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Abstract

Nanoparticles exhibit, from a magnetic point of view, various anomalies and
specific magnetic properties, different from those of the bulk with the same
chemical composition. Knowing the new magnetic properties is very important,
both from theoretical point of view and their numerous practical applications in
nanotechnology (nanotechnics and, recently, in nanomedicine), which should be
considered. In this chapter we shall present an overview on the following topics:
saturation magnetization, magnetic anisotropy, and magnetic behavior of mag-
netic nanoparticles, in relation with their size and magnetic structure, single- or
multi-domains. The magnetic properties of the nanoparticles are compared and
discussed in relation to those of the corresponding bulk. The surface effects, in
the case of surfacted nanoparticles and those embedded in different matrices, on
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magnetic properties are presented and discussed in the core—shell model (core of
the nanoparticle, where the magnetic moments are aligned under the exchange
interaction, and the shell, where the magnetic moments are in a disordered
structure).

Keywords
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Introduction

According to their size, the nanoparticles (NPs) are in the dimensional range: from a
few nm until hundreds of nm (considering the diameter of the particles as a linear
dimension (D), for the approximation of the spherical nanoparticles). The effect of
their size is strongly reflected on the magnetic structure of nanoparticles and,
consequently, on their magnetic behavior in an external magnetic field. By reducing
the size of the nanoparticles from tens of nanometers to a few nanometers (Fig. 1),
their magnetic structure changes: from a structure with magnetic domains (D > D,
where D, is the critical diameter), where the magnetization is stable and
nonuniform (Weiss domains), to a structure without magnetic domains (single-
domain structure) (D, < D < D,, where D, is the threshold diameter), with stable
and uniform magnetization or unstable magnetization (transition state), at very
small dimensions (D < D,), to a single-domain structure but with fluctuant magne-
tization along a direction in the crystal (easy magnetization axis) (superpara-
magnetic (SPM) range). The magnetic structures result from the condition of
minimization of the free energy of the crystal, which leads to its stable configuration.
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Fig. 1 The single- and multi-domain magnetic structures of nanoparticles
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Table 1 Magnetization and magnetic behavior of nanoparticles according to their size and
magnetic structures

Nanoparticle Magnetic Magnetization Basic
size (nm) structure state Magnetic behavior reference®
D>D., Multi- Stable Large hysteresis loop [75, 98, 102]
domain nonuniform (like bulk)
D, << D <D, Single Stable uniform | Hysteresis loop (from [103-105, 107,
(closer to D) domain rectangular to linear) 108, 110]
D, <D << D, Single Transition Small hysteresis loop to | [102, 104, 114]
(closer to D,) domain state no hysteresis
(relaxation)
0<D <D, Single Fluctuating Superparamagnetic [33, 122-124,
domain 127, 129, 139]

“In section “Magnetic Behavior of Nanoparticles in an External Field”

At small dimensions (usually a few nanometers), the magnetization of the single-
domain nanoparticle is no longer stable, and it can reverse to 180° under the effect
of the thermal activation. The transition state may be considered a transition area
between the state of magnetic stability and the superparamagnetic state (SPM).
The magnetic behavior of these nanostructures is with hysteresis (D > D,) and
anhysteretic (D < D,), more precisely SPM (see subsection “Superparamagnetic
Behavior of the Nanoparticles”), behavior which, at a given temperature, is
also highly influenced by the magnetic anisotropy of NPs. These data are summa-
rized in Table 1. The results obtained so far have shown that the saturation
magnetization of NPs (Ms) depends on their size, the saturation magnetization
reducing along with the reduction of the size, as a result of the spin disorder at the
surface of the nanoparticles, which leads to a dominant effect at very small
dimensions.

In this chapter, we present and discuss the effect of the size of nanoparticles on
the saturation magnetization, magnetic anisotropy, magnetic structure, and mag-
netic behavior. The chapter is divided into three sections. The first section
approaches the issue of saturation magnetization of nanoparticles, which, in gen-
eral, is lower than that of the corresponding bulk; here, we take into account the
spin disorder at the surface of the nanoparticles and the variation of the NP
saturation magnetization with temperature, which is unusual, in many cases. The
second section presents the magnetic anisotropy in the case of nanoparticles, which
is generally higher (much higher in some cases) than the magnetocrystalline
anisotropy of the bulk, which is dominated by the surface anisotropy in the case
of very small nanoparticles, as it is shown by the results of many experiments. The
last section presents the behavior of the nanoparticles in an external magnetic field,
according to their size, which has a certain magnetic structure, resulted from the
competition of the exchange, magnetostatic, and anisotropy forces.

The size of the nanoparticles, determined during the process of their obtaining or
by some subsequent thermal treatments, is a basic parameter for many practical
applications, in addition to the nature of the material; also, the shape and size
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distribution of nanoparticles, as well as the magnetostatic interactions between
them, can change the magnetic behavior of a system of nanoparticles. Moreover,
using surfactants or covering the nanoparticles with a layer, or embedding them in
different solid, noncrystalline, or crystalline matrices (nanocomposites) or their
dispersion in a carrier liquid (nanofluids) can change the magnetic properties of the
nanosystem. Knowing these aspects, and their effects on the magnetic behavior of
nanoparticles in an external magnetic field, is very important from a practical point
of view, for future applications in nanotechnology.

Here we will take into consideration these aspects in the case of nanoparticles
with ferro- and ferrimagnetic ordering of their internal magnetic moments (due to
the exchange interaction (direct) and, respectively, superexchange interaction
(indirect, through the oxygen ions) of the magnetic moments). We will not discuss
the case of antiferromagnetic, which can be found in other bibliographic references
(chapters, books). Also, the effects described are discussed in the absence of
interactions.

Saturation Magnetization of Nanoparticles

Surface Spin Disorder in Nanoparticles and Saturation
Magnetization

Many results, both experimental and theoretical [1-6], have shown that the satu-
ration magnetization of nanoparticles is lower than that of the corresponding
bulk material and that it decreases rapidly along with decreasing the size of

very small (nm) nanoparticles [7]. The magnetization (1\7 ) of a material is deter-
mined by the resulting magnetic moment ( 4 ) per unit volume (V). For an
elementary volume, in the case of continuous distribution of magnetic (atomic)
moments, the magnetization is

— du
M= 1
A (1)

the magnetization vector M having the same direction and sense as the elementary
magnetic momentd . For a large-sized nanoparticle (tens to hundreds of nm) which
has a magnetic domain structure, at magnetic saturation, all the magnetic atomic
moments are on the same direction (the direction of the externally applied magnetic
field), the magnetization of the nanoparticle being, in this case, uniform and equal to
the saturation magnetization (spontaneous) (M) of the material. Under these condi-
tions, according to Eq. 1, the magnetic moment for a volume of material will be

m=M, J av, @)
V)
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Fig. 2 System of H
nanoparticles without
interaction at magnetic
saturation

\j

for the finite volume (known) of the particle (Vp),

mp = MXVP. (3)

In the case of small (nm to tens of nm), single-domain nanoparticles (without a
structure of magnetic domains), their volume is generally smaller than a magnetic
domain (Weiss domain), domain in which the magnetic moments from the crystal-
line network are aligned (ordered) spontaneously at saturation. As a result, their
magnetization is uniform and always equal to the spontaneous magnetization of the
material (M=M). In this case, the magnetic moment of the single-domain nano-
particle will be

myp = MV p, “)

where V)p is the volume of the single-domain nanoparticle.

For a system of identical nanoparticles, in the absence of interactions, which has
the concentration n (the number of nanoparticles (N) in the volume of the system
(V§)), each nanoparticle having the magnetic moment myp (Fig. 2), the saturation
magnetization can be expressed by the formula

M sat, NP = Nmyp, )

respectively,

Vv
Murnp = nVypM = N%Ms. (6)
S
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This formula is also valid in the case of the system of large nanoparticles (with
domain structure), but only when it is magnetized to saturation.

In conclusion, the magnetization of a system of nanoparticles, even if they are
small or large, at magnetic saturation can be expressed by the formula (6), where
NVyp/Vs = fy represents the (volume) packing fraction of nanoparticles within the
system. Therefore, the saturation magnetization of a system of nanoparticles can
also be expressed by the formula

Msat,NP :fVMs- (7)

The observable f;, can take values in the range 0-1 (0 < fy, < 1), in the case of a
system of nanoparticles. The casef}, = 1 corresponds to the bulk material (compact
system), for which M, yp = M. Equation 7 can be verified by experiment, for any
given system of nanoparticles, if we take into account the value of the packing
fraction of the nanoparticles.

In theory, at magnetic saturation, taking into account the magnetic packing
fraction of a system of nanoparticles, there should not occur any differences
between the two values M, yp and Mj; they should be equal (M, np = M, for
fv = 1). However, in practice, it has been experimentally observed that there is a
difference between the two values, namely, M, yp is smaller than My (Mq, Np
< Mj) [1-9].

The difference between the saturation magnetization of a system of
nanoparticles and that of the corresponding bulk material, experimentally deter-
mined, was explained by Coey, in Ref. [8] for the nanocrystallites of y-Fe,O;
having the mean diameter of 5.9 nm, who showed that at the surface of small
nanoparticles, the spins (magnetic moments in the crystalline network) are not
ordered as they are in their inside (core), but are disposed in disorder structure
(the surface spins are inclined at various angles). For the spin disorder at the surface
of nanoparticles, several models have been proposed for different nanostructures.
Coey [8] proposes the model of the inclined spins at the surface of nanoparticles, in
the core—shell model: core, where the spins are normally aligned, and surface layer,
where the spins are inclined to their normal direction. Berkowitz et al. [9, 10]
propose for the surface spin disorder the model “spin canting,” for nanoparticles of
NiFe,0,, and “spin pinning” when the particles are covered with organic surfactant.
Kodama and Berkowitz et al. [11] propose the model ferrimagnetically aligned core
spins and a spin-glass-like surface layer, at low temperatures, where canted spins
freeze in such a structure. The suface layer of nanoparticles where the spins are in a
disordered structure was experimentally confirmed by Mdssbauer spectroscopy for
v-Fe,05 [8, 12, 13] and NiFe,O,4 [14], polarized neutron scattering technique for
nanoparticles of CoFe,04 [15], magnetic resonance (ESR) for the nanoparticles of
Mn,Fe,_cFe,O4 (x =0.1 — 0.7) with oleic acid as surfactant [ 16] or nanoparticles of
v-Fe,O5 [17] and Ni-Zn [18] dispersed in the matrix of SiO,, as well as by
transmission electron microscopy (TEM or HR-TEM) and magnetic measurements
[17-20]. The surface spin disorder is due to the modification of the exchange
interactions between surface magnetic ions in incomplete coordination [21].
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Fig. 3 Particle broken bond
density BBD = 0.8 and higher é %

roughness (2.1 A° RMS),
hence significant surface spin E
disorder (Reprinted from [3],

Copyright (1999), with

permission from Elsevier) \ON é

In the case of ferrimagnetic nanoparticles, the orientation of the surface magnetic
moments can be more altered, because the exchange interaction is done through the
oxygen ion O°~ (superexchange). Therefore, the absence of the ion at the surface or
the presence of another atom (ion) as impurity leads to the breaking of the exchange
interaction (‘“broken exchange bond’) between the magnetic cations, which induces
the surface spin disorder [11]. Figure 3 shows the nanoparticle surface spin disorder
when there is broken bond. This model was calculated for the 25 A° NiFe,O,4
nanoparticle with broken bond density of 0.8 and higher roughness (with a surface
anisotropy of 4 kg/spin) [3].

The spin disorder can change the magnetic properties of nanoparticles, especially
when there is a high area/volume ratio [4, 5, 22, 23]. Due to surface effects mentioned
above and to the core—shell morphology, the saturation magnetization of nanoparticle
systems is considerably lower than the corresponding bulk material [1-6].

Taking now into account the surface layer of the nanoparticles, without magnetic
ordering, considering the core—shell structure (core, where the spins are aligned due
to the ferro- and ferrimagnetic exchange interaction, and shell, where the spins are
disposed in a disorder structure), it results that the formula (7) that gives the
saturation magnetization of the nanoparticle system must take into account a
volume of the nanoparticle, named magnetic volume (V,, yp) (the volume of the
core of the nanoparticles where the spins are aligned), smaller than the Vp volume
(physical volume),

Vin,np < Vip. 3
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Fig. 4 Core—shell pattern of
the spherical nanoparticle

In the spherical nanoparticle pattern (Fig. 4), we can assess the volume of the
surface layer of the nanoparticles which contains the spins in disorder,

AV =Vyp = Ve = JT(D3 - Dfn)/6? )

and its thickness # = (D — D,,) /2, respectively.

Consequently, in the case of nanoparticles, the formula must be corrected,
meaning that a magnetic (volume) packing fraction, f,, = NV, yp/Vs, must now
be taken into account, instead of fi, as a result of the reduced volume of the
nanoparticles where the spins are aligned ferromagnetically. Therefore, for a
system of nanoparticles, there is the relation

Msar :fr‘nMS <Msat,NP» (10)

where f,, < 1(f,, < fy), a formula that corresponds to the physical reality (verified
by experimental data). The larger or smaller deviation of saturation magnetization
of magnetic nanoparticles, M,,,, as compared to that of the bulk, M| (or M, yp for
fv = 1), will depend on the existent nanostructures [2, 4, 5, 24-30].

The difference between the saturation magnetization of the bulk and that of
the nanoparticles corresponding to the same material, AM,; = My np — My,
increases as the nanoparticles are smaller. The difference decreases when the size of
the nanoparticles increases, and it becomes insignificant (AM,, — 0) at very high
values of the NPs (hundreds of nm, or even more). This effect can be easily
understood if the surface/volume ratio of the nanoparticles (Syp/Vyp) is taken into
account, which can be rendered, in the approximation of spherical nanoparticles:

Sne/Vnp = 6/Dp,. (11)

As the magnetic volume of the nanoparticles decreases (the decrease of
the diameter D,,), the ratio Syp/Vyp Will increase, reaching very high values in the
nanometer domain. For example, for nanoparticles with 10 nm in diameter, the
surface/volume ratio will be Syp/Vyp = 6 X 10m~!. For example, considering
n = 0.8 nm (typical value) and assessing the contribution of the surface layer in
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relation to the core of the nanoparticle, AV/V,, = (V = V,,)/V,w = (D/D,)* — 1,
we obtain the value 0.05 in the case of 100 nm nanoparticles and 0.69 in the case of
10 nm nanoparticle, respectively, 2.18 for 5 nm. This shows that, for small
nanoparticles, the contribution of the spins from the surface of nanoparticles
becomes very important and cannot be neglected, and, as a result, a significant
reduction of the saturation magnetization will occur. In the case of large-sized
nanoparticles, the effect is reverse; there is an increase in the contribution of the
spins in the interior of nanoparticles, which will lead to an increase of the saturation
magnetization, and when the contribution of the surface spins becomes insignifi-
cant, it will lead to the saturation magnetization of the bulk. Figure 5 illustrates this
situation in the case of nanoparticles of Ni-Zn, when the (specific) magnetization
strongly decreases when the diameter of the nanoparticles decreases [5].

Taking into account the thickness of the surface layer of NPs, we can estimate
the saturation magnetization of the magnetic nanoparticle, using the formula

Mo =My (V ). (12)

Considering the NP model from Fig. 4, with the thickness of the surface layer # and
the volume of the surface layer given by Eq. 9, from Eq. 12 we obtain

Vvp — AV n 3

Mo = M, == = (1 -2 ) (13)
This relation allows the estimation of the thickness of the surface layer of
nanoparticles, using the experimental data: the saturation magnetization (determined
by experiment) and the physical diameter D (determined, e.g., through TEM). This
formula allows a more precise assessment of the thickness of the surface layer, than
the one proposed in Ref. [30] (M’,,, = M(1 — 6/D)), which is a good approximation
only for very small values of thickness, in general under 0.3 nm; at larger thick-
nesses, of more nm, significant errors occur when using this formula.
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The situation becomes more complex in the case of surfacted nanoparticles
(or covered with different molecules) or those embedded in different nonmagnetic
solid matrices (crystalline or noncrystalline). After the process of preparation
(through different physical and chemical methods), besides the effect discussed
above, a layer at the surface of the nanoparticles can also appear as a result of
different processes (adsorption, chemisorption, formation of bonds with the mag-
netic ions at the surface of NPs, etc.) [13, 31, 32]. The thickness of this new layer,
without magnetic ordering, can vary from tenths of nm to 1-2 nm [18-20, 32, 33].
In these cases the issues are not yet clarified, for example, whether we can consider
of two layers, as a result of the surface effect and that of the surfactant, or of a single
layer determined by their cumulative effect. Many studies have been conducted on
this matter [34—36], but a universally valid magnetic pattern of the nanoparticle
doesn’t exist. Therefore, for the practical applications in nanotechnology, it is
recommended that, for each particular case, the exact values of interest be studied
and determined in advance (before the application), as well as the practical values
of interest, such as the saturation magnetization, the thickness of the layer from the
surface of nanoparticles, surfactant or not, etc.

The Variation of the Nanoparticle Saturation Magnetization
with Temperature

The temperature variation of the saturation magnetization of nanoparticles is a highly
discussed, but not clarified issue, especially at low temperatures, and there is,
currently, much research on this matter [37—43]. The surface effects (section “Surface
Spin Disorder in Nanoparticles and Saturation Magnetization™), in the case of small
nanoparticles, or the interface effects, in the case of surfactant or those embedded in
different matrices of nanoparticles, can influence the variation of saturation magne-
tization with the temperature of the system of nanoparticles (see below).

At present, it becomes more clear that, at high temperatures, the temperature at
which the saturation magnetization reaches zero (Curie temperature (7)), when the
transition from the ferromagnetic (or ferrimagnetic) state to the paramagnetic state
occurs, depends on the size of nanoparticles: the Curie temperature of the nano-
particle system decreases, as the diameter of nanoparticles decreases, a fact proved
both experimentally and theoretically [44—49]. It was shown that the Curie temper-
ature can be expressed in relation to diameter of nanoparticle (D) by finite-size
scaling law [50] (in agreement with Monte Carlo (MC) simulation),

d 1/v
Tc(D) = Te, puik [1 - (BO>

where T pu is the Curie temperature corresponding to the bulk, dy is a microscopic
length scale close to the lattice constant [50, 51], and v is an exponent which has the
theoretical value of 0.7048 (predicted by the Heisenberg model) [52].

(14)
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Figure 6 (where d = D) shows such a variation in the case of Fe;0,4 nanoparticles
covered with SiO, [44], the experimental values being in good agreement with the
ones obtained by the Monte Carlo simulation [53].

However, at low temperatures, the results obtained so far have shown that there
is an influence of the surface layer of nanoparticles (or nanoparticle size) on the
variation of saturation magnetization with temperature. We further present [40], in
more detail, an interesting result, compared to literature data [3, 54—61], obtained
for the variation of saturation magnetization with temperature for nanoparticles of
Mn ¢Fe, 404 when oleic acid surfactant was used (organic surfactant) [40, 62] and
dispersed in kerosene (solvent), at a concentration n = 4,58 X 102 m™3 [63]
(ferrofluid sample) (With kind permission from Springer Science + Business
Media: [40] © Springer-Verlag 2004). Due to the surfactant, the interactions
between nanoparticles are missing, the magnetic (volume) packing fraction, f;,, =
Moy IM 300 (M 300 = 448 X 10° A/m at a temperature of 300 K [55]), being only
0.031 (~3 %).

At low temperatures, the variation of the spontaneous magnetization (M) with
the temperature (T) for the bulk is governed by the law in T (the Bloch law)
[54, 55], deduced from the spin wave model,

M,(T) = r(l - AT3/2), (15)

where I is the spontaneous magnetization at 0 K (M (0)) and A is a constant that
depends on the exchange integral J (A ~ 1/J*%). Dependence (Eq. 15) is well
verified experimentally until room temperature, both for bulk materials (Fe, Ni)
[56, 57] and for some spinel ferrites (such as MnyFe; , O4; 0,2 < x < 1,0 [58]).
Some differences can only be observed for the exponent value of temperature
T (e.g., for magnetite, the exponent has the approximate value of 2).
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In the case of fine particles and clusters, some theoretical calculus and the
experimental results have shown that the exponent of the temperature is higher
than 3/2 [59-61]. However, Martinez et al. [3] have demonstrated experimentally
that in systems made up of y-Fe,O3 nanoparticles with a diameter of ~10-15 nm,
the saturation magnetization does indeed follow the law in 7% until room tem-
perature. All these results show that the dependence, M, — T, that was verified for
the bulk material does not always apply to systems made up of fine particles and
clusters, and there have been various interpretations for this behavior. Further-
more, when nanoparticles are covered with oleic acid (organic surfactant), the acid
is strongly absorbed on the surface [17], and thus it forms a superficial layer [18].
This layer can influence the variation of saturation magnetization with
temperature.

The variation of the saturation magnetization of the nanoparticle system in the
temperature range (90-300) K is shown in Fig. 7. This was determined from the
magnetization curves at saturation, which were recorded both for the sample cooled
down from 300 K to 90 K, in the presence of a continuous magnetic field Hy =
120 kA/m applied along the direction where the magnetization will occur, and in
the absence of this field.

Two important aspects can be observed from the diagram: (i) a rapid increase of
the saturation magnetization with the decrease of temperature, with a relative
variation AM /M 300 = 55.8 % (AMgy = Mar00 — M 300; the numeric index
represents the value of the temperature) that is ~35 % higher than the relative
variation of the spontaneous magnetization of bulk ferrite (AMJ/M; 300 = 21 %
[55]), in the same temperature range, and (ii) the increase of the saturation magne-
tization does not depend on the fact that the nanoparticles, and with their easy
magnetization axes, were oriented (aligned) by the field H, along the subsequent
measuring direction (in the absence of the field H, the easy magnetization axes are
randomly oriented). This result shows an abnormal increase of the saturation
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magnetization of the surfacted nanoparticles, and this increase is an intrinsic
property of the particle.

The dependence M, (T) both for the Mn,Fe;_ O, bulk ferrite (x = 0.6)
(curve a), where I' = 17.12 x 10° A/m, A = 3.74 x 107> K~*? (Eq. 15) [55],
and for the sample made up of nanoparticles that are covered with oleic acid
(curve O) (and which was magnetized in the absence of the continuous magnetic
field) is shown in Fig. 8. The value of the constant I" was determined based on the
assumption that the saturation magnetization of the nanoparticle would follow
the same variation law as bulk material (Eq. 15) and, at the same time, by taking
into consideration the value of the magnetic packing fraction f;,, (I' = f,,M(0),
M,(0) = 556 x 10° A/m [64] where M(0) is the spontaneous magnetization at
0 K. In the case of surfacted nanoparticles, they have found that there is a high
deviation of the dependence Mg, vs. T from curve (a). This difference in
behavior was also observed for magnetite nanoparticles covered in oleic
acid [19].

This deviation is determined by the increase of the magnetic diameter attached
to the nanoparticles’ cores where the spins are aligned due to the superexchange
interaction. This reasoning is based on their previous results [35] which have shown
that the magnetic diameter of the nanoparticles surfacted with oleic acid increases
when the temperature decreases, as it will be shown below for nanoparticles of
Mng ¢Fe, 404. These results led to the idea that the packing fraction f;, also
increases with temperature, and this aspect has to be taken into consideration
when determining the variation of the saturation magnetization with the tempera-
ture of the nanoparticle system.

While the saturation magnetization of bulk ferrite is the same as the spontaneous
magnetization at 0 K, in the case of ferrofluids, it disappears completely since

Msat :mes (16)
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(see section “Surface Spin Disorder in Nanoparticles and Saturation Magnetiza-
tion”). Under these circumstances, the magnetic packing fraction of the nanoparti-
cle system at a temperature T

_ Mu(T)
and at 0 K,
_ Mu(0)

respectively, is not constant anymore (it increases with the decrease of tempera-
ture). Furthermore, if in the Bloch law (Eq. 15) they replace M(T') from Eq. 17 and
My0) from Eq. 18, we obtain the mathematical expression of the saturation
magnetization of the system made up of surfacted nanoparticles

Miu(T) = M_m,(O)f;"g)) (1 —A- T3/2) = M,(0)f,(T) (1 —A- T3/2). (19)

In a more restricted form, the temperature dependence of the saturation magne-
tization of the surfacted nanoparticle system is

M,u(T) = T(T) (1 - AT3/2), (20)
where the parameter

[(T) = M(0)f,,(T) 21

is a function of temperature and not a constant, as in the case of bulk ferrite.

Provided f,, did not depend on temperature and were a constant (the same as the
one at room temperature), Eq. 19 would be reduced to the Bloch law for bulk
material (Eq. 15), where I' = M(0) = const., and the increase of the saturation
magnetization of the system would be a result of the variation of the spontaneous
magnetization with temperature.

When f,, is no longer a constant and it depends on temperature (as in their case),
a further term has to be included in the equation to reflect this aspect (i.e., the
increase of the nanoparticle magnetic moment and of the magnetic diameter, with
the decrease of temperature); in other words, the law has to be considered as it was
written in Eq. 19.

Because the saturation magnetization of the nanoparticle system is

Mo (T) = nmy, wp(T) = nV,,(T)M(T) (22)
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in agreement with Eq. 17, it results that

fu(T) = nz(Dy(T))* /6 (23)

(in the approximation of spherical nanoparticles). By replacing £,,(T) in Eq. 19, we
obtain

Moa(T) = My (0)(n/6) (D (1)) (1 = A-T2). (24)

In Eq. 24, (D(T)) is the mean magnetic diameter of the nanoparticles as a
function of temperature. In agreement with Eq. 24, it can be concluded that the
considerable increase of the saturation magnetization of a system made up of
surfacted nanoparticles, compared to that of bulk ferrite, is a result of the increase
of the mean magnetic diameter (D,,) of the nanoparticles (in which the spins are
aligned by means of the superexchange interaction), because n = const. and the
increase of the spontaneous magnetization M(T) when the temperature decreases
from 300 to 77 K (Fig. 8, curve @) is much lower. Our explanation for this behavior
is attributed to the modification of the superexchange energy (W) in the surface
layer of the nanoparticles due to the presence of surfactant molecules [35]. Conse-
quently, the Néel temperature (Ty = W, /kp, kg — Boltzmann constant) in the
superficial layer will change, and it will be lower than the room temperature. As
the temperature decreases, Ty of the sublayers that are adjacent to the magnetic
core of the nanoparticles will be exceeded gradually, so that these sublayers will
successively become ferrimagnetically ordered. The result is an increase of the
magnetic diameter (D) attached to the core where the spins are aligned, with the
decrease of temperature; this will in turn lead to an increase of the magnetic
packing fraction f;,, and, implicitly, of the saturation magnetization for the nano-
particle system.

In a different approach, from Eq. 22 at temperature T (7' < 300 K) and at room
temperature, they obtain

(Dn(T))* = (D)oo (Mﬂ) 300%' (25)

The mean magnetic diameter (D,;)300 at a temperature of 300 K was determined
from the magnetization curve, with the procedure described in Ref. [34], admitting
a lognormal distribution of the magnetic diameters and the dependence of the
particle’s magnetic moment on the diameter. This way, we have found (D,,)300 =
10.8 nm. Considering that in the case of the nanoparticles surfacted with oleic acid
at their surface, a superficial layer is formed and its mean thickness is 0.7 nm
[32, 65-67],

(300 = ({D) = (Dm)300) /2 = 0.7nm, (26)
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the mean physical diameter of the nanoparticles is also obtained:

(D) = 12.2nm. Q7

Replacing in Eq. 25 the values M, (T") (Fig. 8, (O)), My(T) (Fig. 8, curve (a)),
and (D,,)300. we have calculated (D,(T))>. The resulting values are shown in
Fig. 9.

According to Eq. 26, given that the magnetic diameter increases, the surface
layer is narrowing when the temperature decreases (Fig. 9, curve O). A proof for the
fact that the determined values of the diameters (D) and (D,,) are correct is that at
the lowest temperature (90 K), the diameter (D)oo = 11.9 nm does not exceed the
physical diameter (D) (12.2 nm). These results make them admit that the layer on
the surface of the nanoparticles is paramagnetic at 300 K. As the temperature
decreases, the layer gradually becomes magnetically ordered, starting from the
core and towards the shell. Using the electron spin resonance technique, Upadhyay
et al. [68, 69] have recently shown the existence of the paramagnetic shell of the
Mn,Fe,_1Fe,O4 (x = 0.1-0.7) nanoparticles in ferrofluid, surfacted with oleic acid.
The authors have highlighted the existence of two absorption lines in the ESR
spectrum: one that appears due to the ferrimagnetic core and another one that
corresponds to ¢ = 4 (¢ — the spectroscopic splitting factor), attributed to the Fe>*
ion in the complex structure made up of oleic acid molecules. The line with ¢ = 4
disappears at low temperatures. Similarly, Tronc et al. [70] have used Mossbauer
spectroscopy at low temperatures to highlight the existence of the paramagnetic
layer on the surface of phosphated y-Fe,O3 nanoparticles.
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The variation shape of the function (D,,(T))* in Eq. 24 was determined by fitting
the experimental values (Fig. 9(¢)). The variation can be approximated very well
with the function

4
(Dn(T))* =" T (28)
q=0

(¢4 are known constants that were determined from the fit). A good resemblance of
the fit curve and the experimental curve can also be obtained if there are two fitting
coefficients; however, in order to obtain a more realistic variation of the magnetic
diameter with the temperature, they have also considered the higher-order terms of 72,
The same variation form of < D,, > > with temperature was observed for Fe;O4
nanoparticles with a diameter of ~11 nm, covered in oleic acid and dispersed in
kerosene [71]; however, the fitting coefficients (especially the first two) are differ-
ent, since they depend on the nature of the material.
Under these circumstances, Eq. 24 can be written as

4
Mm,(T) = MY(O) I’lgﬂ.’ (Z ch2q> (1 _ AT3/2) ) (29)
q=0

By building the function My,, — T defined by Eq. 29, with the known values of
M,(0) (556 x 10° A/m), n (4.58 x 10> m™), A (3.74 x 107> K, and ¢,
(constants) that resulted from the fit, we have obtained curve (f) in Fig. 8. It can be
observed that there is a very good agreement of the calculated curve (—) with the
experimental curve (O), which demonstrates that function Eq. 29 is suited to
describe the temperature variation of the saturation magnetization of the system
composed of surfacted nanoparticles. The result obtained justifies the correctness of
the function Eq. 29 that we have suggested for describing the variation of the
saturation magnetization of the surfacted nanoparticle system with the temperature
in a range of low temperatures.

Magnetic Anisotropy of Nanoparticles

The issue of the magnetic anisotropy of nanoparticles is very important, because it
has a significant influence on their magnetic behavior in an exterior magnetic field.
In the case of nanoparticles, there are several components of the magnetic anisot-
ropy, which must be considered in the total energy of a crystal, when making a
thorough magnetic (micromagnetic) analysis. These are the magnetocrystalline
anisotropy (Wy), the anisotropy due to the shape (W), surface anisotropy (Wy),
and an induced anisotropy (of different effects) (W;). Therefore, the total energy of
a crystal in an external magnetic field (H) will be written as

W=W,+Wu+Wg+W,+W, (30)
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where W,, is the exchange energy, W,, is the magnetostatic energy, Wy is
the energy in the external magnetic field, W,, is the energy of the magnetic
domain wall (when it exists (for large nanoparticles)), and W, is the anisotropy
energy,

Wa=Wy+Wy+W,+ W, (3D

They present below each of the four types of magnetic anisotropy that may exist in
the case of nanoparticles.

Magnetocrystalline anisotropy. In the case of nanoparticles, as in the case of the
bulk, macroscopically, the magnetization of a single crystal in an external magnetic
field depends on the direction in which this occurs in relation to its crystallographic
axes (Fig. 10a). This leads to the existence of a magnetocrystalline anisotropy. The
direction in the crystal in which the magnetization occurs the easiest (the mechan-

ical work of the magnetization, ,uOJHdM , is the lowest) is the easy magnetization

axis (e.m.a.), and the direction in which the magnetization occurs the hardest (the
mechanical work of the magnetization is the highest) is the hard magnetization axis
(h.m.a.). For example, for Fe, the directions 1100l, 1010l, and 1001I (the edges of the
cube) are easy magnetization axes, and the direction 1111l (large diagonal of
the cube) is the hard magnetization axis [72]. The first magnetization curves
of single crystals of Fe [72], Ni [73], and Co [74] depending on the directions of
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magnetization (in Kneller [75]) and their crystallographic systems with easy and
hard magnetization axes are shown in Fig. 10a.

In order to rotate the spontaneous magnetization vector from the direction
e.m.a. in a different direction, set by direction cosines oy, o, and a3 in relation to
the crystallographic axes, mechanical work of magnetization is needed, the varia-
tion of which is equal to the magnetocrystalline anisotropy energy. In the phenom-
enological model based on the symmetry properties of the crystal [76, 77], the
magnetocrystalline anisotropy energy can be expressed by a power series formula,
which in the case of cubic symmetry (Fe, Ni) has the expression

Wy, . =K (a%a% + a3 + a%a%) + Kyl aldd + K (a?ag + atad + aga‘;) +..., (32

where K|, K,, K3 are the magnetocrystalline anisotropy constants (energy densi-
ties). In the formula (32), in agreement with the experiment data, they can most
often consider only the first two terms of the series, the third term being insignif-
icant, since it is usually very small.

In the case of hexagonal symmetry (uniaxial) (Co), the magnetocrystalline
anisotropy energy is given by the relation [78]

Wy, u= K sin2(p + Ko, sin4(p + ..., (33)

where @ is the angle between the spontaneous magnetization vector and the main
axis of symmetry (see Fig. 10c). Developments regarding the magnetocrystalline
anisotropy, which better reflect the symmetry properties of the crystal, were made
by Kneller and van Vleck [79].

Anisotropy energy can also be expressed in relation to the anisotropy field (Hy),
through the relation

Wy = —uo(M, - Hy). (34)

In the case of uniaxial symmetry, in the approximation Kj, << Kj,, it can be
written as

Hy , =

, . (35)
ﬂ()Ms

Usually, when only the anisotropy constant K is used in the formulas of anisotropy
(field) energys, it is simply written as K instead of K, without using indices (e.g.,
Hy , = ZKu/ﬂOMs)-

Shape magnetic anisotropy. Since nanoparticles can have different shapes, their
magnetization will also depend on the shape.

In the case of a single crystal of ellipsoidal shape (ellipsoid of revolution) with
the ellipsoid axes a >> b = ¢ (Fig. 11), the anisotropy energy due to shape is [75]

W = (19/2)(Na — N)M? sin*0 (36)
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Fig. 11 Single crystal of
ellipsoidal shape; O is the
angle between spontaneous

magnetization vector M, and
the axis Oa of the ellipsoid

where N, and N,, are demagnetization factors of the axes a and b, respectively, of
the ellipsoid and @ is the angle that the spontaneous magnetization makes with the
major (a) axis of the ellipsoid. Considering Eq. 33, in the first-order approximation,
the anisotropy constant due to shape can be expressed by the formula

Ko = —po(Np — No)M? 2. (37)

In the case of spherical nanoparticle, since N, = N, and, therefore, K,;, = 0,
there is no shape anisotropy. However, in the case of elongated and soft magnetic
nanoparticles, such as some ferrites (ferrimagnetic nanoparticles), the shape anisot-
ropy constant can become comparable to or even higher than the
magnetocrystalline anisotropy constant [19].

Surface magnetic anisotropy. The problem of surface anisotropy was studied in
detail by Neel [80, 81], which showed that in the case of crystals with cubic
symmetry and surfaces of the type 1111l and 1100, the surface anisotropy energy
can be expressed by the formula

W, = K, cos’, (38)

where K, is the surface anisotropy constant (expressed in Jm 2 in IS) and /3 is the
angle between the spontaneous magnetization vector and the direction of the
external normal at the surface considered. Expressing the surface anisotropy energy
constant in units Jm™> [82, 83], considering relation (11),

K, [Im™] ¢ = (6/D)K,[Jm?] , (39)

and comparing it with the magnetocrystalline anisotropy constant, it is found that
the value of K’ becomes significant for nanoparticles. Moreover, when the diam-
eter of the nanoparticles is low enough, generally less than 25 nm in many cases of
soft magnetic materials, the value of the surface anisotropy constant exceeds the
magnetocrystalline anisotropy constant, being the greater as the nanoparticle diam-
eter is smaller. For example [84], in the case of nanoparticles of Ni-Zn ferrite with a
diameter of 10 nm, considering the value of the constant K; which is of the order of
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1072 Jm ™2 [85], the value obtained for K’ is 6 x 10% Jm . This value is five times
higher than the magnetocrystalline anisotropy constant (1,5 x 10° Jm 3 [86]) of
Ni-Zn ferrite. In conclusion, in the case of small nanoparticles, the contribution of
the spins at the surface layer of nanoparticles to the magnetic anisotropy becomes
important, sometimes even dominant.

Induced magnetic anisotropy. In the case of nanoparticles, as a result of mechan-
ical, radiation processes, heat treatments, etc., or of their methods of preparation,
that can lead to the presence of elastic tensions in the material or to the existence of
magnetic coupling between spins (e.g., to the nanoparticle - matrix interface or of
two different magnetic materials (ferromagnetic core—shell paramagnetic)), a mag-
netic anisotropy can be induced, because the equilibrium position of the spontane-
ous magnetization vector can be influenced. The results of the experiments showed
that the elastic tensions can induce very large magnetic anisotropy, with one to two
orders of magnitude larger than the magnetocrystalline. For example [84], in the
case of y-Fe,O3 nanoparticles, Vassiliou et al. [87] obtain the anisotropy constant
value of 4.4 x 10° J/m? for 8.3 nm diameter nanoparticles embedded in polymer
matrix, and Coey et al. [88] obtain the value of 1.2 x 10° J/m? for nanoparticles of
6.5 nm. These values are about two orders of magnitude higher than the
magnetocrystalline anisotropy constant of bulk ferrite of y-Fe,Os, which is Ky =
4.6 x 10° J/m> [89, 90]. The pronounced effect obtained was attributed to the elastic
tensions (stress) exerted on nanoparticles by the solid polymer matrix in which
these can be found. Another cause of the increase of magnetic anisotropy is the
presence of an antiferromagnetic or paramagnetic layer at the surface of
nanoparticles (core—shell structure), due to the exchange coupling between core
and shell [91].

Taking into account all the four forms of magnetic anisotropy that can exist in
the case of nanoparticles and their cumulative contribution to the total magnetic
anisotropy, they may consider an effective (total) magnetic anisotropy energy, that
is, an effective magnetic anisotropy constant [18],

Keﬁ‘ :KV+Ks11+K;+Kia (40)

where K; is the constant of anisotropy resulted from the induced magnetic
anisotropy.
The rigorous study (theoretical) of the magnetic anisotropy for nanoparticles can

be done by considering the nanoparticle as a system of spins (5,-) [92-97], taking
into account all the magnetic interactions possible, where in Egs. (30) and (31) the
energies are given by the Dirac-Heisenberg Hamiltonian (tridimensional (0xyz)).
For example, taking into account only the exchange interaction and the interaction
with the external magnetic field, and considering a magnetocrystalline anisotropy
(cubic) for the core of nanoparticle and a surface anisotropy for the surface spins,
the Hamiltonian of the system of spins will be

}[:}[ex+}[H+7{V+}[.v (41)
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9t =23 1y(Si-5))
)
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1 1

—K Y8 zk)z, (42)

k

respectively, where g is the Landé factor, yz is the Bohr magneton, and e is the unit
vector normal on the surface.

Magnetic Behavior of Nanoparticles in an External Magnetic Field

It is very important to know, from both a practical and a theoretical point of view,
how a nanoparticle magnetic system behaves when it is magnetized in an external
magnetic field. It was found that the magnetic behavior of nanoparticles is much
different from that of the corresponding bulk material, as it is strongly influenced by
the size of the nanoparticles, which determines a specific behavior. These issues are
presented below, starting from larger nanoparticles, which have a multi-domain or
single-domain magnetic structure, until reaching nanoparticles without magnetic
domains but with fluctuating magnetization (superparamagnetic).

Hysteresis Magnetic Behavior of Nanoparticles

Hysteresis Magnetic Behavior of Multi-domain Nanoparticles

Large nanoparticles, which have a size above a certain critical value (D.) (see
section “Introduction”), have a magnetic domain structure, and their behavior when
magnetized (static) in an exterior magnetic field is with hysteresis, similarly to the
corresponding bulk magnetic material [75, 98]. Stable magnetic structures depend
on the crystal symmetry (Fig. 12), the most common experimentally observed
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Fig. 12 Magnetic domain structures in large nanoparticles; (a) the uniaxial and (b) cubic symmetry
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Fig. 13 First magnetization curve (a) and the hysteresis loop (b) characteristic of nanoparticles
with magnetic domain structure

structures being those with free magnetic poles, in the case of uniaxial symmetry
(Fig. 12a), or without free magnetic poles (with magnetic flux closure domains)
(Fig. 12b), in the case of cubic symmetry. In closing domains (Fig. 12b), the
spontaneous magnetization is oriented at an angle of 45° in relation to the surface
of the wall of the closing domain, so no additional magnetostatic energy appears.
The number of magnetic domains in a stable structure can be determined from the
minimization condition of the crystal energy (equilibrium condition).

The magnetization of nanoparticles with domain structure takes place through
processes of magnetic domain wall displacement, reversible and irreversible, in
smaller fields and through rotation processes of the spontaneous magnetization
vector, reversible and irreversible, in large fields, when the walls are missing (the
structure becoming single domain).

The magnetization curve (the first magnetization) is, in this case, the typically
known, generally characteristic to a ferromagnetic (or ferrimagnetic) bulk material
(Fig. 13a): the incipient part (I), approximately linear (at low fields); the part of the
transition from moderate fields (II), with point of inflection (i); and the part to
magnetic saturation (III), from the high fields.

At low fields (up to approx. H./10 (H. is the coercive field)), Rayleigh’s law
applies, which gives the variation of magnetization when applying a variation of the
external magnetic field AH,

AM = y,AH + g (AH)? 43)

where y; is the initial magnetic susceptibility and a a coefficient.
At high fields, the magnetization is well described by the law of approach to
saturation (LAS) [99]

M:Ms(l—————i---) +20H, (44)
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where a, b, and ¢ are some coefficients and the term yoH is determined by the
presence of the contribution y, (para-process), independent of the field. The term
xoH becomes more significant when the sample approaches the Curie temperature.
However, experimental measurements [99, 100] indicated that, in the case of the
nanoparticles, a relation of the following form is often sufficient [3, 100, 101]:

b
M%MS(I—HZ>, (45)
since the yoH terms and the one in H > can be neglected and the presence
of the term in H ' is not justified, except in certain cases (its presence would
imply an infinite magnetization which cannot be the result of rotation of the
magnetization processes). The coefficient b from the formula (45) depends on the
magnetic anisotropy. In the case of uniaxial symmetry, it has the expression [102]

2
b= 4 (K , (406)
15 MOMS
and in the case of cubic symmetry [99],
8 /K \°
b=— . 47
105 <qu) @0

For a system of magnetic nanoparticles, relations (46) and (47) allow the determi-
nation of the magnetic anisotropy constants by means of experiment (from the
saturation magnetization curves), which is commonly used in current practice
[3, 101].

In the transition area, at moderate fields, a law that correctly describes the
magnetization of the nanosystem doesn’t exist, the magnetization curves obtained
experimentally being characteristic of each type of material.

At the magnetization-remagnetization of nanoparticles, a hysteresis loop is
obtained (Fig. 13b) with the value of the saturation magnetization (M,,,) dependent
on the surface effects (see section “Surface Spin Disorder in Nanoparticles and
Saturation Magnetization”) and the coercive field (H,.) strongly dependent on the
size of nanoparticles (see section “Single-Domain Nanoparticles in the Area of
Sizes Where Fluctuations in Magnetization Exist: The Coercive Field of
Nanoparticles”). The curves in Fig. 13 are given for a y-Fe,O3 nanoparticle system
with a mean diameter of ~35 nm, which have the structure of the magnetic domains.
Nanoparticles were obtained by using the method described in Ref. [5].

The critical volume, that is, the critical diameter for spherical nanoparticles
corresponding to the transition from a structure with magnetic domains (multi-
domains), with nonuniform magnetization, to a single-domain structure, with
uniform and stable magnetization, can be determined from the condition of mini-
mization of the energy of the crystal (equilibrium condition) using the single-
domain particle model [103]. Reducing the volume of a large nanoparticle
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a b c

Fig. 14 Magnetic structures in spherical nanoparticle model; (a) uniform magnetization;
nonuniform magnetization in the case of (b) cubic and (c) uniaxial symmetry (© Eurobit 2004.
Reprinted with permission from Ref. [84])

(tens of nm), which has a magnetic domain structure, a certain critical size can be
reached in which the nanoparticle does not have a domain structure anymore,
consisting of a magnetic single domain with uniform magnetization (single-domain
structure). Kittel [103] is the first to point out that certain geometries can lead to a
uniform magnetization, thus without magnetic domains. The problem that arises in
this case is at which size a structure without magnetic domains (single domain) is
obtained, so that the energy of the single-domain configuration is lower than that
corresponding to a nanoparticle that has a structure of domains. The answer to this
problem can be obtained based on the condition that the free energy of a nanopar-
ticle with uniform magnetization is equal, to the limit, to the free energy of a
nanoparticle that has a domain structure (the classical model of the single-domain
particle) [103—105]. We consider below two cases of domain structures [84, 106]
(With permission from Eurobit: [84]).

(I) The case of cubic symmetry. For the single-domain structure (Fig. 14a), the
energy is determined only by the magnetostatic energy:

1
Wi =W =S uoNM;V, (48)

where N is the demagnetizing factor (N = 1/3 for spherical particles). In the case of
structure with cubic symmetry, shown in Fig. 14b, the main contribution to the
energy is given by Bloch walls. Thus, we can write

W, =2W, = 2¢,S (49)

where S is the surface of a wall. Expressing the volume and the surface of the
nanoparticle, considered as spherical, according to the diameter, and equalizing to
the limit the two energies,

W, =W,, (50)
we obtain the relation
18
D =—2. (51)
M()Mx
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which gives the critical diameter (or critical volume, V. = zD2/6). In agreement
with this result, when the nanoparticle has a smaller diameter than the critical
diameter (D < D,), the nanoparticle is single domain and has uniform magnetiza-
tion. On the contrary, when the diameter of the nanoparticle is greater than the
critical diameter (D > D,.), the nanoparticle has a magnetic domain structure, its
magnetization being nonuniform.

(II) The case of uniaxial symmetry. Considering for this case, the structure of
domains from Fig. 14c at the nanoparticle’s energy will contribute, on the one hand,
the magnetostatic energy (structure without closing poles) and, on the other hand,
the energy of the existing domain wall. Due to the presence of the two domains
(magnetized at 180°), the magnetostatic energy will be reduced to half, as compared
to the cases where there is a single domain (Fig. 14a). Thus, in this case, the energy
of the structure can be written as

W
Wh = — + Wp. (52)
Imposing now the condition given by the rel. (50), where instead of W, they use W',
given by relation (52), it results

Wi
2

W, = + ¢pS. (53)
Replacing the magnetostatic energy (Eq. 48), we obtain the critical diameter for
uniaxial symmetry,

- 188}3

D.=—2,
‘ poM;

(54)

below which the nanoparticle has a single-domain structure with uniform magne-
tization. By comparing Egs. 51 and 54, they observe that, regardless of the model
chosen for the domain structure (with cubic symmetry (b) or uniaxial (c)), the
formula for the critical diameter remains the same.

The energy density of the domain wall ¢, was determined by Landau-Lifshitz
[107] based on the exchange energy and the anisotropy of the wall involved in the
spin orientation. For this, the following formula was found:

2kgT .K
& = 1 /%, (55)

where “a” is the lattice constant and kg is Boltzmann’s constant.

Calculations made for Fe led to a critical diameter of ~34 nm and for Co of
~60 nm [84], the values mostly depending on the existent of the magnetic anisot-
ropy. In the case of soft ferrites, the critical diameter decreases considerably,
reaching values of ~15 nm. For example, for the Nig35ZngesFe,O4 ferrite
nanoparticles, we found ¢, = 0.145 erg/cm2 and D, = 21.6 nm [106]. In the case
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of hard ferrites, e.g., the Co ferrite nanoparticles, the calculations made lead to the
value of 162 nm for a critical diameter [101].

They must mention here that, in specific cases, in agreement with the issues
presented in sections “Saturation Magnetization of Nanoparticles” and “Magnetic
Anisotropy of Nanoparticles,” they must consider both the size and the type of
nanoparticles, so that the observables M,,, K.s and T¢ are corrected. In this
respect, they must consider their experimentally determined values, knowing that
M., K. and T¢, in the case of nanoparticles, have different values from those of
the bulk material. By not taking these aspects into account, the results can lead to
significant errors.

Hysteresis Magnetic Behavior of Single-Domain Nanoparticles

Single-Domain Nanoparticles with Stable Magnetization

As shown in the previous paragraph, nanoparticles that have a smaller volume
than the critical volume (V < V,) have a single-domain structure with uniform and
stable magnetization. Their magnetization in an external field will be made by
rotation processes (reversible and irreversible) of the spontaneous magnetization
vector. The magnetic behavior of a single-domain nanoparticle system with
stable magnetization [84] can be achieved using the Stoner-Wohlfarth (S-W)
model [108] (et al. [109, 110]). Thus, considering an isolated single-domain
nanoparticle with uniaxial anisotropy, in the absence of thermal agitation (T’ =
0) (or if this is low enough so it cannot reverse the magnetization of the
nanoparticle), in the external magnetizing field H, the density of the energy of
the particle is

w =K, sinp — g (M ﬁ) (56)
They consider the x0y plan, so that the Ox axis coincides with the direction of easy

magnetization of the nanoparticle and the Oy axis with the hard magnetization
direction (perpendicular to the Ox axis) (Fig. 15).

Expressing the vectors H and M, according to their components on the two
directions,

H=H, i +H,j (57)
and

—

M, =M, i +M, 7: (M cos ) i +(M; sin @) 7 , (58)
the energy from Eq. 56 will be given by the formula (in Kneller [75])

w = K, sin’¢p — poH M cos ¢ — pigH M sin . 59
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Fig. 15 The orientation of
the vectors of spontaneous y
magnetization and magnetic
field in the plan x0y
H
° 7
e.m.a. & s
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<
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In Eq. 59 « is the angle between the external magnetic field H and the easy

magnetization axis, and ¢ is the angle between the spontaneous magnetization M
and the same axis (e.m.a.) (Fig. 15).

The equilibrium magnetization is obtained from the condition of minimum
energy

dw
—=0. 60
o (60)
Thus, they obtain
. |
hysing — hycos @ = — 5 sin (2¢), 61)

which is a straight line in the plan (h,Oh,) for ¢ = const.. In Eq. 61 they considered
the reduced fields, h, = H,/Hy,, and hy = H,/Hy ,, where Hy_, = 2K, /(u,M;)
is the uniaxial anisotropy field and K, is the uniaxial anisotropy constant of
the nanoparticle. For different values of ¢ (obtained according to the values of #,
and £, and the external field /), they obtain a family of straight lines which are
the directions in which the magnetization is in equilibrium. The magnetization is
in stable equilibrium when d*w/d@? > 0 and in unstable equilibrium when d*w/d
¢p* < 0.

The critical field at which the irreversible (coherent) rotation of the magneti-
zation can be obtained results from the condition

W _ o, (62)
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Fig. 16 The astroid in the hY ¢ =90
(h,Ohy) plan and the 14

magnetization equilibrium £y
directions for ¢ = 25° and ¢
= 145° (computer generated)

which leads to
hycos @ + hy singp = — cos (2¢). (63)

Eliminating the ¢ in Eqs. 61 and 63, they obtain the astroid equation

()P + (h)*? =1, (64)

in the plan (h,0Ohy). In Fig. 16, the computer-generated astroid is represented. Also,
in the same figure, they represented the lines of equation (61), PC generated for
@ = 25° and ¢ = 145° (in agreement with Ref. [109]). The continuous part of the
straight line corresponds to the stable state of the magnetization, and the part
discontinuously marked (with dashed lines) corresponds to the unstable state
(With permission from Eurobit: [84]). In the critical field determined by equation
(1.91), a stable equilibrium position determined by a direction moves to another
position determined by another direction. Inside the astroid, there are two possible

orientations of the vector M;, corresponding to the stable positions (see point Q).

Outside the astroid, there is only one orientation of M, which corresponds to the
stable state (see point Q). Thus, if in the state Q, the magnetization was oriented in
the direction of the figure, by changing the external field in such a way that the point

Q s closer to the astroid, the vector M will rotate smoothly (reversibly, coherently);

as soon as the point touches the astroid, the orientation of 1\71‘Y is no longer possible to
be (very) close to the previous one direction because that orientation will corre-
spond, from now on, to the unstable state (dzw/ dgo2 < O). Therefore, a rotation by
Jjump (irreversible) of the magnetization will occur in the direction of minimum
energy, a direction for which d*w/dp? > 0.

Stoner and Wohlfarth calculated the magnetization (reduced) curves for differ-
ent angles between the magnetic field and the easy magnetization axis, at
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Fig. 17 Theoretical A L/, /g
longitudinal magnetization

curve (1\/1r) (hx)hy = const. of a hy =0 1,0
uniaxial thin layer. The trans- —
versal curve (I,/I5) (hy)pe — o ]

is also shown as dashed O,GZ / / g
(Springer [75], Fig. 27.37, 1,0
© Springer-Verlag 1962. With 1 /
kind permission from Springer
Science and Business Media; Col Lo _
Reprinted with permission / 1,0 h’ h
from [110]. Copyright [1958], Xy
AIP Publishing LLC) 4

magnetization—remagnetization. The curves M, /M = f(h,) M, = M cos @, which
is the component parallel to the easy magnetization axis) for different constant
values of &, are shown in Fig. 17 (the system is considered a thin layer formed of
noninteraction single-domain particles, with uniaxial anisotropy along the layer)
(in figure I = M).

As shown, the coercive (static) field for coherent rotations, hy = Hy/Hy, .,
moves from a value 1 to the value O when A, increases from value 0 to value
1. The function A, =f (h}) is identical with the critical curve and is given by
the astroid equation where 4, must be replaced by #,,. For the magnetization curve
M,/M; = f(hy) (component parallel to the hard magnetization axis), when &, = 0,
they obtain a line (the dashed line shown in Fig. 17). When A, = 0 (which means
that external field is applied in the direction x), the magnetization in the direction of
easy magnetization follows a rectangular hysteresis cycle. This case is very
important from a practical point of view, because, (i) on the one hand, in these
circumstances, they obtain a switch (very fast reverse to 180°) of the magnetization,
by rotation, between two stable states and, (ii) on the other hand, it enables the
determination of the field (constant) of uniaxial anisotropy achieved by experiment.
Fast switching of the magnetization finds practical application in the production of
magnetic memories, such as computer hard drives.

In terms of determining the anisotropy field, imposing the condition A, = 1
(when the irreversible jump at 180° of the magnetization occurs), they obtain the
relation

—H, ~H,. (65)
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Fig. 18 The hysteresis loop 1
of a system of nanoparticles -
with the easy magnetization - L™
axes randomly oriented (© e )
Eurobit 2004. Reprinted with -’ »
permission from Ref. [84])

b __..-"'
‘:‘-.:I---" .-

-1 0 1

Therefore, the uniaxial anisotropy constant K, can be determined by measuring
experimentally the coercive field H., which can be approximated with the critical
field at which the rotation by jump of the magnetization takes place.

For a system of single-domain nanoparticles with uniaxial anisotropy, in the
absence of interactions between them, and with the randomly anisotropy axes, a
hysteresis loop is obtained as shown in Fig. 18. In this case [108], the reduced field
(h.)in the direction of magnetization (when the rotations of magnetic moments at
unison accurs) is /. =2 0.5, the mean coercive field is,

K.y

Hzr = ’
< > ”OMs

Hy,, =

1
= 66
5 (66)
(where by () we designated the mean value), and the (theoretical) reduced magne-
tization is

= 0.5. (67)

The results obtained confirm the model [111-113], and only small differences
occur in the values (1/2)Hy,, and M,/M; = 0.5, which are slightly lower due to
superparamagnetic relaxation effects [18, 33, 102, 114] (which will be discussed in
section “Superparamagnetic Behavior of the Nanoparticles”) or quantum tunneling
of magnetization [115—117] which occurs in the case of small nanoparticles.

When magnetocrystalline anisotropy is different from the uniaxial one, Néel
[118] calculated the coercive field for a system of randomly oriented spherical
particles, obtaining the value of 0.64 K,/uoM,;. When the shape anisotropy is
dominant (see section ‘“Magnetic Anisotropy of Nanoparticles”), considering
Eq. 36 and K, it results H. ~ (N, — N,) = N(r). For an ensemble of nanoparticles,
an extended range of values may exist, so it will be considered H. ~ <N(r) > (< >
mean value) or a function of volume distribution. Other studies [119, 120] showed
that the coercive field of the ensemble of nanoparticles is lower than the mean
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value, depending on particle size. Of course, this problem is more complex [121]; in
reality they must consider the magnetization processes, coherent or noncoherent,
that is, the remagnetizations by rotation in unison, the waving of the magnetization
or magnetization curving that may exist depending on the shape and size of the
sample, as well as the existence of other forms of anisotropy (see section ‘“Magnetic
Anisotropy of Nanoparticles”).

Single-Domain Nanoparticles in the Area of Sizes Where Fluctuations

in Magnetization Exist: The Coercive Field of Nanoparticles

In the presence of thermal activation (T > 0) (With permission from Eurobit: [84]),
when the nanoparticle’s volume becomes lower than V, (V < V) (see Fig. 1), the
magnetization of nanoparticle fluctuates along the easy magnetization axis (revers-
ing at 180°) (Néel) [122]. For the spontaneous magnetization to reverse, in the
absence of external magnetic field (H = 0), considering nanoparticle with uniaxial
magnetic anisotropy (see section “Magnetic Anisotropy of Nanoparticles”)

Wy, = K,V sin’p, (68)

the energy barrier must be overcome:

W, =K,V (69)

(¢ = n/2) (Fig. 19a). In this case, there is some probability of crossing the potential
barrier [123, 124] which is greater as the temperature is higher and the
nanoparticle’s volume lower.

The time in which this process takes place [125] is the Néel relaxation time [122]:

K,V
TN = ToeXp (kB—T) , (70)

where 7, is a time constant which usually has the value 10~ s [126], and the process
is known as Néel magnetic relaxation. In practical conditions of measurement, the
interval of time in which the relaxation process is registered is called measurement
time (t,,). In the case of static measurements, it is considered 100 s [123]. At limit,
when the relaxation time is equal to the measuring time (zy = t,,), there can be found
the nanoparticle’s volume corresponding to the transition from the state in which the
magnetization does not relax (magnetization is stable over time) to the state in which
the magnetization relaxes (it reverses by 180° in a certain time). Thus, from Eq. 70

K.V, = 25kgT, (71)
results and the threshold volume

25kyT
V, = SksT. (72)
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Fig. 19 (a) Variation of the nanoparticle’s energy (expressed in eV) as a function of the angle ¢
and the field H, for H =1 Am ™" (a) and when H increases: from 1 to the maximum value H,,,, i.e.,
30 x 10> Am™! (b) and 100 x 10> Am™! (c), respectively [130] (© IOP Publishing. Reproduced
by permission of IOP Publishing. All rights reserved)
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Also, it defines a temperature corresponding to the blocking of magnetic
moments (blocking temperature) [123]:

KV
T 25k

T (73)

When the nanoparticle with volume V has a temperature T < T}, the magnetic
moment of the nanoparticle is blocked, and when T > T}, the magnetic moment
of nanoparticle fluctuates along the axis of easy magnetization (it relaxes).
In conditions of dynamic measurement, commonly used in current practice
(using, e.g., the Mossbauer spectroscopy [12, 127, 128], where the measuring
time is 5 x 107% s), considering the experimental time of measurement,
corresponding to the technique used, formulas (71) and (73) can be considered
general [129]

=01, /20), (74)

u

Vi

respectively,

K.V

b= it /z0) (75)

In the presence of an external magnetic field applied along the easy magnetiza-
tion direction of nanoparticles, the energy barrier will change (W) [130], either by
increasing or decreasing, depending on the sense of the magnetic field (increases
when the field H is applied in the sense of magnetization M and decreases in
reverse). In Fig. 19 (b, c), the variation of the energy barrier for Fe3;04 nanoparticles
surfacted with oleic acid and dispersed in kerosene (ferrofluid) [130], having the
magnetic diameter of 12.35 nm [71] and a uniaxial anisotropy constant K, = 12.2 X
10* Jm ™2, is shown [19].

When the magnetic field is applied in the opposite direction of spontaneous
magnetization, starting from the energy of the particle in the field, they obtain the
formula [131]

moneH\?
_/’l()m s NP ) ; (76)

Wey = Kuvm(l 2KV,
where the magnetic moment of the nanoparticle has been replaced (see section
“Magnetic Behavior of Nanoparticles in an External Field”), considering the
observations made in section “Surface Spin Disorder in Nanoparticles and Satura-
tion Magnetization.” In this case, in agreement with the formula (71), it results that
there will be a certain external field, called critical field (or threshold field, H,,), at
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which the magnetic moment will reverse to 180°. This can be determined by
imposing the condition (Eq. 71)

1— /’lomm,NPHcI

2
= 25kpgT 77
ZKuVm > B4, ( )

Kuvm<

from where it results

2KV 25ksT 25ksT
H,=—"0m - B2 ) =Hy [ 1- cal (78)
/’t()mm,NP Kuvm ’ Kuvm

In the absence of thermal activation (when the temperature is T = 0), from Eq. (78)
results the formula H., = Hy_,, meaning that the critical field becomes equal to the
anisotropy field (see Eq. 65), a formula in agreement with the S-W model (see
section “Single-Domain Nanoparticles with Stable Magnetization”). Given the
formula for the threshold volume (Eq. 72) and using Eq. 78, the end result is

Vo 1/2 D, 3/2
HC,Hv,ull <V> ]Hv,u 1 - (D) , (79)

where V,,, is the threshold magnetic volume and D,,, is the threshold magnetic
diameter, respectively, in the approximation of the spherical nanoparticle. Using
Eq. 73, the formula (79) can also be written according to blocking temperature:

1/2
He =Hy,, [1 - <TT,,> ] (80)

This result (Eq. 79) shows that the critical field (coercive field in this case)
decreases as the magnetic diameter of the nanoparticles decreases, and becomes
zero at the threshold diameter (D,,, = D,,,,). Experimental results broadly confirm the
law of variation (Eq. 79) in the range D,,/D,; = (1 —5). Kneller and Luborsky
[132] found a good concordance between the calculated and experimental values
for an ensemble of spherical nanoparticles of CoFe. For values D,, = (5 — 6)D,,,
deviations from this pattern occur, the coercive field decreasing in this area,
approaching the coercive field characteristic to the bulk material.

For a system of identical nanoparticles (in the absence of interactions) in the case
of random orientation of uniaxial anisotropy axis, they will use Eq. 66 for the
anisotropy field Hy .

In Fig. 20 the variation of coercive field of nanoparticles according to their
magnetic diameter, starting from the area with the magnetic domain structure (very
large nanoparticles (tens to hundreds of nm)) until the superparamagnetic area (very
small nanoparticles (a few nm)) is shown, qualitatively. Here, it should be specified
that such a variation is obtained for nanoparticles with low anisotropy and at usual
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Fig. 20 The variation of the coercive field of a system of nanoparticles according to their
magnetic diameter

temperatures (e.g., room temperature) when there are thermal fluctuations of
spontaneous magnetization (magnetic moments) of single-domain nanoparticles.

The single-domain area with stable magnetization, quite narrow, close to the
critical diameter, for D,, < D,,., can be extended to lower values of nanoparticle
diameter (see dashed curve) by the following means: (i) reducing the temperature,
possibly to 0 K (T — 0, under the conditions of the S-W model), or (ii) at room
temperature by increasing the magnetic anisotropy. Case (ii) can be obtained using
nanoparticles with very high anisotropy (hard), e.g., Co ferrite nanoparticles.
Noting in Eq. 79

KV

== 81
o= 81

when ¢ > > 1, 7y is very high and the magnetic moments of nanoparticles are
“frozen” on the uniaxial anisotropy axes. In this case, and in normal conditions, the
magnetization is stable.

A variation similar to that of Fig. 20, continuous curve, was found in the case of
soft Ni-Zn ferrite nanoparticles (the anisotropy constant is 1.5 x 10° Jm_3) [5],
where the area of stability of magnetization (H_. ~ constant) is virtually absent at
room temperature (Fig. 21). In this case, besides the low anisotropy and high
temperature (room temperature) at which the measurement of the coercive field
was made, the variation is also influenced by the existence of a distribution of
diameters of the nanoparticles from the sample (in small nanoparticles the sponta-
neous magnetization fluctuates along the easy magnetization axis).
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Fig. 21 Coercivity as a 50
function of the average
diameter of nanocrystallites .
[5] (© 1OP Publishing. 40 1 .
Reproduced by permission of b .
IOP Publishing. All rights < 301 .
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It should be noted that some discrepancies between the calculated (Eq. 79 or 80)
and experimental values [133-137] are due to the effects presented in sections
“Saturation Magnetization of Nanoparticles” and ‘“Magnetic Anisotropy of
Nanoparticles,” regarding decreases of the saturation magnetization and increases
of magnetic anisotropy for nanoparticles, which can dramatically change the
magnetic behavior.

Superparamagnetic Behavior of the Nanoparticles

In the area of small diameters, where D,, < D,,, (generally less than 10 nm for
nanoparticles with moderate anisotropy), and at room temperature (~300 K),
when the condition ¢ > 1 is met and o slightly greater than 1 (Eq. 81), the
relaxation time of the magnetic moments of the nanoparticles, oriented or not, is
very small, of the order of 10~ s. Under these conditions, the magnetization of
single-domain nanoparticles fluctuates rapidly along the easy magnetization axis
[122], being always in thermodynamic equilibrium, and when applying an
external magnetic field, it follows, almost instantly, the field variations. This
system, from a magnetic point of view, behaves like a system of paramagnetic
atoms (Langevin) [138], in the absence of interactions, where the atomic mag-
netic moment exists instead of the nanoparticle magnetic moment. Having in
view this basic feature between this two paramagnetic systems, atoms or
nanoparticles (which contains > 10° atoms) with their magnetic moments (atomic
magnetic moment for paramagnetic atom ( 4, ) and nanoparticle magnetic

moment ( rﬁm,Np ) for nanoparticle (see section “Magnetic Behavior of
Nanoparticles in an External Field”), in this case the system of nanoparticles
was called superparamagnetic (SPM) [129], and the behavior in the external field,
superparamagnetic behavior. Under these conditions for the magnetization of the
nanoparticle system, the atomic paramagnetism theory of Langevin applies [138].
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Thus, the magnetization of a SPM nanoparticle system is given by the formula [139]

H kgT
Mgpy(H,T) :nmm,NP(CthM_ b >

82
kBT ﬂompH ’ ( )

where 7 is the concentration of nanoparticles in the system, m,, yp is the magnetic
moment of the nanoparticle, and the parenthesis contains the Langevin function

H kT
L(H,T) = cen?oTm NPT T8

. (83)
kgT Mo, npH

The magnetization as a function of magnetic field, Mspy (H,T) = f(H ), is without
hysteresis loop (H. = 0), and the curve of first magnetization (for H > 0) not having
an inflection point, being defferent from that of the other nanoparticles, ferro- or
ferrimagnetic, single-domain, stable or less stable, or with a magnetic domain
structure, where there is always a hysteresis loop (small ar large) and with an
inflection point in their first magnetization curve in a static external magnetic field
(see sections “Hysteresis Magnetic Behavior of Multi-domain Nanoparticles” and
“Single-Domain Nanoparticles with Stable Magnetization”). For a system of
nanoparticles to have a superparamagnetic behavior in the external field, in the
absence of interactions, two conditions must be met: (i) the magnetization curves
M = f(H) recorded at different temperatures must be without hysteresis and follow
the Langevin function, and (ii) the same magnetization curves in the representation
M /M, = f(H/T) should overlap.

In reality, there is a size distribution of nanoparticles in a system; therefore, for a
rigorous approach, their distribution function should also be considered. In most
cases, it was found that the nanoparticle distribution is lognormal [140-143],

f(D) ZﬁCXP{—W} (84)

where D and 4 are distribution parameters. In these conditions, the magnetization

of the nanoparticle system will be

MSPM = MsatJL[é(Hs Tst)lf(Dm)d(Dm)a (85)
0

where the argument of the Langevin function is

R DM

g(H’ TaDm) - 6 k T I (86)
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in the approximation of spherical nanoparticles. In formula (85) it was taken into
account Eq. 5 for the saturation magnetization of the system of nanoparticles and
Eq. 23 for the diameter of the magnetic nanoparticles (given that D,, < D (8), as
shown in the section “Surface Spin Disorder in Nanoparticles and Saturation
Magnetization”).

In Fig. 22 the first magnetization (reduced) curve for Ni-Zn nanoparticles
isolated in a SiO, amorphous matrix (nanocomposite), having a concentration of
15 % and the mean magnetic diameter < D,, > = 8.9 nm [18], is shown, and in
Fig. 23 the magnetization—remagnetization curve of the Fe;O4 nanoparticles cov-
ered with oleic acid and dispersed in kerosene (nanofluid), with mean magnetic
diameter of 10.9 nm and the narrow lognormal distribution of their sizes, is shown
[71]. The continuous line represents the fitting to the Langevin function. The
analysis of the curves obtained experimentally, in the area of low fields (£ << 1)
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and high fields (¢ >> 1) [71, 144], enables the determination of the distribution
parameters (Dg and 1) and then of the mean magnetic diameter of the nanoparticles
in the system,

(Dm) = Doexp (/12/2). 87)

This is a very important issue for the magnetic nanoparticles because it allows the
evaluation of the thickness of the surface layer of the nanoparticles (for SPM
behavior), knowing that D,, < D (see section “Saturation Magnetization of
Nanoparticles”) in various cases (small nanoparticles, surfacted nanoparticles,
nanoparticles embedded in various matrices, etc.), using electron microscopy
(TEM or HR-TEM) [20, 145] or other techniques, such as Small Angle Neutron
Scattering (SANS), etc., to determine the physical diameter (D). Given that the
thickness of the nanoparticles’ surface layer is of the order of 1 nm [18, 19, 32], the
two diameters (magnetic and physical) must be determined with high accuracy.
Therefore, in a more accurate analysis, especially in the case of broad distribution
of nanoparticle diameters, for the determination of the mean magnetic diameter, it
must be taken into account that the magnetic moment of the nanoparticle also
depends on the magnetic diameter,

My np (D) = TMD? /6. (88)

In this case, for the magnetization of the nanoparticle system, function will be used
[71, 146]:

Mgspy = nJ My (D )LIE(H, T, Dyy)lf (Di)d (D), (89)
0

instead of the one given by Eq. 85.

Conclusion

The finite size of nanoparticles is a critical parameter that, according to its value,
leads to a certain magnetic structure: multi-domain, with nonuniform magnetiza-
tion, or single domain, with uniform and stable magnetization or with fluctuant
magnetization. Consequently, the nanoparticles will have a certain magnetic behav-
ior in the external magnetic field, from ferro- or ferrimagnetic with large hysteresis
loop, for big-sized nanoparticles (tens to hundreds of nm), similar to the bulk, to a
behavior with no hysteresis, for smaller sizes, and, respectively, to a superpara-
magnetic behavior for very small-sized nanoparticles (a few nm).

The size of nanoparticles is also reflected in the structure of the spins (magnetic
atomic moments) from the surface of the nanoparticles, which are no longer aligned
under the action of the exchange or superexchange interaction (being placed in a
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disorder structure), with the spins from the core of the nanoparticles, which are
ferro- or ferrimagnetically aligned, a structure that becomes dominant in the case of
small-sized nanoparticles, causing a considerable decrease of the saturation mag-
netization of nanoparticles. Consequently, they must take into consideration a
model for the core—shell nanoparticles: core, where the magnetic moments are
aligned, and shell, where the magnetic moments are in a disorder structure. The
noncollinearity of the spins from the surface of the nanoparticles is reflected in the
decrease of the saturation magnetization of the nanoparticles, as compared to that of
the corresponding bulk material, the effect being more intense when the
nanoparticles are smaller (a few nm). Furthermore, the decrease of the saturation
magnetization is higher in the case of ferrimagnetic nanoparticles, where the
exchange interaction, which aligns the atomic magnetic moments, takes place
through the ions of oxygen (superexchange interaction).

The effect of the size decrease of nanoparticles also reflects upon the variation of
the saturation magnetization of nanoparticles as a function of temperature, which is
different from that of the corresponding bulk material, in the case of many
nanostructures. Also, the Curie temperature of nanoparticles decreases along with
the decrease of their size, the decrease being more pronounced when the
nanoparticles are smaller, in the range of nanometers.

The magnetic anisotropy also modifies in the case of nanoparticles, in some
cases becoming unusually high, as compared to the magnetocrystalline anisotropy
of the corresponding bulk material, especially in the case of small nanoparticles
(a few nm). An important contribution to the magnetic anisotropy is due to the
surface anisotropy component, which may even become dominant in the case of
small nanoparticles, as compared to the magnetocrystalline anisotropy or to the
shape anisotropy. Besides the nature of the material, the value of this contribution
also depends on the nanoparticles being surfactant or not or embedded in different
crystalline or amorphous matrices. When the nanoparticles are embedded in matri-
ces, very high magnetic anisotropies may occur, one or two orders of magnitude
higher than the magnetocrystalline anisotropy, due to the contribution of anisotropy
determined by tensions (stress anisotropy).

All these aspects must be taken into consideration for the accurate fundamental
study of the magnetic properties of nanoparticles and their practical future appli-
cations in nanotechnology.
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