PHYSICAL REVIEW B 97, 094413 (2018)

Monte Carlo study of the superspin glass behavior of interacting ultrasmall
ferrimagnetic nanoparticles

M. Vasilakaki,' G. Margalris,1 D. Peddis,? R. Mathieu,’ N. Yaacoub,* D. Fiorani,>> and K. Trohidou"""
Unstitute of Nanoscience and Nanotechnology, NCSR “Demokritos,” 153 10 Aghia Paraskevi, Attiki, Greece
2Istituto di Struttura della Materia-CNR, 00015 Monterotondo Scalo (RM), Italy
3Department of Engineering Sciences, Uppsala University, Box 534, SE-751 21 Uppsala, Sweden
4*LUNAM, Université du Maine, Institut des Molécules et Matériaux du Mans CNRS UMR-6283, F-72085 Le Mans, France
3Center of Nanomaterials Research, Immanuel Kant Baltic Federal University, Kaliningrad, Russia

® (Received 18 October 2017; revised manuscript received 5 February 2018; published 14 March 2018)

The magnetism of a dense assembly of ultrasmall ferrimagnetic nanoparticles exhibits unique features due to
the combination of intraparticle and strong interparticle interactions. To model such system we need to account
for the internal particle structure and the short- and long-range interparticle interactions. We have developed
a mesoscopic model for the particle assembly that includes three spins (two for the surface and one for the
core) for the description of each nanoparticle, interparticle dipolar interactions and the interparticle exchange
interactions for the nanoparticles in contact. The temperature dependence of the observed exchange bias effect,
due to exchange coupling at the interface between core/surface spins and the interparticle exchange coupling, and
the zero-field-cooled—field-cooled magnetization vs temperature curves have been investigated using the Monte
Carlo simulation technique with the implementation of the Metropolis algorithm. Our simulations reproduce well
the experimental data of ultrasmall ~2-nm MnFe, O, nanoparticles, confirming the close relationship between the
superspin glass state and the exchange-bias effect in dense nanoparticle systems, owing to the interplay between

the intraparticle structure and the interparticle effects.

DOLI: 10.1103/PhysRevB.97.094413

I. INTRODUCTION

Magnetic nanoparticles have attracted much interest thanks
to their technological [1] and biomedical applications [2]. The
advances in the synthesis methods have allowed the production
of very small particles. The reduction of their size at nanoscale
leads to the appearance of finite-size and -surface effects
that provide to the nanoparticles unique characteristics and
magnetic properties. The reduced symmetry of surface atoms
due to broken exchange bonds results in high anisotropy,
frustration, and spin disorder at surface. As a consequence,
single-domain magnetic nanoparticles consist usually of a
magnetically ordered (or quasiordered for ultrasmall particles)
core surrounded by a magnetically disordered surface where
the spins are randomly oriented [3—8]. In addition, as the size
decreases the surface-to volume-ratio increases and the surface
layer properties dominate the magnetic properties of particles.
This effect is particularly important for antiferromagnetic and
ferrimagnetic particles.

Alves et al. [9] found that MnFe,O4 nanoparticles of
average size 3.3 and 7 nm have effective anisotropy constant
values of 8.7 x 10° and 2 x 10°erg/cm?, respectively, i.e.
two orders of magnitude larger than the first-order magne-
tocrystalline anisotropy constant of bulk MnFe,0O4 equal to
3 x 10* erg/cm?. These differences are due to the increased
surface anisotropy with decreasing particle size. Moreover, the
interface exchange coupling between particle core and surface
is responsible for the exchange-bias effect [8].
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The presence of interparticle interactions, namely the
dipole-dipole interactions between nanoparticles and the ex-
change interactions occurring between the magnetic spins at
the surface of neighboring particles in contact, plays a key role
on the magnetic behavior of particle assemblies [10,11]. In
dense nanoparticle systems such interactions among randomly
oriented particle moments can lead to a collective disordered
magnetic state of superspin glass (SSG) type [12]. The inter-
play with particle-size effects can give rise to unique properties.
Spinel ferrites nanoparticles [13—16] are particularly attractive
in this context as they provide a further tool to tune the
anisotropy and particle moment through the control, by means
of the size, composition, and preparation method, of the cation
distribution between the tetrahedral and octahedral sublattices
of the spinel structure. The magnetic properties of such mate-
rials are of interest in data storage and ferrofluid technology.

Experiments on assemblies of coated MnFe,O4 of around
7-8 nm showed that they behave as weakly interacting systems
[17,18] but their powders exhibit strong interparticle interac-
tions [19], leading to collective superspin glass systems for
very small diameters [20,21]. Therefore the magnetic behavior
of the above systems depends on the single-particle characteris-
tics, the interparticle interactions, and their interplay. Detailed
experimental and theoretical investigations are necessary to
understand the above effects.

Modeling assemblies of nanoparticles with core/surface
morphology become a very complicated issue. In this case, the
model has to take into account, together with the interparticle
interactions, the intraparticle characteristics. In this work
we have developed a simple mesoscopic model to simulate the
magnetic properties of assemblies of ultrasmall ferrimagnetic

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.094413&domain=pdf&date_stamp=2018-03-14
https://doi.org/10.1103/PhysRevB.97.094413

M. VASILAKAKI et al.

PHYSICAL REVIEW B 97, 094413 (2018)

inter

FIG. 1. Schematic representation of the spin structure of a pair of
nanoparticles and the intra- and interparticle interactions.

nanoparticles with core/surface morphology. Our mesoscopic
model is based on the reduction of the amount of simulated
spins to the minimum number necessary to describe the
magnetic structure of the core/surface particles and on the
introduction of the adequate exchange and anisotropy parame-
ters between the different spin regions inside the nanoparticle.
Our modeling is multiscaled since the magnetic moments are
evaluated using data from our atomistic simulations of the
core/surface nanoparticles. Then we integrate them properly
into the mesoscopic model going in this way from the atomic
scale to the mesoscopic scale modeling. Our mesoscopic model
for nanoparticle assemblies with a core/shell morphology has
already been proved to be a useful and effective tool to
predict and explain the experimentally observed exchange-bias
properties of bimagnetic core/shell nanoparticle assemblies as
Co/CoO nanoparticles [22].

In the present work we study the magnetic behavior of
a dense assembly of ultrasmall ferrimagnetic nanoparticles.
We describe each nanoparticle with a core/surface morphol-
ogy considering three randomly oriented spins, one for the
ferrimagnetic core and two for the two sublattices of the
ferrimagnetic surface with strong random surface anisotropy as
itis suggested by Rietveld refinement (a detailed description of
Rietveld refinement of this sample is reported in Ref. [23])and
Mossbauer spectra under magnetic fields (Supplemental

J

Material, Ref. [24]) for ultrasmall MnFe,O4 nanoparticles of
~2.0nm. Our model, including surface effects, intraparticle
and interparticle interactions, describes well the observed
magnetic behavior of a superspin glass system of MnFe,O4
nanopowders.

In what follows we first describe the mesoscopic model
that we have developed for the description of the dense
assembly and we discuss the related parameters we have
introduced in the model. Then we present our results for the
temperature-dependent magnetization and the hysteresis loops
and we discuss the effect of the intraparticle and interparticle
characteristics on the magnetic behavior of these assemblies.
In all the cases a comparison is given with the experimental
measurements on MnFe,O4 nanopowders.

II. MODEL

We consider a dense assembly (concentration p = 50%)
of N spherical ferrimagnetic nanoparticles with core/surface
morphology, located randomly on the nodes of a cubic lattice
inside a box of 10« x 10« x 10«, where « is the smallest
interparticle distance. Each nanoparticle is described by a set of
three classical spin vectors one for the core §1; = s,1; + Sy1i +
s;1; and two for the surface 5»; = 5,0, + Syoi + 872 and S3 =
Sy3i + Sy3 + $;3; with magnetic moment nz,, ; = m,S, ;, where
my, = M,V,/M;V,i=1,...,N (total number of particles),
n = 1 stands for the core, and n = 2,3 for the “up” and “down”
surface sublattices of the nanoparticle, respectively (Fig. 1). V
is the particle volume and M its saturation magnetization. V,,
and M,, are the volume and the saturation magnetization of the
core, the up and the down surface sublattices spins.

Each spin has a uniaxial easy anisotropy axis randomly ori-
ented. Short-range intraparticle exchange interaction between
the core spin with each of the two surface spin (interface
coupling J. and J.,) and between the two surface spin (surface
coupling Jg¢) are introduced as well as interparticle dipolar
interactions and exchange interactions between particles in the
case they are in contact, Jiper-

The total energy of the system for the N nanoparticles is

N N N
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The first, second, and third energy terms describe the
nearest-neighbor Heisenberg exchange interaction between
the core spin and the two surface spins, and the exchange
interaction between the surface spins, respectively. The fourth
and the fifth terms give the anisotropy energy for the core and
the surface (¢; being the anisotropy easy-axis direction). The
sixth term gives the dipolar interactions among all spins in the
nanoparticles, where Dj; is the dipolar interaction tensor [22].
The next term describes the interparticle exchange interactions
where (i, j) denotes summation over nearest neighbors. The
last term is the Zeeman energy (é;, being the direction of the
magnetic field). The parameters entering Eq. (1) are as follows:

i=1 i=1
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(a) J.1, Joo are the intraparticle exchange coupling con-
stants between the core spin and the surface spins and
Jsf the exchange-coupling constant between the surface
spins,

(b) g = (M,V)?/4nd*(20K_.V}) ~ 3 is the dipolar energy
strength (where d is the smallest distance between two
nanoparticles equal to the particle’s diameterd = 2nm), My =
5.6 x 10> emu/cm?, K = 3 x 10* erg/cm? are the bulk values
of saturation magnetization and the bulk anisotropy constant
of the MnFe,0, ferrite, respectively [25]. The saturation
magnetization ratios have been extracted from atomic-scale
calculations [26] for the spinel structure of a 2-nm-diameter
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FIG. 2. Experimental data (upper panel) and Monte Carlo simulations (lower panel) of the ZFC-FC magnetization curves at a low (a), (c)

and a high (b), (d) applied field.

MnFe,04 nanoparticle, assuming 0.5-nm surface thickness,
and they are m; = 0.1,my = 0.5,m3 = 0.4.

(c) the interparticle exchange coupling constant Jiyeer,

(d) the anisotropy constant of the core K ¢ and of the surface
K, and

(e) the external magnetic field is H. The thermal energy is
kpT (where T is the temperature).

The above energy parameters, as they are inserted in the
simulations, have been normalized by the factor 20 x K¢ Vi,
where V| is the core volume of the nanoparticle, so they are
dimensionless.

These parameters in Eq. (1) are based on the bulk values of
MnFe,0,4 and their modifications for the exchange-coupling
constants and the surface anisotropy are established consid-
ering the nanoparticles’ morphology (e.g., reduced symmetry
and reduced size) using atomic-scale calculations and a mean-
field approach [24]. Accordingly, the values of the intraparticle
effective exchange-coupling constants among the core spin and
the surface spins are j.; = 0.5, j.o = 0.45, jyr = —1.0. The
effective anisotropy constants for the core is k¢ = 0.05 and for
the surface is ky¢ = 1.0. The strong random surface anisotropy
combined with the intraparticle exchange coupling between the
three spins creates internal frustration.

The interparticle exchange interaction between the surface
spins of neighboring particles is taken as antiferromagnetic.
There is not an exact microscopic model for the calculation of
the exchange-coupling constants between the nanoparticles.
So, we treat them as free parameters. We take the interpar-
ticle exchange-coupling constant jjyer = —0.50 half of the
exchange coupling constant of the surface, since only a fraction
of the shell comes into contact with the neighbouring shells.
The magnetic configuration was obtained by a Monte Carlo
simulation, using the standard Metropolis algorithm [27]. For

the dipolar energy calculation the Ewald summation technique
[22] has been implemented taking into account the long-range
character of the dipolar interactions, using periodic boundaries
in all directions.

The Monte Carlo simulations results for a given temperature
and applied field were averaged over 80 samples with various
spin configurations, realizations of the easy-axes distribution,
and different spatial configurations for the nanoparticles. For
the calculation of the zero-field-cooled (ZFC) curves the steps
described below were followed: (1) Cooling the system at
a constant step rate AT = 0.02 every 5500 Monte Carlo
(MC) steps from temperature 7 =2 to 7 = 0.002 at zero
applied field H = 0; (2) heating the sample from temperature
T =0.002 to T = 2 at the same constant step rate under the
application of a magnetic field H,p, and we calculate the ZFC
curve; and (3) by field cooling (FC) down to T = 0.002 we
calculate the FC curve. The hysteresis is calculated under a
field-cooling procedure with a cooling field H o, = 2.5 along
the z direction. For every field and temperature value, the first
500 steps per spin are used for equilibration, and the subsequent
5000 MC steps are used to obtain thermal averages.

III. RESULTS AND DISCUSSION

In Fig. 2 (upper panel) we show the experimental ZFC/FC
magnetization vs 7' (reduced units) curves for the MnFe,O4
nanopowders, synthesized by coprecipitation of Fe** and
Mn?* from water-in-toluene reverse-micelle system and sub-
sequent thermal treatment at 320 °C, for applied field H,p, =
10 Oe (a) and H,pp = 3000 Oe (b). The low-field experimental
curves show a sharp maximum in both the ZFC and FC
magnetization, the latter being weakly temperature dependent
at lower temperature. This behavior is typical of a SSG system
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FIG. 3. Monte Carlo simulations of the ZFC magnetization curves
for applied field H,,, = 0.03 for the simulated system (a); without
including intraparticle characteristics (jiner = 0) (b); without includ-
ing exchange-interparticle interactions (jiner = 0) (c); and without
including dipolar interparticle interactions (g = 0) (d).

[12], resulting from the coexistence of disorder and frustration
due to the presence of competing effects. The peak corresponds
to the freezing temperature 7y of the SSG system. In the lower
panel are presented the corresponding simulated curves for a
low H,pp = 0.03 (c) and a high H,,, = 0.2 (d) applied field.
Importantly, the parameters of the model reproduce quite well
the SSG experimental findings, including the tendency to an
increase of the FC magnetization at very low temperature.

In order to investigate the role of the intraparticle interac-
tions, and the interparticle (dipolar and exchange) interactions
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on the SSG, simulations were also performed for the ZFC/FC
magnetization curves by removing from the Hamiltonian: (1)
the intraparticle interactions (jiner = 0, thatis j.; = 0.0, joo =
0.0, jur = 0.0), (2) the exchange interparticle term (jiper = 0),
and (3) the interparticle dipolar interactions (g = 0). In Fig. 3
the Monte Carlo simulations for all these cases of ZFC/FC
magnetization curves, under a low applied field Hy,, = 0.03,
are presented together with simulations of the studied system
for comparison [Fig. 3(a)].

The results of the simulations show that all types of
interactions have to be taken into account to reproduce
satisfactorily the experimental findings. Both in Fig. 3(b)
(absence of intraparticle interactions) and in Fig. 3(c)
(absence of exchange interparticle interactions) the maximum
of the FC magnetization is shifted to lower temperature with
respect to that of the ZFC one. The biggest deviation from
the experimental curve is observed in Fig. 3(d) (absence of
dipolar interactions), where the FC magnetization does not
show a maximum. This behavior provides the confirmation
that, although all the above terms contribute to stabilize the
collective disordered frozen state, dipolar interactions play
the dominant role due to their nondirectional character. The
fact that the FC magnetization continues to increase with
decreasing temperature and that the maximum of the ZFC
one shifts to lower temperature reveals that in the absence of
dipolar interactions the system moves from a collective SSG
freezing to a blocking process of weakly interacting particles.

In the upper panel of Fig. 4 we show the Monte Carlo
simulation results for the temperature dependence of the
coercive (H¢) and the exchange-bias (H,,) fields (a) together
with the hysteresis loops at temperature 7 = 0.01 (b), under a
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FIG. 4. Monte Carlo simulations (a), (b) and experimental data (c), (d) for the temperature dependence of H¢ and H,, (a), (c) and the
hysteresis loops (b), (d) after a field-cooling procedure (black line). The hysteresis loops after a cooling procedure without any applied field are
also presented (red line) at 7 = 0.01 (simulations) and 7 = 5 K (experiments).
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FIG. 5. Monte Carlo simulations of the hysteresis loops after a
field-cooling procedure for the simulated system (a); for the case
that we do not include (b) intraparticle interactions (jiye = 0);
(c) exchange-interparticle (jiner = 0) and (d) interparticle dipolar
interactions, at temperature 7 = 0.01.

cooling field H.oo = 2.5 (black line) and without any applied
field (red line). Figures 4(c) and 4(d) show the corresponding
experimental results for the MnFe,O4 nanopowders.

The simulated curves reproduce well the experimental ones.
The hysteresis loops do not saturate as in the experimental
hysteresis cycles which are measured up to 5 T. The exchange-
bias field (H,,) is seven times lower than the coercive field,
close to the experimental case. Starting below the temperature
at which the system becomes superparamagnetic, H¢ increases
exponentially with decreasing temperature, whereas H,, ap-
pears at a much lower temperature, close to the beginning
of the flattening of the FC magnetization with decreasing
temperature, which indicates a complete freezing of the mag-
netic system, including the disordered surface spins. This
indicates that the observed exchange-bias behavior in our dense
assembly of magnetic particles is closely related to the freezing
process and is the result of the interplay of intraparticle and
interparticle interactions effects.

We have also calculated the low-temperature hysteresis
loops after a field-cooling procedure with a cooling field
H = 2.5 in the case that we do not take into account (1) the
intraparticle interactions (jiner = 0), (2) the exchange interpar-
ticle interactions (jiner = 0), and (3) the dipolar interparticle
interactions (g = 0) together with the simulated assembly for
comparison. In Fig. 5 we present the MC simulation results
for the above cases. The hysteresis loops are normalized to the
saturation magnetization at the reference field value H = 6.

Figure 5(a) reports the simulated cycle including all the
parameters of our model. In Fig. 5(b), where the intraparticle
interactions are absent, the system has an exchange-bias field,
which is due to the coupling between surface spins of the
exchange-coupled neighboring nanoparticles, inducing an ex-
tra unidirectional anisotropy which competes with the random
anisotropy of the surface and causes also an increase of the
Hc. We must note that in this case the neighboring atoms being
in contact give a thicker surface layer and enhanced volume
anisotropy. Therefore, the exchange coupling between surface
spins of particles in contact should contribute significantly to
the exchange-bias effects. However, H,, is 20% reduced with
the value for the simulated system indicating that there are other
contributions to H,,. In Figs. 5(c) and 5(d), where exchange
interparticle interactions and dipolar interactions are absent,
respectively, H,, is further decreased (50%), showing that
the exchange-bias effect is strongly affected by interparticle
interactions and it is closely related to the SSG freezing. In
the absence of exchange-interparticle interactions [Fig. 5(c)],
the exchange bias mainly comes from the particle core/surface
interface, but it should be masked by the strong surface disor-
der. This disorder together with the strong dipolar interactions
results in a big increase of H. Finally, in Fig. 5(d), where the
dipolar interactions are absent, the exchange-bias field is due
to the intraparticle morphology (core/shell interface) and to
the exchange between surface spins of the exchange-coupled
neighboring nanoparticles.

IV. CONCLUSIONS

The magnetic behavior of dense assemblies of ultrasmall
MnFe,04 nanoparticles with an average size of ~2nm has
been studied with the employment of a mesoscopic model
that includes three macrospins for the description of each
nanoparticle, taking into account in this way the surface effects
in each nanoparticle. Our model, which also includes the
dipolar and exchange-interparticle interactions in the dense
assembly, describes well the observed magnetic behavior of
a MnFe,04 powder. The MC simulations reproduce satis-
factorily the FC/ZFC magnetization vs T curves, providing
evidence of a superspin glass behavior, and the tempera-
ture dependence of the H¢ and H,,. This indicates that
both the SSG behavior and the exchange-bias phenomenon
come from the interplay of intraparticle and interparticle
interactions effects. The simulations indicate that the main
contribution to the exchange-bias effect comes from the intra-
and interparticle exchange interactions, the role of the dipolar
interactions being very important in the creation of the SSG
phase.
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