is particularly evident
when the field direction is close to the anisotropy axis (||
<20°), where the switching field is found to be lower than
the coherent magnetization switching field. Note that in the
case of a uniform MCA distribution (Fig. 5, lower parts), the
agreement between the macrospin model and the calculation
is quite perfect. In the case of the edge anisotropy, the mo-
ments at the center of the dot tend to reverse earlier than
those of the edge atoms. They further induce the switching of
the edge moments via the exchange coupling.

Focusing on the case with a field aligned along the z axis,
we further compare the simulation results with the macrospin
model, as detailed in Fig. 6. In the macrospin model, the
switching field is given by Eq. (7) and approximately de-
creases with dot diameter linearly with N=!/2. The simulation
for diameters below the critical diameter approximately fol-

10Fm——g "
& R = Monolayer
. . A Bilayer
N
0.8 | uH. (T . 7
“ 0f" e A
T s
~
T .
0.6 A
D (nmi n
010 1 2 3 4 5
04 1 1 1 1
0 1 2 3 4 5
D(nm)

FIG. 6. (Color online) Atomic simulation of the switching field
(H) versus the dot size, for H aligned along the z axis. In the main
figure, Hc is normalized to the coherent rotation switching field.
The inset displays the absolute value of H.
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FIG. 7. Time trace of the magnetization reversal in a 2.25 nm
bilayer dot. A magnetic field (uogH=2.1 T) is applied at =0 s along
the z axis and is opposite to the initial moment direction. Dashed
line: projection of the total moment along the z axis. Full line: norm
of the total moment. Note that the absolute value of the time is
irrelevant as the damping « in the simulation is high as compared to
the reality. Using a=0.1 as a more realistic value, the switching
time is about 6.9 ns (1.4 ns in the present result with @=0.5). How-
ever, the reversal mode is not specific to this overdamped
calculation.

lows this trend but, as already noticed from the astroids, the
macrospin model tends to overestimate the switching field.
As soon as the diameter is higher than 1 nm, a deviation is
clearly evidenced. This deviation increases with the dot di-
ameter and is more than 40% for a 4.75 nm diameter bilayer
dot (50% for a monolayer dot). Note that the deviation is
mainly due to the inhomogeneous MCA distribution, al-
though dipolar coupling also plays some role. Indeed, we
have calculated the switching field without taking into ac-
count the dipolar effects and found that the difference be-
tween the calculation and macrospin model is about 15% for
the 4.75 nm diameter bilayer dot.

The noncoherent magnetization reversal in the dots is
clearly evidenced in Fig. 7, where the norm of the total mo-
ment is shown to vary during the magnetization reversal. The
dot magnetic moments are not perfectly parallel to each other
and a maximum angle of 2° opens between the edge and
center moments. This indicates that the reversal occurs via
nonuniform magnetic states similar to the twisted magnetic
configurations found previously for the dots with higher di-
ameters. However, although the norm of the total moment
varies by less than 0.05%, the change of the switching field
is non-negligible. So, this type of reversal may be called
quasiuniform rotation. In this case, the reversal is initiated
at the center moments, which have a zero MCA, and is fur-
ther induced to the edge moments via the exchange coupling.

Up to now, we have discussed the nanodot switching at
T=0 K. An important question concerns what happens at
finite temperature. Indeed, magnetization reversal in such
particles is known to be thermally activated. The energy bar-
rier for switching (i.e., the difference between the maximum
and initial energies during magnetization reversal) is the key
parameter which determines the transition to the superpara-
magnetic regime'#?1:?2 via the Néel-Brown law. In the case
of dots with an edge MCA, we have calculated the energy
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FIG. 8. (Color online) Energy versus the angle 6 between the
total moment and the z axis for a 2.25 nm bilayer dot, for (a)
poH=2.1T (H/ Hg=0.84) and (b) H=0, in the case of a coherent
(macrospin model) and a quasiuniform (atomic simulation) rotation
of the magnetization The inset is a zoom close to the origin.

variation versus the magnetization direction for a coherent
and a quasiuniform magnetization rotation (see Fig. 8 for the
same 2.25 nm diameter bilayer dot presented in Fig. 7).
When a magnetic field which lies between the quasiuniform
switching field H, and the coherent switching field HSR is
applied, the coherent rotation still displays an energy barrier
AE to switch from the initial state (6=0) to the final state
(0=). In the case of the calculation, this energy barrier is
0.19 meV, which represents 2.2 K. On the contrary, the en-
ergy always decreases during the quasiuniform rotation. This
proves once again that the system has found, on the energetic
point of view, an easier reversal path for field induced mag-
netization reversal.

In zero field, there are two degenerate minima at =0 and
r, separated by an energy barrier AE,. It is very surprising to
note that, although the two curves do not superimpose, and
that, in the case of the quasiuniform reversal, the energy is
lower or equal to the energy of the macrospin during rever-
sal, the energy barrier is the same for the two reversal modes:
AE =Nk The reason is that, for the quasiuniform rotation,
the worst energetic situation, at §=/2, is perfectly mon-
odomain. As a consequence, the macrospin model would per-
fectly describe the thermal magnetization reversal in zero (or
small) field, like in finite temperature zero field susceptibility
measurements. 42!

V. CONCLUSION

We have studied the limits of the macrospin model in Co
nanodots, with an enhanced magnetocrystalline anisotropy at
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the edge. An atomic description including every magnetic
energy term (Zeeman energy, nearest neighbor exchange,
magnetocrystalline anisotropy, and dipolar coupling) in the
calculation has been used to find the equilibrium magnetic
configurations and study the field induced magnetization re-
versal. The results have been compared with the macrospin
model and a continuous micromagnetic model. We have
shown that, for these dots, the macrospin model is oversim-
plified even for dots with diameter as low as 2 nm. Twisted
magnetic configurations as well as the reduction of the mag-
netization switching field were observed in the simulation,
indicating that the magnetic configurations are not always
homogeneous at these small sizes. Significative reductions of
the switching field have also been evidenced whereas only a
small deviation to the coherent rotation of the magnetization
was observed, a process that may be called quasiuniform
rotation. Surprisingly, a good agreement was obtained with a
continuous one dimensional micromagnetic model, the dis-
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crete character of the problem being only taken into account
via a renormalization of the different parameters. This model
gives a good description of the magnetic configuration and of
the magnetization reversal of the nanodots.

Although the nanodots display a reduced switching field
as compared to the case of the macrospin, they still have the
same switching energy barrier in zero field. As a conse-
quence, their thermal stability is the same as for macrospins,
but they are easier to reverse with a magnetic field. This
makes them interesting for information storage applications,
where both high thermal stability and low reversal field are
needed. In fact, their soft core and hard shell give them mag-
netic properties close to the exchange-spring magnets.3!-3?
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