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ARTICLE INFO ABSTRACT

We report on the effect of interparticle magnetic interactions in an ensemble of superparamagnetic magnetite
particles with an average size of ~8.4 nm dispersed in the diamagnetic matrix on the blocking of this ensemble
in external magnetic field. The two limit cases are investigated: the case of strongly interacting particles, when
the value of magnetic dipole-dipole interaction between particles is comparable with the energy of other
interactions in the ensemble (the interparticle distance is similar to the nanoparticle diameter) and the case of
almost noninteracting particles distant from each other by about ten particle diameters. We demonstrate that
the experimental dependence of the blocking temperature on external field is described well within the model
[1], in which the density of particles in a nonmagnetic medium is taken into account and the correlation value
depends on external magnetic field. The model for describing the magnetic properties of a disperse nanoparticle
ensemble is proposed, which makes corrections related to the particle size and mean dipole-dipole interaction
energy for the anisotropy constant. The surface magnetic anisotropy of Fe;O,4 particles and parameters of the
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interparticle coupling are estimated.

1. Introduction

The range of possible applications of magnetic nanoparticles has
been permanently broadening and currently involves biomedicine
(drug transport, diagnostics, imprinted polymers, and hyperthermia)
[2] high-density magnetic memory [3-7], catalysis [8—10], etc.

In the overwhelming majority of the problems to be solved,
researches and engineers deal not with isolated particles, but with
their ensembles. Therefore, along with the fundamental problem of
forming nanoparticles of specified sizes, surface properties, and
magnetic characteristics, there exists the equally important problem
that concerns the effect of interparticle magnetic interactions on the
magnetic properties of ensembles of interacting particles [11-14]. The
magnetic interparticle interactions can significantly change the mag-
netization, coercivity, and other magnetic characteristics of an ensem-
ble and give rise to various effects, which are not averaged even over a
sufficiently large ensemble of magnetic particles [15—17] Thus, when
describing the magnetic properties of interacting nanoparticles, even
with taking account for only dipole-dipole interactions, we should
consider not only the standard characteristics (volume and surface
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magnetic anisotropy, size distribution of particles, and temperature of
the transition to the blocked state), but also parameters of the
interaction between magnetic particles [1,18-22].

In particular, an urgent problem is the transition of an ensemble of
single-domain superparamagnetic nanoparticles to the so-called
blocked state upon magnetic coupling between them. The temperature
Ty of superparamagnetic blocking of noninteracting particles is deter-
mined using the well-known Neel-Brown formula

_ KeITV

B kg In(z/zy) )

where K. is the effective magnetic anisotropy constant consisting of
the volume (Ky) and surface (6Ks/d, where d is the linear particle size)
contributions, Vis the particle volume, kg is the Boltzmann constant, t
is the characteristic measuring time and 1y is the particle relaxation
time (1o ~107°-1071 s). In the quasi-static magnetic measurements (7
~10'"2 s) discussed here, Eq. (1) yields Tg=KegV/25kg.

In the presence of the interactions, one can observe an increase in the
blocking temperature [1,12—14,18-20], which can be reduced to the
additional contribution to K¢ proportional to the interaction energy Uy,
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However, it is fairly difficult to interpret the field dependence of the
blocking temperature within this approach, since Egs. (1) and (2) are
applicable, strictly speaking, only for weak external magnetic fields.
The approach to the description of the Ty(H) dependence in the
presence of interparticle interactions developed in [1,18] made it
possible to unambiguously interpret the experimental data on Co-
SiO, granular films [1] and two-dimensional Fe;0, film systems [18].
It seems reasonable to extend these investigations to three-dimensional
systems, in which nanoparticles are spatially stabilized but separated
by distances of several linear particle sizes.

Lately, we proposed an original technique for fabricating FezO4
magnetite nanoparticles with the use of citrate-ion agents blocking the
particle growth. Using our technique, particles with an average size of
4-10 nm and a narrow size distribution can be controllably formed
[23]. In this work, we investigate samples of nanoparticles with an
average size of <d>=8.4nm prepared using this technique and
dispersed in paraffin in concentrations of ~0.25 and ~38 wt% to ensure
spatial stabilization. At <d > =8.4 nm, these two concentrations cor-
respond to the average interparticle distances of about one and ten <d
> values. The main focus of the current work is the dependence of the
blocking temperature of these systems on external magnetic field.

2. Experimental

Fe;0, nanoparticles were formed by co-deposition of Fe®* and
Fe®*([Fe?*]/[Fe®*]=2) salts from the aqueous solution by ammonium
hydroxide in the presence of citrate ions using the technique described
in [23].

High-resolution transmission electron microscopy (HR TEM) study
was carried out on a JEOL JEM-2010 microscope at an accelerating
voltage of 200 kV with resolution of 1.4 A. The size distribution of
nanoparticles was calculated using several photographs taken from
different sample areas. The obtained product was dispersed in paraffin
in magnetite concentrations of ~0.25 and ~38 wt% (~0.044 and
~10 vol%). Hereinafter, the samples are referred to as 0.044% Fe304
and 10% Fe30,4 in accordance with the magnetite volume concentra-
tion.

Magnetic measurements were performed on a vibrating sample
magnetometer. Temperature dependences of the magnetic moment
M(T) were measured upon zero-field cooling (ZFC mode) from room
temperature and upon cooling in an external field (FC mode). The data
obtained were corrected to the diamagnetic signal from paraffin.

3. Results and discussion

3.1. Blocking temperature distribution and effective magnetic
anisotropy constant for noninteracting particles

For further analysis of the blocking temperature as a function of
magnetic field H, it is necessary to determine the effective magnetic
anisotropy constant K¢ for magnetite nanoparticles upon weak inter-
particle interactions (sample 0.044% Fe30,4). Fig. 1 shows the M(T)zrc
dependence for sample 0.044% Fe3O4 in a field of H=100 Oe. The
M(T)zrc dependence for noninteracting particles in a sufficiently weak
applied field can be described as [12,13]

M(T) M
H 3K
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In Eq. (3), Mg is the saturation magnetization of a particle and f{T5)
is the blocking temperature distribution function.
It can be seen from Egs. (1) and (2) that the blocking temperature
of an isolated particle is directly proportional to its volume. As it is
known from the literature [24], the size characteristics of nanoparticles
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Fig. 1. Temperature dependence of magnetic moment M(T) for sample 0.044% Fe304
(the Y axis is the right scale) in a field of H=100 Oe and results of the best fitting by Eq.
(3) with the distribution function f{Tg) (the Y axis is the left scale).

during synthesis are described well by the lognormal distribution.
Thus, we can use the lognormal distribution as a blocking temperature
distribution function of particles, f{Tg)=(Tg-s(27)"?) ™ exp{-[In(Ts/
n)1?/2s%} with an average value of < Ty > =n-exp(s?) and a dispersion
of In(TR)=s>.

Substituting the obtained f{(T) value to Eq. (3) and varying the
parameters <7Tp> and s°, we can obtain the best agreement of the
M(T) function from Eq. (3) with the experimental data. Fig. 2 presents
the results of the best fitting of the M(T),rc dependence (solid lines, the
Y axis is the right scale) and the f{Ty) function (the Y axis is the left
scale). These results were obtained at < T > = 82 K, K. =2.2x10° erg/
em?®, and Mg=~92 emu/g. Note that the obtained value <Tp>=~ 82K
agrees well with the temperature Ty, at which the M(T)zzc depen-
dence has the maximum.

The obtained f{Tg) dependence allows us to reproduce with good
accuracy the shape of the size distribution function fid) using Eq. (1)
with the above-mentioned parameters. Along with the particle size
distribution histogram, Fig. 2 shows the f{d) dependence, which is in
good agreement with the HRTEM data. The value K=2.2x10° erg/
em?® is somewhat higher than Ky~1.1x10° erg/em?® [25,26] for bulk
magnetite, which is explained by the effect of surface anisotropy. At d=
<d>~=84nm, Kg is ~0.015 erg/cm?, which is consistent with the
analogous estimates for Fe304[25].

3.2. Field dependence of Tynax

Fig. 3 shows the M(T) dependences of the investigated samples
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Fig. 2. Particle size distribution histogram and distribution function f{d) obtained from
the f{Tg) dependence in Fig. 1.
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Fig. 3. Temperature dependences of magnetic moment in different external fields and thermomagnetic prehistory of the investigated samples.

obtained in the ZFC and FC modes in different external fields H. The
M(T)zrc dependences have the maximum at T=Ty,.x, which shifts
toward lower temperatures with increasing external field. The tem-
perature of the irreversible behavior of the magnetization (ZFC and FC
modes) is similar.

The dependences of T,ax on external field H for the samples under
study are presented in Fig. 4. It can be seen that in weak magnetic fields
the dependences for two samples are essentially different. For sample
10% Fe30y4, Thayx increases sharper with decreasing external field than
for sample 0.044% Fe30,4. This difference can be attributed to the
higher energy of interparticle interactions in sample 10% Fe30,.

The field dependence of the blocking temperature for noninteract-
ing particles is described by the classical relation

MSH :|3/2

T(H) = 2K
eff

chfv |:1
kg In(z/7,) @

In the case of interacting particles, we use a modified random
anisotropy model (RAM) [27] developed in [1,18]. This model deals
not with an isolated particle, but with a cluster of the larger size, which
includes a certain number of particles depending on volume concen-
tration x. The correlation length Ly of such a cluster depends on the
external field as

“ 2Aeff

Ly=d+ |—_
MH + C

)

Here, A.¢ corresponds to the interparticle interaction intensity and
has the meaning of volume constant and C is responsible for the
interaction intensity variation with particle concentration and plays an
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Fig. 4. Dependences of temperature Ty,.x of the M(T)zrc curves (Fig. 3) for samples
0.044% Fe304 and10% Fe30,4 on external field H (dots) and model dependences obtained
using Egs. (4) and (6) with the above-mentioned parameters (see Section 3.2).

important role only in fields close to zero [1,18].
In this case, the anisotropy constant also changes as

K—>L= K

N

1+ XL - d)

& (6)

where N is the number of particles in a cluster, which, in turn, can be
expressed through the correlation length. As a result, the dependence
of Ty on H (Eq. (4)) is transformed to

3
M1+ 2= [
1 - S d3

2Keff

Kyld® + x(Lj — d)]

T XLy —d?)
Ky 1n(10) 14 2D

Ty(H) =
7

This expression is written for cubic particles (V=d®).

Using the obtained dependence, we can simulate the experimental
data (Fig. 4). The procedure suggests that the Mg and d values should
be analogous for both samples due to the identity of the particle size
distributions and the K¢ values should agree well with the contribution
of the surface anisotropy at the Kg value obtained in Section 3.1.

Fig. 4 shows the results of the simulation (lines) of the experimental
data using Eq. (4) for sample 0.044% Fe30, and Eq. (7) for sample 10%
Fe304. One can see the satisfactory agreement for the case of
noninteracting particles and good agreement for the system with the
interparticle coupling. The simulation parameters are given in Table 1.

For sample 0.044% Fe304, the K¢ value agrees well with the above
estimate  Kg=0.015 erg/cm%  Kpux+6Ks/d=1.85x10° erg/em®  at
d=12 nm. At this K¢ value, the blocking temperature (Eq. (1)) for a
particle 12 nm in size is ~84 K, which is similar to T},,,*80 Kand < Tg
> ~82 K in the f{T) dependence (Fig. 1) for the data obtained in a field
of H=100 Oe.

Using the K¢ value for sample 10% Fe304, we can determine U,/
kg (Eq. (2)): Uiny/kp=(3.15-1.85)x10° erg/cm>=1.3x10° erg/cm®. The
A value obtained by fitting is larger than the value reported in [18].
This is apparently due to the different natures of the samples. In the
work of M.Knobel [18], the magnetite particle size in the investigated
sample was smaller (5.8 nm) and the sample was a nearly two-

Table 1
Parameters used in the simulation of the Tp.«(H) dependences for the investigated
samples.

Sample M; emu/g dnm K erg/cm® Koerg/em® A erg/
em™t
0.044% 92 12 1.85x10° 0.015 -
Fe;04
10% Fe;0, 92 12 3.15x10° erg/cm®  0.015 2x1078
(x=0.1)
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dimensional nanoparticle film. At the same time, the system under
study was bulk, which should lead to an increase in the energy of
interparticle coupling.

4. Conclusions

The processes of magnetic blocking in magnetite nanoparticle
ensembles were investigated. It was shown that the strong interparticle
interactions lead to an increase in the temperature of the maximum in
the M(T) dependence (blocking temperature) and the temperature of
irreversible behavior of the magnetization. The magnetic-field depen-
dence of the blocking temperature upon interparticle interactions
descends faster than the dependence for the sample with almost
noninteracting particles. This dependence is described well using the
model from [1,18], which deals with a particle cluster with the field-
dependent effective length. The obtained magnetic anisotropy con-
stants corresponding to the volume and surface contributions, intensity
of the interparticle interactions, and particle size are consistent. This
evidences for applicability of the model proposed in [1,18], which was
previously confirmed for two-dimensional (films), for the three-dimen-
sional ensembles of magnetic nanoparticles with the magnetic inter-
action.
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