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Abstract

The influence of size, anisotropy and doping effects on the hysteresis loop
of ferromagnetic nanoparticles is studied, based on the modified Heisenberg
model. A Green’s function technique in real space allows the calculation of the
dependence of the magnetization on the temperature, magnetic field, anisotropy,
defects and particle size. It is demonstrated that the coercive field H, is very
sensitive to the surface single-ion anisotropy, and to the exchange interaction
constant on the surface Js and in the defect shells J4. With respect to the strong
surface single-site anisotropy Ds, we observe at small particle size, N = 4
shells, a maximum in the size dependence of the coercive field, whereas for
the small surface anisotropy there is no maximum. Taking into account that
J can be different in the defect shells compared to the case without defects,
we have obtained for the first time that the coercive field H., the permanent
magnetization M, and the Curie temperature 7¢ can increase or decrease for
different kinds of doping ions. The dependence on the particle size is discussed,
too. The results are in accordance with the experimental data.

1. Introduction

Magnetic nanoparticles show a variety of unusual magnetic behaviour when compared to the
bulk materials, mostly due to finite-size effects, surface/interface effects, including symmetry
breaking, electronic environment/charge transfer, and magnetic interactions. For example, the
Aronson Research Group [1] has recently carried out inelastic neutron scattering measurements
on Co nanoparticles of 11 nm diameter. Their results indicate that the formation of a static
and spontaneous magnetization within the nanoparticle only occurs below 50 K, and that the
suppression from the bulk Curie temperature of Co (1388 K) is a dramatic manifestation of
finite-size effects. From Moessbauer absorption spectra, Ahn et al [2] have reported the
dependence of the average particle size on the superparamagnetic phenomena observed in
cobalt ferrite nanoparticles having various sizes. The Curie temperatures increase linearly with
increasing average particle size. The magnetic properties of FePt nanoparticles as a function
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of particle size were studied by Christodoulides ef al [3]. A decrease in the Curie temperature
has been observed with decreasing size. The influence of nanostructure (layers and particles)
on the magnetism of rare-earth materials (Gd, Dy, Tb) has been investigated [4]. The magnetic
ordering temperature is reduced significantly compared to the bulk when the size is reduced
below 10 nm for both the layer and the particle geometry. The Curie temperature is also related
to the lattice constant. There are many experimental results which show the effects of the
substitution of different ions on the phase transition temperature and the magnetic properties
of nanoparticles. Co substitution for Fe enhances the Curie temperature [5, 6] whereas Mn
substitution decreases ¢ [7, 8]. The structure and magnetic properties of Gd,Co;_,Al, were
studied by Cheng et al [9]. The substitution of larger Al atoms for smaller Co atoms leads to
an approximately linear increase in the unit cell volumes. The saturation magnetization and the
Curie temperature decrease monotonically with the increase of Al concentration. The effect of
exchange interaction on spin orientation in Nd, (Fe,_, T, )4B, (T = Al, Si, Ti, Cr, Mn, Co, Ni
and Cu) was investigated by Lin et al [10]. The substitution of Fe by T results in a decrease of
spin reorientation temperature.

The experimental properties of the magnetic nanoparticles are strongly influenced by
finite-size effects, the inherent disorder due to the variation of shapes (for example spherical,
elliptical, cylindrical) and sizes of the particles in a typical assembly, and by the shape and
size anisotropy as well as by interactions. The important interactions in these systems are
the dipolar interactions, the short-range exchange interactions and the external magnetic field,
which lead to interesting phenomena like superparamagnetism, slow relaxation times, and
magnetization reversal. Moreover, surface effects such as surface anisotropy and surface
exchange interaction could be important and should be taken into account in order to explain the
experimental observations. The coercive field H. is found to decrease [11-13] or to increase
with decreasing particle size [14, 15]. The magnetization M and coercive field H, can be
improved by substitutions of La or Pr ions on Ba ion basis sites in barium hexaferrites. M;
reveals magnetic behaviour with respect to La or Pr ions content, showing an increase at first
and then a decrease. H. increases remarkably with increasing La or Pr ions content [16]. Luis
et al have studied the magnetic properties of Co nanoparticles [17]. The effective anisotropy
increases with decreasing particle’s size, showing the dominant role played by surface atoms.
The effect of Mn doping in FePt nanoparticles has been investigated by Tzitzios et al [18].
The coercivity depends on the amount of Mn added to the reaction mixture, and H, increases
significantly with the partial substitution of Pt by Mn, while the partial substitution of Fe by Mn
does not affect the magnetic properties strongly. The coercive field is significantly enhanced
when the nanoparticles are capped by a thin Au layer. The magnetization reversal process has
been studied in ferromagnetic wires [19]. Application of a tensile stress results in an increase
of the remanent magnetization and decrease of the switching field. When the tensile stress is
high enough, the shape of the hysteresis loop is perfectly rectangular, which is associated with
sufficiently quick reversals of magnetization.

A microscopic treatment of the magnetization of small ferromagnetic particles was
developed first by Binder and co-workers using Monte Carlo techniques [20, 21]. It was
shown that the magnetization near the surface of the particle is reduced. This was to be
expected, because a surface spin has a smaller number of neighbours than it would have in
the bulk and hence experiences a reduced mean field. The influence of shape and structure
on the Curie temperature of Fe and Co nanoparticles has been investigated by Evans et al
[22]. The magnetic properties were simulated using an atomistic approach using a classical
spin Hamiltonian taking into account the long-range nature and atomic separation dependence
of the exchange. The dynamic structure gives rise to a reduction in the magnetization
and T¢, which is a finite-size effect to be considered beyond others such as the reduction
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in coordination at the nanoparticle surface. A three-dimensional system of non-interacting
magnetic nanoparticles with uniaxial anisotropies has been studied by Vargas and Laroze [23].
Equilibrium thermodynamical properties were derived by evaluating the partition function.
Monte Carlo calculations were used to study the surface anisotropy effect on the coercive
field [24] of small magnetic particles. Kachkachi and Dimian [25], Iglesias and Labarta [26]
and Dimitrov and Wysin [27] have studied the influence of surface anisotropy on the hysteretic
properties of magnetic nanoparticles. Based on Monte Carlo simulations, Yang et al [28] have
studied the roles of the exchange (J) and dipole (D) couplings on the magnetoresistance for
nanoparticles. The simulated results reveal that the coercivity H, increases with decreasing
value of D and increasing magnitude of J.

In our previous paper [29] we have analysed the influence of size and anisotropy effects on
static and dynamic properties of ferromagnetic nanoparticles, such as magnetization, excitation
energy and its damping. The aim of the present paper is to study the size, anisotropy and
doping effects on the hysteresis loop and Curie temperature of ferromagnetic nanoparticles
using a Green’s function theory.

2. The model and the matrix Green’s function

In this section we present the calculations to obtain the spin Green’s function for a spherical
ferromagnetic nanoparticle. This method seems still probably the most appropriate tool to study
complex systems with low symmetry. In contrast to that for extended materials, the Green’s
function for small particles has to be formulated in real space. The reason for that consists
of the local environment, which is the key to unravelling the properties of complex systems.
Moreover, the real-space Green’s function leads directly to the local density of states. This
is because of the presence of, at most, only partial long-range order and, in many cases, the
complete absence of global long-range order. Nevertheless, such a nanoparticle is sufficiently
complex and usually involves a large number of relevant degrees of freedom. Therefore, the
calculation of the real-space Green’s function of such a complex system is a formidable task.

Our study is based on the Heisenberg model including single-site uniaxial anisotropy. A
nanoparticle is defined by fixing the origin at a certain spin in the centre of the particle and
including all spins within the particle into shells. The shells are numbered by n = 1, ..., N,
where n = 1 denotes the central spin and n = N represents the surface shell of the system;
see figure 1. The surface effects are included by different coupling parameters within the
surface shell and within the bulk. The spin value has been fixed to S = 2 for all nanoparticles,
and the values of the averaged spin in the same spherical shell are assumed to be equal. The
Hamiltonian of the ferromagnetic particle is given by

H==>"Jij(SS; +58) =) Di(S) — gusH Y _ 5;, (1)
i,j i i

where S;r , S; and S} are the spin operators for the localized spins at site i, J;; is the exchange
interaction between sites i and j, D; (D < 0) is the single-site anisotropy parameter, |D| <
J. In most experiments the anisotropy axes of the nanoparticles are most likely randomly
distributed, and additionally there is a size distribution. To seperate the effects coming from
the structural disorder from the temperature effects is rather difficult. Therefore, in a first step
in understanding the temperature effects on the coercive field, we consider for simplicity in the
present study nanoparticles all having the same spin value and the same uniaxial anisotropy
energy, leaving the more complicated problem of temperature effects in a random assembly of
nanoparticles to a future publication. Note that when thinking about applications a common
uniaxial anisotropy axis for all particles is essential. Experimentally this challenging goal has
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Figure 1. Array of the ferromagnetic nanoparticles composed of different shells. Each sphere
represents a spin situated in the centre, and consists of one central spin N = 1 plus (a) 1 shell,
N =2, (b) 2 shells, N = 3, (¢) 3 shells, N = 4, and (d) 4 shells, N = 5.

not been reached. If the nanoparticles are well separated, their interaction, which is of dipole
type (it is of short range), is small, and will be neglected in the following. When calculations
are restricted to very small nanoparticles, much smaller than the critical size to be a single
domain in the remanent state, the dipolar interactions can be neglected, too. H is an external
magnetic field. We assume for simplicity only nearest-neighbour exchange interaction, and
take J;; = Js, D; = D on the surface of the particle and J;; = Jy,, D; = Dy, in the particle. It
is important to mention that the exchange interaction J;; = J(r; — r;) depends on the distance
between the spins, i.e. on the lattice parameter, on the lattice symmetry and on the number of
next neighbours. This is very important for investigations of ion doping effects. The Curie
temperature is connected with the exchange interaction constant. The value for the isotropic
Heisenberg coupling constant J can be estimated from the expression in mean-field theory [30]
J = 3kgTc/zS(S + 1), where z is the number of nearest neighbours, S the spin value and kg
the Boltzmann constant. From this relation we have obtained the exchange interaction constant
of bulk Fe with the body-centred cubic (bcc) lattice where Tc = 1043 K,z = 8and S = 2 to
be J, = 64, 66 K.

To study the magnetic excitations of the magnetic particle we introduce the following
Green’s function:

Gij(1) = =i0){[S; (1), S71) = (S (1); S7)). 2
After a Fourier transformation the Green’s function (2) obeys an equation of motion which in
real-space representation reads

EG;(E) = 26;;(S;) +22 Tim (S 853 S70) — (S 875 7))

mYi> M j

+2D;((S} S7: 57)) + gus HGij(E). 3)
If we decouple the higher Green’s function at the right-hand site of equation (3) we obtain the
equation of motion in a size-dependent random phase approximation (RPA):

2 , : . 2(57)
(E —gusH — N ; Jim(S,,) — 2Di(S,'))Gij(E) = 2(57)8;; — N ; JimGmj(E). (4)

The average magnetization for arbitrary magnitude of S is given by [31]

1
M=(5%) =+ > [(S +0.5) coth[(S + 0.5)BE,] — 0.5 coth(0.58E,)]. 5)

n
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Figure 2. Magnetic field dependence of the magnetization M for J, = 60K, D =0, T = 200 K,
N = 7 and different Js-values: (1) Jg/Jp, = 0.1, (2) 1, and (3) 1.5.

where B = 1/kgT, kg is the Boltzman constant, and 7 is the absolute temperature. The
elementary spin excitations of a given shell E, can be obtained from the poles of the Green’s
function (3) or (4).

3. Numerical results and discussion

In this section we present the numerical results based on our theoretical calculations for a
spherical cubo-octahedral ferromagnetic particle, where the following model parameters for Fe-
particles are taken into account: J, = 60 K, Dy = —20 K, § = 2. Due to the changed number
of next neighbours on the surface or due to defects on the surface, the exchange interaction
constant J can take different values on the surface, J;, compared to the value in the particle,
Jp. The value of J between the surface and the subsurface shell is J,. We have calculated first
the hysteresis loop for different values of the surface exchange interaction constant J;, D = 0,
T = 200 K, N = const. The results for a particle with N = 7 are presented in figure 2. It can
be seen that both the remanence and coercivity are highly sensitive to the strength of the surface
exchange interactions J; within a nanoparticle. For the case where the exchange interaction on
the surface shell has the value J; = 6 K (figure 2, curve 1), i.e. J; < Jy, the coercive field H,
and the remanent magnetization M, are reduced from the values for the case where J; = J,
(curve 2). The Curie temperature T¢ decreases, too, due to the smaller Js-value. It must be
here mentioned that a finite system, such as a magnetic particle, cannot show a magnetic phase
transition. The magnetization curve as a function of temperature M (7T) does not really go to
M = 0, but there is a characteristic ‘crossover’ behaviour which signals an abrupt drop of M.
We choose the temperature 7¢ as the temperature at which M (T') has the steepest slope (and
which can be seen as a finite-system analogue of the Curie temperature 7¢). For the case where
Js = 90 K (figure 2, curve 3), i.e. J; > Jy, H. and M, are enhanced compared to the case for
Js = Jp (curve 2). Tc of the small particle is raised due to the presence of larger Js-values.
This is the opposite behaviour compared to the case of J; < Jy,. Polesya et al [32] have studied
the magnetic properties of free Fe clusters at finite temperatures from first principles, and have
found that T¢ is not a monotonic function of the cluster size. Figure 3 shows the temperature
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Figure 3. Temperature dependence of the coercive field H, for J, = 60 K, D = 0, N = 7 and
different Jg-values: (1) Js/Jp = 0.5,(2) 1, (3) 1.5, and (4) 2.
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Figure 4. Particle size dependence of the coercive field H. and the remanent polarization M, for
Jb =60K, D =0, T =300 K and different Jg-values: (1) Jg/Jp = 0.2,(2) 1, and (3) 2.

dependence of the coercive field for N = 7. It can be seen that H, has its largest value at low
temperatures and it decreases as the temperature approaches the Curie temperature T¢, where a
paramagnetic behaviour is expected. The coercive field decreases with increasing of T — T¢
for both cases J; < J, and J; > Jy, and this can be explained by the thermal disorder at higher
temperatures. This is in agreement with many experimental data [33-36].

Moreover, we have investigated the dependence of the remanent magnetization M, and the
coercive field H, on their particle size N. H. and M, of magnetic nanoparticles can be changed
by controlling their size. The results are shown in figure 4. M; and H, increase with decreasing
N for both cases J; < Jp and Jg > J,, which is in accordance with theoretical [13, 24-26]
and experimental data from different magnetic particles [14, 15, 34, 37]. It is known that very
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Figure 5. Anisotropy dependence of the coercive field H. for J, = 60 K, T = 300 K, N = 7 and
different Js-values: (1) Js/Jp, = 0.2, and (2) 2.

small particles are superparamagnetic even at low temperatures, and there is no hysteresis. In
our calculations, this is the case for N < 3.

In the previous calculations we have neglected the effects of the anisotropy. There is some
experimental evidence that the magnetic anisotropy of nanoparticles can be larger [38, 39] or
smaller [40, 41] than that of the bulk materials. A major contribution of this enhancement
or reduction comes from the surface spins. Figure 5 shows the influence of the single-ion
anisotropy constant D on the size dependence of the coercive field. It can be seen that
H. can increase (figure 4, curve 1) or decrease (figure 5, curve 2) for different J-values
and Ds-values, which is in agreement with the experimental data. The coercive field H, is
found to decrease [11-13] or to increase with decreasing particle size [14, 15]. There is
some competition effect between Js; and Dg. In the case of Jg < Jy, an increase of Dy
enhances H., whereas for J; > J,, with raising of Ds, H. is reduced. As the volumes of
the magnetic particles have shrunk to reach recording densities of the order of 100 Gb/in®> T
or more, materials with higher coercivities due to strong crystalline anisotropies have been
employed. Taking into account the magnetic anisotropy for the case J; < Jy and Ds > Dy
we obtain that for small particle size (N < 3) the coercive field is zero, then with increase
of particle size H. passes trough a maximum at a critical size (N, = 4 for these model
parameters) (figure 6). The maximum value is temperature dependent: it decreases strongly
with increasing temperature. We speculate that the transition of a single-domain structure to a
multi-domain structure in our particle depends on the temperature. As a result, the magnetic
coercivity decreases with decreasing particle size for particles below the superparamagnetic
size limit. The limit appears as a maximum in a curve showing switching field or coercivity
versus particle size, such as in figure 6. This behaviour is in good agreement with that
expected for small particles and is related to the existence of different magnetic processes in the
particles [42]. Such a maximum in H, at diameters of &~10-20 nm is obtained experimentally
due to strong surface anisotropy, for example in spherical particles of Fe and Co [43], Fe,
Co, and Ni ultrafine particles [44], spherical Co-Ni and Fe—Co-Ni particles [45], carbon-
encapsulated Co particles [46], yttrium iron garnet nanoparticles [42], rare-earth (Gd, Dy,
Tb) nanoparticles [4], CoFe,O, nanoparticles [47] and NiFe,O4 nanoparticles [48]. We can
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Figure 6. Particle size dependence of the coercive field H for Js/Jy, = 0.2, D, = —20 K and
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(3) Dy/Dy, =3, T =200K.

conclude that the magnetic anisotropy plays a dominant role in determining the magnetic
properties of small particles and must be taken into account in order to explain the experimental
data.

In order to study the doping effects on the hysteresis loop we assume additionally that
one or more of the shells can be defected. The interaction strength of these defect shells is
characterized by J4. The interaction constant between a defected and nondefected shell is Jy.
Let us first consider the case where in a particle with N = 7 we have a defective central atom
plus four shells, i.e. fromn = 1 to 5. For example, this can be originated by localized vacancies
or impurities, doping ions with smaller radii and larger distances between them in comparison
to the host material. It is reasonable to assume that the exchange interaction Jq(r; — r;),
which depends on the distance between the neighbouring spins, is smaller than the value of
the interaction for the case without defects J, = 60 K, and has a value in the defect shells
for example J; = 30 K (compare figure 7, curve 1). The coercive field and the remanent
magnetization are smaller than in the case without defects, Jg = J, (figure 7, curve 2). This
case, where Jg < Jp, could explain the experimentally obtained decrease of H. and M; in
ferromagnetic small particles by substitution of doping ions, such as Cr in SrFej;_,CryOj9
nanoparticles [49], Cu in Fe-Si-B ultrafine grain structure and tin-doped ferrite particles [11].
For the case where Jq = 90 K (figure 7, curve 3), i.e. Jq4 is larger than the value without defects
Jy (for example when the impurities have a larger radius compared with the constituent ions),
the coercive field, the remanent magnetization and the Curie temperature are larger than for the
case without defects, Jg = J,, (figure 7, curve 2). The quantities of the particle are enhanced
in comparison to the value without defects due to the presence of larger Jy-values. This is the
opposite behaviour compared to the case of Jy = 30 K, J; < J,. The second case, where
Ja > Jp, could explain the experimentally obtained increase in H. and M, by the substitution
of doping ions, such as Pt in Fe—Pt [50], rare earths (Nd, Sm, Eu, Tb) in Fe nanoparticles [51],
Pr in Pr—Fe-B-type [52] nanocomposite magnets.

From figure 7 one can observe that the coercive field, the remanent magnetization and
the Curie temperature of the magnetic particle are decreased or increased due to different
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exchange interactions in the defect shells. H., M, and T¢ are dependent, too, on how many
inner shells are defected, i.e. they are dependent on the concentration of the defects. This is
demonstrated in figures 8 and 9 for a particle with N = 7. It can be seen that for J; = const,

D; = const and Jg = 30 K, ie. Jg < Jp, with increasing number of defect shells ngqH.
(respectively M;) decreases (figure 8, curve 1), (ng = O means no defects, ng = 1 we
have one defective shell (a defective central atom), ng = 2 we have two defective shells

(a defective central atom + defective 1 shell) and so on). This is in reasonable accordance
with the experimental data of Mohapatra et al [54] and Cheng et al [9], who have studied the
influence of Ni doping on the properties of fine magnetite particles and the Al substitution on
Gd,Co;7 nanoparticles, respectively. The coercive field decreases with the presence of Ni in

9
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magnetite nanoparticles [54] and Cr in FePt nanoparticles [55]. The opposite behaviour can be
obtained for Jy = 90 K, i.e. Jg > Jy (figure 8, curve 2). With an increase of the number of
defect shells H, (respectively M;) increases. This is in good agreement with the experimental
data of Varanda et al [51] that the coercive field increases with the rare-earth composition in
Fe,_RE,, RE = Nd, Sm, Eu, Tb. If we start first with a defective surface shell, then add a
defective subsurface shell and so on, we obtain a similar dependence of H, as in figure 7, but
the decrease or increase of H, begins at ng = 3.

T¢ is found to be also dependent on the value of the exchange interaction constant in the
defect shells Jg, i.e. on the radius of the defect ion as well as on the ion doping concentration.
Figure 9 shows the dependence of the Curie temperature 7¢ on the number of defect shells nqg
for a spherical particle with N = 7 for different J4-values. We find that the size-dependent
Curie temperatures of the ferromagnetic particle are increased or decreased due to different
exchange interactions in the defect shells. For the realization Jy < J, the Curie temperature
Tc decreases with increasing number of defect shells (figure 9, curve 1). The denotation of
nq is the same as in figure 8. This is in reasonable accordance with the experimental data of
Mohapatra et al [54] and Cheng et al [9], who have studied the influence of Ni doping on
the properties of fine magnetite particles and the Al substitution on Gd,Co;7 nanoparticles,
respectively. The Mn substitution for Fe decreases Tc, too [7, 8]. The substitution of larger Al
atoms for smaller Co atoms (or Ni atoms for smaller Fe atoms) leads to an approximately linear
increase in the unit cell volumes and a monotonic decrease of T¢. Since the Co—Co exchange
coupling constants are about one order of magnitude larger than the AlI-Co exchange coupling
constants, the Curie temperature in Co-rich compounds is mainly determined by the direct
Co—Co exchange interactions. The fact that the Curie temperature decreases monotonically
with increasing Co—Co interatomic distance suggests that the increase of Co—Co distance leads
to a decrease of the Co—Co exchange interactions. This would corresponds in our case to
Ja < Jp. For the other case, Jg > J,, we obtain an increase of T¢ with increasing number
of defect shells. This case could explain the experimental data of Chang et al [5] and Zhang
et al [6], who have found that Co substitution in Nd,Fe 4B and ProFegsBs nanocomposites
improves the Curie temperature. A Cu capping layer induces an enhancement of 7¢ in both

10
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Fe and Co magnetic nanoparticle assemblies [53]. The proper doping amount of magnetic
Gd ion can enlarge the saturation magnetization M, Tc and coercive field H, of CoFe,;04
nanocrystalline films, whereas the doping of Y reduces them [56]. Recently, Narayan [57] has
studied the critical size for defects in nanostructured materials. It was found that, as the grain
size is reduced, there is a critical size below which the defect can be reduced virtually to zero.
This critical size for most defects in solid-state materials falls in the nanoscale regime. Thus,
nanostructured materials offer a unique opportunity to realize the property of a perfect material.

4. Conclusions

Using a modified Heisenberg model and a Green’s function technique we have calculated the
dependence of the magnetization of ferromagnetic nanoparticles on the temperature, magnetic
field, anisotropy, defects and particle size. The particles all have the same uniaxial anisotropy
axis with static applied magnetic field parallel to this axis. We have shown that the surface
single-site anisotropy D; plays a dominant role in determining the magnetic properties of
particles and that it must be taken into account in order to explain the experimental data,
for example the obtained maximum in the particle size dependence of the coercive field
H.(N). The maximum value is temperature dependent: it decreases strongly with increasing
temperature. Moreover, H. can increase or decrease with N for different surface exchange
interaction Jg and surface anisotropy Ds. There is some competition effect between J; and
D;. It must be noted that H, also depends strongly on the shape of the particles, especially for
elliptical nanoparticles. The shape dependence will be discussed in a forthcoming paper. We
have studied for the first time theoretically the influence of different ion doping on the coercive
field. H. is very sensitive to the exchange interaction constant in the defect shell, J4. For Jy
smaller than the value without defects, Jq3 < J,, (for example when the impurities have a smaller
radius compared with the constituent ions), the coercive field H,, the remanent magnetization
M, and the Curie temperature 7¢ are smaller than for the case without defects, whereas for the
case Jg > Jy H., M; and T¢ are larger than for the case without defects. The results are in
qualitative agreement with the experimental data.
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