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Abstract. Based on Monte Carlo simulation, the spin configurations, thermal magnetization and hysteresis
loops of the clusters coated by the surface shell with radial anisotropy are studied. Interestingly, a new
multidomain containing a few of subdomains whose easy directions are along those of the configurational
anisotropy, a magnetization curve in steps and a first order phase transition from the single domain to
the multidomain in the thermal and field magnetization processes, are found, which is as a result of the
interplay of the configurational anisotropy, the size effect, the surface anisotropy, the applied field and
the thermal fluctuation. In this first order transition, we find a critical temperature, a critical surface
anisotropy and a critical size. The simulated temperature dependence of the coercivity of the cluster with
the surface anisotropy can be fitted by Hc(T ) = Hc(0)(1−CαT α) with low value of α, which explains well
the experimental results of the nanoparticles. Moreover, it is found that the hysteresis loops and coercivity
are strongly affected by the cluster size and the thickness of the surface layer.

PACS. 75.75.+a Magnetic properties of nanostructures – 75.40.Mg Numerical simulation studies –
75.60.Ej Magnetization curves, hysteresis, Barkhausen and related effects – 75.60.Jk Magnetization
reversal mechanisms

1 Introduction

The magnetic properties of nanoparticles and clusters
have been interesting subjects for the last two decades
due to their important technological applications and their
novel characters that are quite different from those of bulk
materials. Surface effects for the clusters are of great im-
portance since they dominate magnetic properties and be-
come more important with reducing size of the particle.
For clusters with a radius of several nanometers, the pic-
ture of a single-domain magnetic particle in which all spins
point into the same direction and the coherent relaxation
processes are produced is not valid as the surface effects
become really crucial. A large surface effects and strong
anisotropy field have been found in a lot of nanoparti-
cles [1–12]. For example, Mossbauer spectra and magneti-
zation measurements for the cobalt, nickel ferrite, γ-Fe2O3

and other nanoparticles have shown that the magnetiza-
tion and spin configuration are strongly influenced by the
surface and size effects. Moreover, it has also been found
that the anisotropy energy per unit volume increases by
more than an order of magnitude for small clusters com-
pared to the bulk value [11,12]. Those experimental facts
have given rise to great interest in theory [13–24]. Each
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spin at the surface has a lower symmetry than that in
the bulk, and the surface anisotropy may arise from the
interplay between the spin-orbit coupling and the local
crystalline electric field. The crystal symmetry and the
coordination number at the surface of the clusters are re-
duced and consequently the anisotropy is expected to be
stronger. Moreover, it is assumed that the anisotropy at
the surface is radial based on the symmetry at the surface
of the clusters and experimental results. Based on Heisen-
berg model, the hysteresis behavior of small ferromagnetic
and ferrimagnetic clusters with large surface anisotropy
have been studied by solving the Landau-Lifshitz equa-
tions or Monte Carlo method [14,18–24]. It was observed
that the coercivity increases with decreasing cluster size
and a step effect exists in the loops due to the reversal of
surface spins at different fields.

In our previous studies [24,25], magnetization, Curie
temperature, hysteresis, coercivity, natural angle and en-
ergy distribution for the clusters with zero and finite uni-
axial anisotropy were calculated using Monte Carlo simu-
lation. The hysteresis and the spin configurations in dif-
ferent magnetization progress reveal the existence of an
easy magnetization direction and an anisotropy resulting
from the spin configurations. The simulated natural an-
gle and energy distribution in the clusters were obtained,
which proves further the existence of the configurational
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Fig. 1. A cross-section schematic of the atomic arrangement
in the spherical cluster.

anisotropy in the clusters. The hysteresis loops and ther-
mal coercivities were well explained by the spin config-
uration, the natural angle and energy distribution. In
this work, we study further the influence of the surface
anisotropy on the magnetic properties of the clusters with
small or zero core uniaxial anisotropy. The magnetization
process is treated quasistatically with emphasis on the in-
fluences of the cluster size and the magnitude of surface
anisotropy on the spin configurations, thermal magneti-
zation and hysteresis loops. Of particular interest is the
existence of a first order phase transition from the sin-
gle domain to the multidomain in the thermal and
field magnetization processes due to the interplay of
the configuration anisotropy, the size effect, the surface
anisotropy (Ks), the applied field and the thermal fluc-
tuation. For the clusters with Ks = 10, N = 2123 and
249, the thermal coercivity can be fitted by Hc(T ) =
Hc(0)(1 − CαT α), which is consistent with the experi-
mental results of the nanoparticles. The changes of the
hysteresis loops and coercivity with the cluster size and
the thickness of the surface layer demonstrate that the
reversal mode is strongly influenced by the reduced coor-
dination and disorder at the surface.

2 Model and simulation technique

The atomic spins are placed on the sites of an fcc lattice. A
cross-section schematic of the atomic arrangement in the
spherical cluster is shown in Figure 1. It is assumed that
the cluster is a spherical shaped particle with radius Rc.
The cluster is divided into both parts: core and surface.
The radius of the core is Rcore, and the thickness of the
surface shell, Rc − Rcore, is D. In the simulation, a is set
as half of the lattice constant and is taken as the reduced
unit (a = 1). The similar core and shell structure has
been used by Zianni and Trohidou [27]. The numbers of
the atoms corresponding to Rc = 10, 9, 8, 7, 6, 5, 3.75,
3 for the fcc clusters are 2123, 1505, 1061, 683, 459, 249,
135, 55, respectively. We consider classical Heisenberg ex-
change interactions between the spins in the cluster in a

magnetic field. The system Hamiltonian of the cluster is

Hs = −
∑

〈ij〉
Jij
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where

∑
〈ij〉

is performed over the spin pairs at nearest-

neighbor (NN) sites i and j with exchange interaction Jij ,
Kα means the anisotropy constant of the core Kb or of the
surface Ks depending on whether site i belongs to the core
or to the surface. For fine particles there is some evidence
that the easy axis is along the z direction [26]. Hence,
�ki in the core is taken to be along the z direction. �ki in
the surface is taken to be perpendicular to the surface of
the cluster, and is along the direction from the center spin
site to the considered surface site. We let |�Si| = 1. The ex-
change interaction Jij in equation (1) between the sites i
and j is taken as J . Here, J is used as unit of temperature
and energy, and let J = 1. Free boundary conditions are
applied in all directions.

The Monte Carlo method for a classical Heisenberg
system has been found in literatures [24,28]. In the simu-
lation, the first 104 MC steps per spin were discarded for
equilibrium and thermal averages were made with next
104 steps. In thermal average process, we started to store
the simulated parameter values separated by every 20 MC
steps to break correlation between successive configura-
tions. Based on experimental measurement procedure of
the zero field-cooled and field-cooled system, we started
from a random configuration in the high temperature re-
gion and cooled quasicontinuously down to measured tem-
perature of the system without or with the magnetic field
at a constant temperature step T = −0.05−0.1. 400 MC
steps were performed at each temperature. Then, the hys-
teresis loops were computed by starting from a demagne-
tized state at H = 0 and increasing quasicontinuously the
magnetic field to Hm, then decreasing to −Hm, and in-
creasing to +Hm , during which ∆H is taken as 0.02–0.05
and the magnetization was averaged over ∼2000 MC steps
at each field.

3 Simulated results and discussion

3.1 Thermal magnetization

The core, surface and total magnetizations of the clusters
for N = 2123 with Kb = 0, Ks = 0, 10 as a function of
the temperature are shown in Figure 2, respectively. It is
found that the magnetization curve in the surface is dif-
ferent from that in the core. For Ks = 0, the reduction
rate of the magnetization with increasing temperature for
the surface is larger than one for the core. Based on the
Bloch’ T 3/2 law, M(T ) = M(0)(1 − BT 3/2), it is found
that the T 3/2 law is well satisfied for the thermal mag-
netization curves of the surface, the core and the total
cluster. It is obtained that Bs = 0.0468, Bb = 0.0245,
which reveals clearly the surface effect. For Ks = 10, the
magnetization of the surface is much lower than that of
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Fig. 2. The total, core and surface magnetizations of the clus-
ter with N = 2123 and Kb = 0, Ks = 0, 10 as a function of
the temperature.

Fig. 3. The temperature dependence of the core, surface and
total energies of the cluster for N = 2123 with Kb = 0, Ks =
10. The inset shows that with Kb = 0, Ks = 6.

the core at 0 < T < 3.3, which demonstrates the disor-
der of the surface spins. The temperature dependences of
the energies of the core, the surface and the total cluster
for the same cluster with Kb = 0, Ks = 10 are shown in
Figure 3, and the inset shows those with Kb = 0, Ks = 6.
Figures 4a and 4b show the thermal dependences of the
specific heat and susceptibility for the same cluster with
Kb = 0, Ks = 10, respectively. Figures 2–4 indicate evi-
dently that both first and second order phase transitions
exist in the cluster with Kb = 0, Ks = 10. In order
to explain the above transitions, the corresponding spin
configurations at different temperature are shown in Fig-
ures 5a, 5b, 5c and 5d. As T < 0.3, the spin configuration
as found in Figure 5a (T = 0.2) is that the spins of the core
are collinear and along z axis while those of the surface
are misaligned. As 0.3 ≤ T < 3.3, the spin configuration
as seen in Figure 5b (T = 2.0) is that the spins of the
core align the easy axis which results from the configu-
rational anisotropy and has been discussed in detail in
our previous work [25]. At T = 3.5 and 5.5, a first order
transition emerges due to the change of the magnetization
state from the single domain to multidomain. When the
temperature is between 3.3 and 5.5, the spin configura-

Fig. 4. The thermal dependence of the specific heat (a) and
susceptibility (b) for N = 2123 with Kb = 0, Ks = 10.

Fig. 5. The spin configurations of the cluster for N = 2123
with Kb = 0, Ks = 10, (a) T = 0.2; (b) T = 2.0; (c) T = 4.0
and (d) T = 5.6, respectively.

tion is a multidomain structure with several subdomains
whose magnetization directions are along two symmetric
easy axes [24], as seen in Figure 5c (T = 4.0). Comparing
the thermal energy for Ks = 6 with that for Ks = 10 as
shown in Figure 3, one can clearly note that the multido-
main is mainly attributed to the reduction of the energy
of the surface. Although the energy of the core in the mul-
tidomain increases slightly, the total energy of the cluster
in the multidomain is lower than one in the single domain
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Fig. 6. The thermal magnetization of the cluster, (a) for N =
2123 with Kb = 0, Ks = 0, 4, 7.5, 7.8, 10, 20, respectively;
(b) for N = 2123 with Kb = 0.2, 0.435, 1.0, Ks = 10, and for
N = 2123 + 4 with Kb = 0.435, respectively.

due to the distinct decrease of surface energy. Moreover,
the simultaneous transition of demagnetizations reveals
the strong correlation between the surface and core spins.
This phase transition is similar to that from the flower
state to the vortex state in ferromagnetic cubes and pat-
terned square magnetic nanostructure [29,30]. The under-
lying cause of such transition is the interplay of the con-
figurational anisotropy [24,31,32], the surface anisotropy
and the thermal fluctuation. As the temperature increases
from 5.5 to 7, the cluster is firstly at a weak ferromagnetic
state and then goes through a second order phase transi-
tion, reaching a paramagnetic state. Figure 6a shows the
thermal magnetization of the cluster for N = 2123 with
Ks = 0, 4, 7.5, 8, 10, 20, respectively. It is found that
the magnitude of the surface anisotropy has an important
influence on the thermal magnetization, and there is a crit-
ical magnitude of the surface anisotropy Kscri (=7.5). As
Ks < Kscri, the first order phase transition disappears.
Figure 6b shows the thermal magnetization of the clus-
ter for N = 2123 with Kb = 0.2, 0.435, 1.0, Ks = 10,
and for N = 2123 + 4 with Kb = 0.435, respectively.
Here, for Kb = 0.435 and Ks = 10, we calculated the re-

Fig. 7. The critical core anisotropy Kbcri and Ks/Kbcri as a
function of surface anisotropy Ks for the clusters with N =
2123.

sults of the cluster with and without the extra-atoms (4).
Those extra 4 atoms were added on the outside of the sur-
face that locates in the direction of +X axis. From Fig-
ure 6b, it is found that the value of the core anisotropy
Kb has an evident role on the thermal magnetization, and
there exists a critical value of the core anisotropy. For
Ks = 10, Kbcri = 0.435. As Kb > Kbcri, the first order
phase transition disappears. Moreover, the values of Kbcri

and Ks/Kbcri as a function of Ks for the clusters with
N = 2123, are shown in Figure 7, respectively. From the
figure, it is found that the value of Kbcri increases with the
enhancement of Ks, while the value of Ks/Kbcri decreases
with increasing magnitude of Ks. However, the changes
of values of Kbcri and Ks/Kbcri with Ks are gentle for
Ks > 8.5. Now, we analysis further in detail the spin con-
figurations for Ks = 10, Kb = 0.2 and 1.0 as seen in Fig-
ure 6b, especially those corresponding to the existence of
the first order transition. It is observed that the spin con-
figurations at different temperature ranges for Ks = 10,
Kb = 0.2 in Figure 6 are similar to those in Figure 5.
Moreover, we made the frequency counting of the spin
orientation on the spin configurations. Figures 8a and 8b
shows the typical spin orientation distributions at T = 0.1,
1.5, 3.8, 3.9, 4.0, 5.6 for N = 2123, Ks = 10, Kb = 0.2 and
1.0, respectively. As seen in Figure 8a, for Kb = 0.2, the
spin orientation distributions can be described with four
temperature regions: region (I) with T < 0.3, there exists
only peak in the spin orientation distributions and the site
of the peak locates at θ ≈ π/2, which means that the spins
prefer to be along Z-axis; region (II) with 0.3 ≤ T ≤ 3.8,
there exists also only peak, but the site of the peak lo-
cates at θ ≈ 0.70, which indicates the spins prefer to align
the easy axis of the configurational anisotropy as found in
Figure 5b; region (III) with 3.8 < T < 5.4 (multidomain
region), there exist four peaks that are almost symmet-
ric along zero-axis (θ ≈ 0), which means further that the
spins are along two symmetric easy axes (corresponding to
four symmetric directions); region (IV) with 5.4 ≤ T < Tc

(Curie temperature), there exist almost two peaks with
positive or negative angles, which means that the order
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Fig. 8. Spin orientation distributions at different temperatures
corresponding to the thermal magnetization in Figure 6b, (a)
for Kb = 0.2; (b) for Kb = 1.0.

degree of spins are more than that in the region (III).
Comparing Figure 8a with Figure 8b, we can find that the
spin orientation distributions for Kb = 1.0 in regions (I),
(II) and (IV) are similar to those for Kb = 0.2. The differ-
ence between both cases above is that the first order tran-
sition and multidomain region disappear for Kb = 1.0. The
thermal magnetizations of the clusters with different extra
atoms on the surface along different orientation have been
simulated. It is observed that the surface roughness has an
important influence on the spin configurations and magne-
tization behavior. Figure 6b shows only a typical sample
and the detailed results will be published elsewhere. In
addition, the thermal magnetizations of the clusters with
Ks = 10 for Rc = 9.0, 7.5, 7.35, 7.25, 7.0 and 5.0 (or
in the number of atoms, N = 1505, 935, 887, 791, 683,
249) are shown in Figures 9a and 9b, respectively. It is
seen that the size of the cluster also affects evidently the
thermal magnetization behavior, and there exists a criti-
cal size Rcri (=7.30). As Rc > Rcri, the first order phase
transition emerges. In conclusion, for the above ferromag-
netic clusters coated by the surface shell with the surface
anisotropy, there exist the critical temperature, surface
and core anisotropy and size for the first order phase tran-
sition from the single domain to the multidomain.

Fig. 9. The thermal magnetizations of the clusters with Kb =
0, Ks = 10, (a) for Rc = 9.0, 7.5, 7.35; (b) for 7.25, 7.0 and
5.0, respectively.

Fig. 10. The typical hysteresis loops of the surface, core and
total cluster with N = 2123 and Kb = 0, Ks = 10 at T = 0.01,
respectively.

3.2 Hysteresis loop and coercivity

Figure 10 shows the typical hysteresis loops in the sur-
face, core and total cluster for N = 2123 with Kb = 0,
Ks = 10 at T = 0.01, respectively. The spin configura-
tions at different magnetization levels corresponding to
the loops in Figure 10 are shown in Figure 11. From Fig-
ures 10 and 11, it is found that the surface magnetization
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Fig. 11. The spin configurations at different magnetization
levels corresponding to the loops in Figure 8.

is difficult to saturate even at very strong fields due to the
strong surface anisotropy while the core spins are easy to
get saturation, which is a typical feature of the surface
with the disordered or frustrated spins [1,4,5]. The spins
of the surface tends to lag behind the core spins, reversing
more slowly than ones of the core, and requiring greater
external magnetic field to reach saturation. This can be
considered to be a result of the reduced coordination num-
ber and associated weaker effective exchange coupling for
the spins of the surface, causing those spins to be localized
more by the surface anisotropy. It is worthwhile to note
that the spin reversal process can take place in steps with
each step related to a particular set of spins reversing.
Now, we use the spin configurations as seen in Figure 11
to explain further the magnetization behavior in steps. At
the state ‘1’ (H = 4.0), the spins in the core align along
z axis while those in the surface are forced to rotate to-
wards the direction of the external field. At the state ‘2’
(H = 0.0), the spins in the core align still along z axis but
the surface spins become disorder after losing the force
of the external field. At the states ‘3’ and ‘4’ (H = −1.8
and −1.9), the multidomain in which the spins of each
subdomain are along two symmetric easy axes of the con-
figurational anisotropy emerges, which is similar to that in
Figure 5c (T = 4.0). This indicates that the external field
can also give rise to a sudden phase transition, which leads
to an evident step. At state ‘5’ (such as H = −2.5), the
core spins reverse to negative z axis while the surface spins
remain almost the configuration of the state ‘4’. Of course,
the surface magnetization decreases linearly with decreas-
ing the external field due to the slow titling of the spins
whose anisotropy axes deviates from the magnetic field.
The state ‘6’ is at negative saturation and similar to the
state ‘1’. In addition, one can note that the break between
the states ‘5’ and ‘6’ corresponds to some spins reversing
along their anisotropy axes. The steps on hysteresis curves
can be explained as follows [14]: the irregular distribution
of the surface spins close to reversal creates different po-
tential barriers for different groups of spins in the surface
to overcome towards their equilibrium distribution at high

Fig. 12. The typical surface, core and total hysteresis loops of
cluster with N = 249, Kb = 0 and Ks = 10 at T = 0.01, 0.4,
1.0 and 2.0, respectively.

field. Relaxing the different groups of surface spins leads
to steps in the surface magnetization. The step behavior
should relate to the coordination number of the spin.

The thermal coercivity of the magnetic particles has
been an interesting subject for a long time in experiment
and theory [33–41]. In general, the thermal coercivity can
be described by

Hc(T ) = Hc(0)(1 − CαT α) (2)

where Hc(0) is the coercivity at T = 0 K, cα is the param-
eter related to the anisotropy, the volume of the particle
and the measuring time. The exponent has a magnitude
of α = 0.5 for an assembly of aligned particles with sin-
gle domain and α = 0.75 for randomly oriented parti-
cles with single domain [33–36]. The hysteresis loops of
the clusters with Kb = 0, 0.4, 1 and Ks = 10 at differ-
ent temperature have been calculated. Figure 12 shows
the typical hysteresis loops of the surface, the core and
total cluster with N = 249, Kb = 0 and Ks = 10 at
T = 0.01, 0.4, 1.0 and 2.0, respectively. From the figure,
the magnetization behavior with steps is also found. Fig-
ures 13a and 13b show the simulated thermal coercivity
for the clusters for N = 2123 and 249 with Kb = 0, 0.4,
1, Ks = 10, and their fitted curves with T α law, respec-
tively. From the figures, it is found that the temperature
dependence of the coercivities of the clusters with Ks = 10
can be described by T α law, except for the high temper-
ature region for N = 249. The simulated α values are
described as follow: for N = 2123, as Kb = 0, 0.4, 1.0,
α = 0.2, 0.1, 0.17, respectively; for N = 249, as Kb = 0,
0.4, 1.0, α = 0.3, 0.3, 0.5, respectively. Those thermal co-
ercivity behaviors are different from the simulated results
with Ks = 0 [24]. It is obtained that the values of α for
the magnetic thin films with the thickness 20 and 6 nm
are 1.0 and 0.67 [37], respectively. However, the coercivi-
ties of the nanostructured particles such as the ultra-fine
iron particles [38], nanometer sized iron clusters [39], γ-
Fe2O3 nanoparticles [40] and Co0.2Zn0.8-Fe2O4 spinel ox-
ide [41], reduce drastically with increasing temperature in
low temperature region, which trends to fit the T α law
with lower magnitude of α. Therefore, for the cluster with
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Fig. 13. The simulated thermal coercivity for the clusters with
Kb = 0, 0.4, 1, Ks = 10, and their fitted curves with T α law,
(a) for N = 2123; (b) for N = 249.

the complex surface magnetic state, our simulated results
with small value of α are consistent with the experimental
those of the nanoparticles. Moreover, there exists a cross-
point Tcro between the thermal coercive curve of the small
size (N = 249) and that of the large size (N = 2123) as
seen in Figure 13. As T < Tcro, the value of Hc for the
small cluster with N = 249 and Ks = 10 is more than that
for the large cluster with N = 2123 and Ks = 10 while the
contrary conclusion is obtained as T > Tcro, which is ac-
cordant with the thermal coercivity of the small magnetic
particles coated by oxide [35].

3.3 Size and surface effects of hysteresis loops

Figure 14 shows the hysteresis loops of the clusters for
N = 55, 141, 459 and 1061 with Kb = 0, Ks = 10 at T =
0.01, respectively. The change in shape of the hysteresis
loops with the cluster size demonstrates that the reversal
mode is strongly influenced by the reduced coordination
and disorder in the surface. For the cluster with different
size, the ratio p of the number of the surface spins to
total those can be obtained. In general, the magnitude
of p increases with reducing size. The p dependence of
the coercivity for the clusters with Kb = 0, Ks = 10 at
T = 0.01 and 1.0 is shown in Figure 15, respectively. From
the figure, it is found that the value of Hc increases with

Fig. 14. The hysteresis loops of the clusters for N = 55, 141,
459 and 1061 with Kb = 0, Ks = 10 at T = 0.01, respectively.

Fig. 15. The p dependence of the coercivity for N = 2123
with Kb = 0, Ks = 10 at T = 0.01 and 1.0, respectively.

the magnitude of p at T = 0.01 while at T = 1.0 the value
of Hc remains nearly unchanged except at p = 0.62, which
is consistent with the size dependence of the coercivity
solved by Landau-Lifshitz equation [14].

Now, let us consider the influence of the surface thick-
ness with the radial anisotropy on the hysteresis loops.
It is assumed that the thickness of the surface layer
D = Rc − Rcore is changed, as seen in Figure 1. For the
same size (such as N = 2123 or Rc = 10), the core size
decreases with increasing value of D. Figures 16a and 16b
show the typical total hysteresis loops with N = 2123,
Kb = 0, Ks = 10, D = 2.0, 4.0, respectively. From the
figures, it is found that the magnitude of Hc and the num-
ber of steps increase with the value of D. Also, it is seen
that the core loops are quite square while the magnetiza-
tion with the little step is produced for finite value of D
due to the correlation between the surface and core spins.
Figure 17 shows the total, core and surface coercivities
as a function of D for cluster with N = 2123, Kb = 0,
Ks = 10, T = 0.01. From the figure, it is observed that, as
D ≤ 1, the total, core and surface coercivities are almost
equal; as 1< D ≤ 3, the total and core coercivities are
also equal while the surface coercivity increases greatly;
as 3 < D ≤ 5, the total coercivity enhances suddenly, be-
ing near to the surface coercivity at D = 5.0; as D > 5.0,
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Fig. 16. The typical whole hysteresis loops of the clusters with
N = 2123, Kb = 0, Ks = 10, (a) for D = 2.0; (b) for D = 4.0,
respectively.

the total and surface coercivities reach saturation but the
core coercivity continues to increase linearly. From the
above analysis, we can find that the surface plays more
important role with increasing surface thickness. The core
coercivity decreases with increasing core size (or naming
decreasing surface thickness), which is similar to that as
seen in Figure 15. This is because the increased mean co-
ordination number for the larger core size favors the collec-
tive motion of the spins parallel to each other and results
in a smaller coercivity.

4 Conclusions

The magnetic properties of the clusters coated by the
surface with the anisotropy are studied by Monte Carlo
method. The emphasis is to consider how the cluster size
and the magnitude of surface anisotropy influence the
spin configuration, thermal magnetization and hysteresis
loop. The main features observed are described as follows:
(1) the new multidomain containing a few of subdomains
whose easy directions are along two symmetric easy axes
of the configurational anisotropy is found; (2) the spin
reversal process in steps with each step related to a par-
ticular set of spins reversing can take place; (3) the first

Fig. 17. The total, core and surface coercivities as a function
of D for cluster with N = 2123 and Kb = 0, Ks = 10 at
T = 0.01.

order phase transition from the single domain to the mul-
tidomain in the thermal and field magnetization processes
is observed, and there exist the critical temperature, the
critical surface anisotropy and the critical size in this tran-
sition; (4) for the cluster with Kb = 0, 0.4, 1, Ks = 10,
N = 2123 and 249, the thermal coercivity can be fitted
by Hc(T ) = Hc(0)(1 − CαT α), which is consistent with
the experimental results of the nanoparticles; (5) the hys-
teresis shapes and coercivity are strongly influenced by
the cluster size and the thickness of the surface layer with
large anisotropy.
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No.10474037.
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