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ABSTRACT: A general method for the quantification of
dipolar interactions in assemblies of nanoparticles has been
developed from a model sample constituted by magnetite
nanoparticles of 5 nm in diameter, in powder form with oleic
acid as a surfactant so that the particles were solely separated
from each other through an organic layer of about 1 nm in
thickness. This quantification is based on the comparison of
the distribution of energy barriers for magnetization reversal
obtained from time-dependent relaxation measurements
starting from either (i) an almost random orientation of the
particles’ magnetizations or (ii) a collinear arrangement of
them prepared by previously field cooling the sample.
Experimental results and numerical simulations show that the mean dipolar field acting on each single particle is significantly
reduced when particles’ magnetizations are collinearly aligned. Besides the intrinsic distribution of the energy barriers, anisotropy
for the noninteracting case was evaluated from a reference sample where the same magnetic particles were individually coated
with a thick silica shell in order to make dipolar interactions negligible. Interestingly, the results of the numerical simulations
account for the relative energy shift of the experimental energy barrier distributions corresponding to the interacting and
noninteracting cases, thus, supporting the validity of the proposed method for the quantification of dipolar interactions.

■ INTRODUCTION

Currently, systems formed by magnetic nanoparticles (NPs) are
widely investigated due to their potential applications in both
information storage and biomedicine, such as, for example, in
hyperthermia, as contrast agents for magnetic resonance
imaging, and for drug delivery.1−4 In particular, magnetite
(Fe3−xO4) NPs are among the most commonly studied
materials due to their low toxicity, easy production and
functionalization, and good magnetic performance, as they
exhibit a relatively high specific magnetization and an
intermediate value of the magnetocrystalline anisotropy.5−7

However, the latter could also be considered as an important
drawback for biomedical applications of colloidal suspensions
of NPs, since it facilitates the formation of big particle
aggregates through dipolar interactions among them, either
provoking blood thrombi or substantially modifying their
magnetic response.5−8 For instance, recent works have shown a
significant variation on the heating efficiency for hyperthermia
of a colloidal suspension of NPs depending on the particle
concentration and their aggregation state in the heating
medium.9−11 Therefore, proposing a simple method for the
quantitative characterization of the interparticle interactions
could be very useful to improve their magnetic performance in
such applications. Experimentally, there are two strategies to
study the effect of interparticle interactions in a nanoparticle
system. The first one consists of the study, as a function of the
particle concentration, of either a colloidal suspension of NPs
or a solid matrix where NPs are embedded.12,13 However, the

principal drawback of this method relies on the wide
distribution of interparticle distances and the consequent little
accuracy in the determination of a representative mean value,
which complicates the interpretation of the data and its
generalization. The second strategy is based on the coating of
the NPs with either a polymer or an inorganic corona to
produce a kind of individual core−shell nanostructure, which in
a powder form enables the magnetic cores to keep a quite
regular distance from each other. This is indeed a more suitable
method than the former to perform a quantitative determi-
nation of the interparticle interactions.14 In particular, silica
coating is an ideal alternative in which particles can be isolated
and separated from each other over long distances, so that
dipolar interactions can be tuned as a function of the intercore
distance and eventually drastically reduced.15 On the other
hand, numerical simulations have proven to be a useful tool to
investigate both the magnetic properties of single NPs and the
collective behavior of interacting ensembles of them, providing
a general methodology to understand and support experimental
results.10,16,17

In this framework, we have quantified the effect of dipolar
interactions on the magnetic properties of 5 nm Fe3−xO4 NPs
in powder form with oleic acid as a surfactant so that the latter
separates the NPs from each other solely through an organic
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layer of about 1 nm in thickness. We propose a simple method
to detect the presence of dipolar interactions that consists on
the comparison of the distributions of energy barriers for
magnetization reversal obtained from time-dependent relaxa-
tion measurements, starting from configurations with either
random orientation of the particles’ magnetizations or collinear
arrangement of them prepared by previously field cooling the
sample. The validity of these results is supported by both
macrospin simulations of a poly dispersed ensemble of
spherical NPs and the intrinsic distribution of the energy
barriers of anisotropy of the NPs calculated from a reference
sample, where NPs are individually coated by a thick silica shell
in order to make dipolar interactions negligible.

■ PREPARATION OF THE SAMPLES AND
EXPERIMENTAL TECHNIQUES

Two samples have been thoroughly studied and compared.
Sample R1 was synthesized by thermal decomposition of the
organo-metallic precursor Fe(acac)3 in the presence of oleic
acid and oleylamine as surfactants and 1,2-hexadecanediol as
stabilizer agent, following a method extensively described
elsewhere.7−18 Monodisperse magnetite Fe3−xO4 NPs of about
5 nm in diameter were obtained. In order to make dipolar
interactions among the particles negligible keeping them far
apart from each other, magnetite NPs in sample R1 were
individually coated with SiO2 by using a microemulsion method
based on a solution of tetraethoxysilane (TEOS) in water-in-oil
(w/o), since this is a reproducible procedure where the
thickness of the SiO2 layer and number of magnetite cores
inside each silica shell can be easily controlled through the
fraction of TEOS and the concentration of Fe3−xO4 NPs.

19,20

This sample is called R2 hereafter.
Samples were prepared for transmission electron microscopy

(MT80-Hitachi microscope) by placing one drop of a dilute
suspension of NPs onto a carbon-coated cooper grid and letting
it dry at room temperature. The size distribution was analyzed
by measuring at least 2000 particles and the resultant
histograms are shown in Figure S1a,b, Supporting Information.
Both the crystalline quality of individual NPs and the core−
shell nanostructure of the silica-coated NPs were characterized
by high-resolution TEM (HR-TEM) micrographs obtained by
Titan high-base microscopy (see Figure 1b−d).
The crystal phase of the iron oxide particles was identified by

powder X-ray diffraction performed in a PANalytical X’Pert
PRO MPD diffractometer by using Cu Kα radiation (see Figure
S2, Supporting Information). The patterns were collected
within 5 and 120° for 2θ. The XRD spectra were indexed to an
inverse spinel structure.
The Fe content in the samples was determined by inductively

coupled plasma-optical emission spectrometry (ICP-OES) by
using a PerkinElmer model OPTIMA 3200RL after digesting
the samples in a mixture of HClO4/HNO, 5:25, and diluting
them with distilled water.
Magnetization measurements were performed with a

Quantum Design SQUID magnetometer. Hysteresis loops
M(H) were measured at several temperatures within 2 and 300
K to study the saturation magnetization (Ms) and the coercive
field (Hc) under a maximum magnetic field of ±20 kOe.Ms was
obtained by extrapolating the high-field region of M(H) to zero
field, assuming the high-field behavior M(H) =Ms + χ H, where
χ is a residual susceptibility. Ms values were normalized to the
magnetic content evaluated from ICP-OES measurements.

The Ms values obtained from the hysteresis loops at 2 K (Ms
= 82 ± 2 and 76 ± 2 emu/g for R1 and R2, respectively) were
just slightly smaller than the bulk one,21 indicating an almost
perfect ferrimagnetic order throughout the whole NPs, as
previously observed in samples with very high crystalline quality
synthesized by the thermal decomposition method.7 The
coercive field was calculated as Hc = (|Hc

+| + |Hc
−|)/2 and the

obtained values at 2 K were 690 ± 30 and 650 ± 20 Oe for R1
and R2, respectively.7,22

The thermal dependence of the magnetization was studied
after zero field cooling (MZFC) and field cooling (MFC) the
samples. These curves were measured using the following
protocol: the sample was cooled down from 300 to 2 K in zero
magnetic field, then a static magnetic field of 50 Oe was applied
and MZFC was measured while warming up from 2 to 300 K;
once room temperature was reached, the sample was cooled
down again to 2 K, while 50 Oe was applied; after that the
sample was warmed up to 300 K and MFC was collected under
the applied field of 50 Oe.
The time dependence of the thermoremnant magnetization

in the temperature range 2−30 K was measured after field
cooling sample R1 under various fields (50, 200, and 1000 Oe)
and sample R2 under 50 Oe, from room temperature down to
the measuring temperature, at which the magnetic field was
switched off. The magnetization decay was then recorded as a
function of time at zero field and at several temperatures.

■ STRUCTURAL CHARACTERIZATION
TEM images of R1 show spherically shaped particles with a
narrow size distribution (Figure 1a) that was fitted to a log-
normal function with values of the mean diameter DTEM = 5.3
nm and the unitless standard deviation of σ = 0.20 (Figure S1a,
Supporting Information). Figure 1a also shows the regularity
and monodispersity of the NPs. Besides, HR-TEM image in
Figure 1b demonstrates the high crystalline quality of individual

Figure 1. TEM characterization of samples R1 and R2: (a) Low-TEM
resolution image for R1 NPs. (b) High-resolution TEM image for R1.
(c) Low resolution image of silica-coated NPs (sample R2). (d)
HAADF image of several silica-coated NPs. Scale bars: (a) 50, (b) 1,
(c) 30, and (d) 15 nm.
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NPs. The mean particle diameter estimated from X-ray data
(DXRD = 5.1 ± 0.2 nm) is in agreement with DTEM supporting
also the absence of crystalline defects and the fact that the NPs
are single-crystal domains. Silica coating of those NPs produced
highly regular core−shell nanostructures (sample R2) contain-
ing a single magnetic core in most of the cases (see Figure 1c).
The values of the mean diameter and the unitless standard
deviation obtained from the histogram of the size distribution
are DTEM = 44 nm and σ = 0.19, respectively. HR-TEM image
in Figure 1d indicates that the morphology of the magnetite
NPs remains unchanged after silica coating. The thickness of
the silica layer coating the magnetite cores is about 20 nm,
which is more than enough to make interparticle dipolar
interactions negligible.

■ MAGNETIC CHARACTERIZATION
To get a basic idea of the effect of dipolar interactions on the
magnetic properties of the NPs, isothermal magnetization
curves for samples R1 and R2 were measured as a function of
the magnetic field up to 20 kOe for selected temperatures
within 150 and 300 K, where NPs of the two samples are fully
superparamagnetic (SPM). The obtained magnetization curves
M as a function of the scaling variable H/T are plotted in
Figure 2. The excellent superposition of the scaled magnet-

ization curves for sample R2 (see main panel of Figure 2) is a
clear indication of its SPM behavior and corroborates the
nonexistence of dipolar interactions among the particles when
the magnetic cores are well-separated from each other by the
silica coating. However, this kind of scaling is not achieved in
sample R1 (see inset to Figure 2), where particles are solely
coated by oleic acid and dipolar interactions are significantly
affecting their magnetic response.
These qualitative results are also confirmed by comparing

MzFC − MFC curves for the two samples (see Figure 3).
Whereas MzFC − MFC data for R2 exhibit the common trends
corresponding to noninteracting SPM particles undergoing a
blocking process, a sharp peak in MzFC and a monotonous
increase in MFC as the temperature is lowered, the enhance-
ment of dipolar interactions in sample R1 as compared to
sample R2 is suggested by (i) the blocking temperature
indicated by the position of the peak in MzFC is multiplied by a

factor of about 1.3, (ii) the ZFC peak is significantly broader,
and (iii) MFC becomes flattened below the blocking temper-
ature.12 Interestingly, all those differences between the MZFC−
MFC curves for the two samples may entirely be attributed to
the effect of the interparticle interactions since the magnetic
cores are exactly the same. We can take advantage of this fact in
order to get a first quantitative estimation of the changes caused
by dipolar interactions on the effective distribution of energy
barriers of the NPs.
We first fitted the scaled magnetization curves of sample R2

to

∫
∫

χ= +M H T M
mP m L mH k T m

mP m m
H( , )

( ) ( / )d

( )dS
B

p
(1)

where we assume that, in the SPM regime and for
noninteracting particles, the magnetization can be described
by averaging the Langevin function L(x) accounting for the
magnetization m of each particle with the log-normal
distribution P(m) of the magnetic moment of the particles23

plus a linear-field contribution originating at a residual
paramagnetic susceptibility χp. Taking into account that m =
MSVm, where Vm is the activation magnetic volume of each
particle, the fitted P(m) distribution can be transformed in the
distribution of activation magnetic volumes being the obtained
values of the unitless standard deviation and the mean magnetic
diameter σV = 0.63 and Dm = 5.3 nm, respectively, in good
agreement with the structural parameters deduced from TEM
images. This concordance between the structural and magnetic-
volume parameters also supports both the high crystalline
quality of the NPs and the nonexistence of significant
interparticle interactions for sample R2.
It is well-known that the ZFC susceptibility is more sensitive

to the distribution of particle volumes than the equilibrium
magnetization curves.24 Consequently, σV can be further refined
by performing a fit of MZFC/H to the following expression25−27
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Figure 2. Isothermal magnetization curves for sample R2 measured at
150 (lilac square), 200 (red circles), 250 (blue triangles), and 300 K
(green diamonds), plotted as a function of H/T. Inset: Isothermal
magnetization curves for sample R1 plotted as a function of H/T. The
continuous line is the fit to eq 1.

Figure 3. ZFC-FC magnetizations (H = 50 Oe). Brown and blue
spheres correspond to samples R1 and R2, respectively. Solid blue line
and solid brown line correspond to the fit of the ZFC curves for R1
and R2, respectively, to eq 2.
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deduced from the Gittleman’s model,25 where Dm = 5.3 nm was
fixed to the value obtained from the fitting of eq 1 to the
magnetization curves. In eq 2, the first term accounts for the
contribution of SPM particles [with volumes V < Vp(T) =
((25kBT)/K)] and the second is for the blocked ones [V >
Vp(T)]. Here kB is the Boltzmann constant and K is the
effective anisotropy. As a result of the fitting procedure, we
obtained σV = 0.54 and K = 3.1 × 105 erg/cm3, so that the
effective anisotropy is about three times the corresponding one
for bulk magnetite (K = 1.1 × 105 erg/cm3),22 as expected for
NPs of a few nanometers in diameter where surface anisotropy
is the dominant contribution.28 Applying the same kind of
fitting to the ZFC susceptibility of sample R1 and imposing Dm
= 5.3 nm we obtained K = 3.7 × 105 erg/cm3 and σV = 0.81,
which provides a qualitative estimation of the effect of the
interparticle interactions on the distribution of activation
magnetic volumes. From these results we can conclude that
interparticle interactions slightly increase the effective aniso-
tropy of the particles but they significantly broaden the
distribution of activation magnetic volumes, broadening as well
the distribution of effective energy barriers.
The existence of high energy barriers originating from

interparticle interactions has also been studied by measuring
the time relaxation of the magnetization at several temperatures
following the protocol detailed in Preparation of the Samples
and Experimental Techniques. The obtained relaxation curves
were analyzed within the context of the so-called T ln(t/τ0)
scaling where,29 in order to make all the curves collapse onto a
single master curve, the characteristic attempt time was set to τ0
= (5 ± 4) × 10−10 s. The results of this scaling for R1 and R2
after field cooling the samples under the relatively low field of
50 Oe are shown in Figure 4. The most prominent difference

between these two relaxation curves corresponding to the
interacting and noninteracting cases, is the extra magnetic
viscosity slowing down the magnetic relaxation in sample R1 as
a consequence of the magnetic frustration introduced by
interparticle interactions, which are almost completely sup-
pressed in sample R2 by the silica coating.
Besides, it is also evident that the magnitude of the cooling

field applied before the relaxation is measured dramatically
affects the time decay of the magnetization for sample R1,
lowering the magnetic viscosity and making the relaxation look

quite similar to the noninteracting case (R2) at intermediate
values of the cooling field (200 Oe). As shown in Numerical
Simulation, the latter is a direct consequence of the reduction
of the average value of the dipolar field acting on each particle
as the initial configuration of the particles’ magnetizations
becomes collinear through the effect of increasing the cooling
field.
Consequently, we propose the study of the relaxation master

curve as a function of the cooling field as a simple method to
gain a rough estimation of the effect of dipolar interactions on
the effective energy landscape of a nanoparticle system. Of
course, this method does not provide an exact evaluation of the
contribution of the dipolar interactions to the magnetic energy
of the system because of both the incomplete suppression of
dipolar interactions and the modification of the energy barriers
of anisotropy by the cooling field, but at least it can be taken as
a clear proof of the existence of interparticle interactions and a
means to get a first approximation of the energy involved.
On the other hand and as shown previously,30 the T ln(t/τ0)

scaling allows determining the effective distribution of energy
barriers f(E) explored by the system along the relaxation
process by performing the numerical derivative of the master
curve with respect to the scaling variable. The distributions so
obtained for samples R1 and R2 are shown in Figure 5. It is

worth noting that f(E) for the sample with interparticle
interactions (R1) extends to higher energies and that the
energy of the maximum is also higher than for R2 in agreement
with the effective distributions of energy barriers obtained by
fitting the ZFC data. Thus, the peak of the energy distribution
for R2 is placed at a temperature Tmax = 171 K that is
comparable to that corresponding to the mean anisotropy
energy barrier given by KVm/kB = 175 K, confirming that in
sample R2 dipolar interactions are negligible. The peak for
sample R1 is shifted to Tmax = 217 K presumably due to the
influence of dipolar interactions on the original distribution of
energy barriers, and, as will be shown in Numerical Simulation,
this can be simply accounted through the changes introduced
by the local dipolar fields on the anisotropy barriers.

■ NUMERICAL SIMULATION
In order to gain a deeper insight on the origin of the
dependence of the relaxation behavior and the associated
effective distribution of energy barriers observed experimentally
as a function of the cooling field in a nanoparticle system with
interparticle interactions, we have conducted a series of

Figure 4. Scaling of the relaxation curves measured at several
temperatures (2−30 K) with an attempt time of τ0 = (5 ± 4) × 10−10s,
after field cooling at a field of 50 Oe for R1 (black line) and R2 (red
line), and 200 Oe (blue line) and 1000 Oe (green line) for R1.

Figure 5. Effective distribution of energy barriers obtained from the
scaling curves in Figure 4 for R1 (red spheres) and R2 (black spheres).
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numerical simulations to compute the dipolar fields and energy
barriers of a model of nanoparticle assemblies which mimics the
experimental ones. For this purpose, nanoparticle assemblies
have been built by placing a fixed number N of spheres with
diameter D [assemblies with a log-normal distribution of
particle sizes f(D) have also been considered] with different
spatial arrangements inside a cubic box of varying size aL,
where a is the lattice spacing, taken as 1 nm hereafter (see
Figure S3, Supporting Information), adjusted so that the
desired volume concentration defined as c = (VN/(aL)

3) is
achieved (VN is the total volume of the nanoparticle). We
consider that spheres do not overlap and we impose a
minimum interparticle separation given by the thickness of the
surfactant layer. We work in the macrospin approximation so

that the total particle magnetization is given by ⎯→mi = MsVi
⎯→
Si,

where
⎯→
Si is a Heisenberg 3D spin of modulus 1, Ms is the

saturation magnetization and Vi is the particle volume. The
interaction energy considered has contributions from magnetic
anisotropy, dipolar interaction and Zeeman coupling with the
field:

∑
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where ⎯→ni are the uniaxial anisotropy directions, H is the
magnetic field, and we have defined the dipolar field acting in
the ith particle as
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being rij the interparticle distances in units of a. Typical energy
scales for the three contributions for the case of sample R1 can
be obtained by setting Ms = 5 × 105 A/m and K = 3.1 × 104 J/
m3. In particular, considering a mean diameter of Dm = 5.3 nm
and an interparticle separation rij = d = 7a, which corresponds
to a thickness of the surfactant layer of about a (1 nm in the
case of sample R1) and a volume concentration of c = 0.3
assuming a close packing of the particles, we get Edip = (μ0/
(4πd3))(MsVm)

2 = 4.43 × 10−22 J = 32.1 K for the characteristic
dipolar energy in sample R1. Typical dipolar fields in this

sample are of the order of Hdip = (μ0/(4πd
3))MsVm = 114 Oe,

to be compared with the mean anisotropy field of Hani = (2K/
Ms) = 1240 Oe.
We have first computed the local dipolar fields generated by

N = 4096 particles randomly distributed in a box of size aL at
various concentrations c. Since dipolar fields depend on the
magnetic configuration of the assembly, we have considered
two extreme cases: magnetic moments (i) aligned along z axis
and (ii) randomly oriented. In Figure 6, we show the
histograms of the modulus of the dipolar field for the two
mentioned magnetic configurations and three values of c. Only
the local dipolar fields generated at the sites of the 1000
particles at the central part of the box have been taken into
account in order to minimize finite-size effects. Notice that the
spread in dipolar field values around a mean value that depends
on particle concentration c is caused by the random position of
the particles in the simulation box. The exact distribution of
Hdip values depends also on the magnetic configuration. For
increasing concentrations, the spread of Hmod histograms
increases for the random case while it remains more or less
constant for the aligned particles. Most importantly, we observe
that, for all concentrations, the magnitude of the dipolar fields
is clearly reduced when aligning the particles’ magnetization
along the z axis. It is worth noting that the situation for sample
R1 corresponds approximately to the case with c = 0.3, since
this is the value of the volume concentration that can be
estimated for this sample.
This can be more clearly seen in Figure 7, where the

dependence of the mean value of the modulus of the dipolar
field on the concentration is plotted. Even for the most diluted
case considered here, the relative decrease in dipolar field is
approximately 20% and reductions to more than 100% for the
highest concentration considered are found. For the case of
sample R1 (for c = 0.3) this reduction is estimated to be about
100%. This gives support to the interpretation of the changes in
the effective energy barriers observed experimentally for sample
R1 as compared to R2 when increasing the cooling field, since
changes in the dipolar fields acting on the particles are directly
related to the corresponding modification of the energy barriers
due to the anisotropy itself. As an estimate of the increase in the
energy barriers induced by dipolar interactions, we have
calculated the increase in the mean energy barrier by
introducing the mean dipolar field obtained in the simulations
in the expression for a nanoparticle with easy axis aligned along
the field direction Eb = Eb

0(1 + Hdip/Hani)
2, where Eb

0/kB = KVm/
kB = 175 K is the mean energy barrier for noninteracting
particles of sample R2. Plugging the estimated values of Hdip =
114 Oe (for c = 0.3) and Hani = 1240 Oe gives Eb/kB = 209 K,

Figure 6. Histograms of the dipolar field moduli for 4096 particles randomly placed in a cubic box of size aL for three different concentrations c =
0.1, 0.3, and 0.5, from left to right. Histograms in red are for a configuration with magnetic moments aligned along the z axis, while blue ones
correspond to randomly oriented magnetic moments. Only contributions from 1000 particles in the central part of the considered box have been
taken into account.
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which is in close agreement with the peak position in Figure 5
for sample R1 (Tmax = 217 K). Consequently, those results
unambiguously demonstrate that the observed differences
between the distributions of energy barriers for samples R1
and R2 are essentially due to the effect of dipolar interactions
present in R1.

■ CONCLUSIONS
We have shown that the average dipolar field acting on each
individual particle in an ensemble of interacting particles is
strongly reduced when the particles’ magnetizations are
collinearly aligned, this reduction being more significant as
the volume concentration of the magnetic cores increases. As a
consequence, we propose a general method to quantify the
effect of dipolar interactions on the effective distribution of
energy barriers for magnetization reversal, by comparing the
master curve for the magnetization relaxation obtained after
field cooling the sample at low field (initial state with random
orientation of the particles’ magnetizations) to that correspond-
ing to intermediate fields where the particles’ magnetizations
tend to be aligned along the field direction in the initial state.
We have also obtained the intrinsic distribution of the energy
barriers of anisotropy for the noninteracting case by studying
the relaxation of the magnetization for a reference sample
where the same magnetic particles were individually coated
with a thick silica shell in order to make dipolar interactions
negligible. Interestingly, numerical simulations account for the
observed energy shift between the distribution of energy
barriers corresponding to the interacting and noninteracting
cases, thus, supporting the proposed method for the
quantification of dipolar interactions.
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