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Abstract. A multi-scale modeling approach is employed for the study
of the effect of oleic-acid (OA) coverage on the magnetic behaviour of Co
ferrite nanoparticles (CFNs), using high performance computing (HPC).
Our study is performed in three different length scales: first we per-
form electronic structure calculations using parallel implementation of
the density functional theory (DFT) method to study the magnetic prop-
erties of ultra-small OA coated CFNs. Next taking input from the DFT
data, we calculate the magnetic characteristics of larger in size OA coated
CFNs at an atomic scale performing Monte Carlo simulations. Finally, a
mesoscopic modeling approach for interacting assemblies of nanoparticles
is employed to reduce further computation time and sources for the study
of the magnetic behaviour of CFNs covered with different percentage of
oleic-acid, at finite temperature. The results demonstrate that the DFT
magnetic moment and magnetic anisotropy of the nanoparticle decrease
with the increase of the percentage of the surfactant. However, in the
assembly of CFNs the interplay between the exchange and dipolar inter-
particle interactions results in the increase of the magnetic anisotropy
and the decrease of the saturation magnetization as the percentage of
OA coverage increases, in agreement with experimental findings.

Keywords: multiscale modeling - magnetic nanoparticles - DFT calcu-
lations - Monte Carlo simulations.

1 Introduction

Magnetic nanoparticles (MNPs) continue to attract nowadays a lot of scientific
and technological interest [1], [2], [3], [4] because of their unique magnetic
properties comparing to their bulk counterparts. It has been demonstrated that
the surface contribution increases the magnetic anisotropy and decreases the
saturation magnetization of MNPs [5]. Indeed, the structural disorder of the
surface, which is attributed to the lattice symmetry breaking, the missing surface
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bonds and the low coordination number at the surface, modifies the magnetic
properties of the materials at the nanoscale.

Lately, the surface coated MNPs and the effect of coating on their magnetic
properties are under thorough investigation, since the use of environmentally
friendly surfactants and colloidal stable MNPs is a technological demand [5]. It
has been proved both experimentally [6,7] and numerically [8-11] that the sur-
factant plays a dominant role on the magnetic properties of the nanoparticle’s
surface, since it reduces the crystal disorder by replacing the missing bonds,
altering in this way the surface ion distribution [9]. Consequently the MNP’s
magnetization and anisotropy are modified [12]. The effect of coating depends
on the characteristics of the magnetic particles (structure, size, shape) and of
the coating (type, amount of coating coverage). In addition, the coating can
affect the magnetic properties of assemblies of magnetic nanoparticles, because
it modifies the inter-particle distances and the assembly’s morphology, creating
nanoclusters of touching nanoparticles (multi-core particles) [13]. Therefore, sur-
face functionalization of the magnetic particles with proper surfactant molecules
is a promising tool to control their magnetic properties.

In this study, we present the multiscale modeling approach, we have devel-
oped using HPC, to study the effect of the percentage of the oleic-acid (OA)
coverage of CoFeyO4 nanoparticles (CFNs) on their magnetic properties. Oleic-
acid is an organic coating commonly used during or after the colloidal synthesis
of ferrite nanoparticles. CoFe;0O4 nanoparticles are among the most promising
materials for biomedical, environmental and technological applications, because
of their high magneto-crystalline anisotropy. The OA coating provides steric
stabilization and biocompatibility to CFNs. The increase in the number of OA
molecules, covalently bonded to the Co ferrite nanoparticle surface, restores the
bulk crystal environment, decreases the surface anisotropy and magnetization,
thus the coercive field decreases. However, experimental results demonstrate that
the coercive field increases as the OA concentration increases in interacting as-
semblies of Co ferrite nanoparticles [6]. The aim of our study is to shed light
to the underlying mechanism, which is responsible for these different reported
magnetic behaviours, by investigating: a) at an atomic level the effect of the
complex surface bonding between transition metal and O ions on the magnetic
properties of CFNs and b) at a mesoscopic level (MNPs assemblies) how these
properties are modified by the presence of inter-particle interactions. In addition,
we demonstrate the efficiency of our proposed computational scheme, which al-
lows the study of such complex magnetic nano-systems going beyond the size
limit posed by the conventional computational techniques.

1.1 Electronic structure calculations of ultra-small coated magnetic
nanoparticle properties

Spin-polarized density functional theory (DFT) calculations [8] were performed
in the National High Performance Computing system HPC ARIS, [16] using the
software of Vienna ab-initio Simulation Package (VASP), [17,18]. We study the
magnetic properties of a spherical spinel ferrite nanoparticle CoFesO,4 (inverse
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spinel) of ~2 nm size containing 70 Fe, 36 Co and 140 O atoms. Different num-
bers of bonded oleic acid molecules (C17H33COOH) per nanoparticle’s surface
area are considered for the different percentages of the surface coverage.The sim-
ulated sizes are among the largest reported simulated sizes, [19] we can achieve,
given the computational cost (size and time) of these electronic structure calcu-
lations. Fig. 1 shows the most stable energy configuration of CoFe;O4 spherical
nanoparticle (Fe (yellow), Co (bleu), O (red), C(brown), H(white)) for 12.5%
surface coverage (where 10 carboxylic acid molecules coordinate with the metal
ions as a monodentate ligand) found after several simulated structural relax-
ations, starting from different initial configurations. For the calculation of the
mean exchange coupling constants J a4, Jgp, Jap between nearest neighbors,
the spins of Fe and Co ions are ordered ferromagnetically in the A-A and B-B
sites and antiferromagnetically between the A-B sites in the initial relaxed spin
configuration [8]. Different magnetic configurations were created by randomly
flipping the magnetic moments of both sublattices starting from the ground
state configuration of the system and they were mapped on a Heisenberg model
with first-neighbor interactions.

Fig. 1. Relaxed structure of CoFe;Q4 spherical nanoparticle with 10 organic molecules
attached on its surface, corresponding to OA coverage of 12.5% (Fe (yellow), Co (bleu),
O (red), C(brown), H(white)). For simplicity, OA molecules are not fully shown.

In Fig. 2a) and b), we show the total mean magnetic moment (the induced
magnetic moment of the O atoms is also included) and the magneto-crystalline
anisotropy energy (MAE) in the ground state of the modelled CoFe;O4 nanopar-
ticle coated with 4, 8, 16, and 22 OA molecules corresponding to 5%, 10%, 20%,
and 27% percentage of surface coverage, respectively. We observe that the total
mean magnetic moment decreases faster as OA coverage increases up to 10% and
then it decreases much slower up to 27% OA coverage, following the evolution of
the mean magnetic moment of each metallic ion (see ref. [8]). DFT calculations
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of MAE show a faster decrease of the MAE values before reaching 10% OA and
then a slower decrease follows, as the OA coverage increases up to 27%. This
behaviour is attributed to the fact that when the OA molecules are attached
on the surface, taking the position of the missing atoms, they are restoring the
bulk crystal environment. As a result, the spin-orbit coupling and consequently
MAE and magnetic moments become smaller. The calculated J a4, Jg, JaB
by DFT (Fig. 2 c) and d)), also show that the addition of OA coverage decreases
the mean exchange coupling strength between the nearest neighbours. This is
attributed to the increase of the distance between the magnetic ions with the
addition of the OA molecules on the surface, which is observed in DFT structure
calculations.
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Fig.2. DFT calculations of a) the total mean magnetic moment, b) the magnetic
anisotropy energy (MAE) and c) and d) the mean exchange coupling constants between
atoms in A-A, B-B and A-B sites respectively of the CoFe2O4 spherical nanoparticle
for the different percentages of OA coverage on its surface.

Regarding the use of the ARIS HPC facility, we performed a scaling study of
the modelled CoFe;O4 nanoparticle to demonstrate the important contribution
of the HPC to the DFT calculations. The tests were performed on the fat nodes
island of the ARIS, i.e. each node has 40 cores and the interconnections are
implemented via Infini-Band. We have calculated the time required to perform
a self-consistent field (SCF) step for the uncoated Co ferrite nanoparticle as a
function of the number of CPU cores used in parallel calculations. For comparison
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we have also calculated the CPU time needed in the ideal case when it decreases
inversely proportionally with the number of CPU cores (i.e. processes are not
communicating exchanging data). The results show a nice scaling comparing
to the ideal case, even though 3 nodes are active for 120 core calculation. In
addition, a 'weak’ scaling study has been performed (we call it *weak’ because
the studied system is not the same, the number of atoms increases with the
increase in the oleic-acid coverage) by measuring the time of a SCF step as a
function of the oleic acid coverage, i.e. number of atoms in the system, for two
different number of cores, i.e. 120 and 160 cores. In this case, the throughput
remains almost the same indicating a fine scaling between number of atoms and
number of cores. Therefore, our results highlight the important acceleration of
the DFT calculations using the ARIS because it offers multiple CPU cores and
large memory per node.

1.2 Atomic scale calculations for coated magnetic nanoparticle of a
few nanometers size

We model a spherical CoFesO4 nanoparticle of diameter 5 nm with cubic inverse
spinel structure and core/surface morphology. This particle size is selected in
order to compare our results with the available experimental data. In Fig. 3 the
atomic scale model of a spherical nanoparticle with 514 Fe and 268 Co spins in
the core and 1278 Fe and 620 Co spins at the surface is presented. We consider 3D
classical unit spins for Fe and Co atoms which are placed at the sites of an inverse
spinel lattice. The lattice constant for this nanoparticle is taken 0.835nm from
the DFT calculations. The core/surface model is considered in order to take into
account the surface effects by including a disordered surface layer of thickness one
lattice constant. The O atoms are not shown in Fig. 3, however their magnetic
moments, though almost negligible, they have been already incorporated into
our calculations. The DFT results for the magnetic moments and the anisotropy
constants for the 2 nm nanoparticles, calculated above, are used as input data
here for the calculation of the coated surface parameters of the larger CFNs,
since in the 2nm MNP the 90% of the magnetic atoms lay at the surface. The
energy of the system is given by:
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It includes the nearest neighbour Heisenberg exchange interaction energy be-
tween the spins in the core (first term) and at the surface (second term), Zeeman
energy (third term), the cubic core magneto-crystalline anisotropy energy (fourth
term) and the surface anisotropy energy which is taken uniaxial with random
orientation (last term). In Eq. 1, the exchange coupling constant J. takes the
bulk values of the J ap, Jpp, Jaa [8] for the Heisenberg interactions in the core
between the A-B, B-B and A-A pairs of transition metal atoms respectively. The
exchange coupling constant of J,,; takes the corresponding values found from
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the DFT calculations for the modelled Co ferrite nanoparticle accounting for the
surface spin interactions between the A-B, B-B and A-A surface atoms given in
Fig. 2c) and d). The values of the core and surface anisotropy constants are cal-
culated from the bulk and DFT MAE results for different OA surface coverage
respectively (see ref. [8]). In this way, the effect induced by the OA molecules
bonded on the nanoparticle surface is included in the anisotropy constants. All
the energy terms in Eq. 1 are divided by the exchange coupling of a perfect an-
tiferromagnet Jopps = 1.0meV in order to be dimensionless. The coercive field
H, and the external magnetic field h applied along the z-axis are given in these
dimensionless units.
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Fig. 3. Schematic representation of the model of 5 nm CoFe2Q4 spherical nanoparticle
with a core/surface morphology. The anisotropy constants for the surface metal atoms
at different percentages of OA surface coverage are also shown.

1.3 Mesoscopic scale calculations for the assemblies of oleic-acid
coated Co ferrite nanoparticles

Taking input from the atomic-scale and the DFT calculations, we proceed in the
mesoscopic modeling of the assemblies of 5 nm Co ferrite nanoparticles. We have
developed and used a mesoscopic three-spin model where each CFN is described
by only three spins [8]. The reason for this reduction of the number of the spins
in the model is that we include the dipolar inter-particle interactions, which are
computationally time consuming implementing the Ewald summation method,
in the energy calculations [23]. Therefore, by reducing the number of the spins
to the minimum number adequate to describe the core/surface morphology of
each nanoparticle, we save computation time [24]. In the mesoscopic model, each
CFN in the assembly is described by three classical 3D macrospins: one for the
bulk core s; and two spins 85, s3 for the "up" and "down" surface sublattices,
respectively. We start with a dense assembly of 50% particle concentration (N
= 500) for the uncoated CFNs and then for the coated particle assemblies,
the concentration decreases (N =200) since the inter-particle distance increases
because of the OA coverage at each CFN. The particles are randomly located
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on the nodes of a simple cubic lattice in a box of dimensions 10« x 10 « x 10,
where « is the smallest interparticle distance and is equal to particle diameter,
in order to avoid particles overlapping.

The energy of the system of N nanoparticles (see ref. [8] for its expression)
includes the intra-particle exchange Heisenberg interactions between the core
and the two surface spins with interface exchange coupling constants j.1, je2,
Jsrf, the uniaxial anisotropy energy of the core and the surface with anisotropy
energy constants k. and k¢ (where anisotropy vectors have random orientation
to describe the particle disorder in the assembly), the Zeeman energy, the inter-
particle dipolar interaction energy among all the spins and the inter-particle
exchange interactions between the i** and j** nanoparticles when they are in
direct contact. A schematic representation of the mesoscopic model is given in
Fig.4 including the parameters of the model.

Atomic scale Model Mesoscopic scale Model
“
Jd J::Z Jsrf
g
Mesoscopic scale parameters
OA (%) My L5 iz k. kyf jc;r jcz jrrf j&r
0 0.083 0.194 0847 10 1263 729 788 | -1561 78
5 0.083 0.185 0812 1.0: 1230 6.75 723 | -14.16 6.0

10 0.083 0.166 0742 10 1197 6.41 6.87 -13.83 3.0
20 0.083 0.166 0739 10 1186 5.68 6.09 -11.92 15
27 0.083 0.165 0.697 1.0 11.75 5.18 5.56 -10.88 0.75

Fig. 4. Schematic representation of the mesoscopic scale model of the nanoparticle
assembly together with the mesoscopic scale parameters. Each particle is described by
three spins, one for the core and two for the two sublattices of the surface. These spins
are exchange coupled with exchange coupling strengths jci1, jc2, jsrf. The particles in
the assembly are dipolarly interacting with dipolar strength g and the surface spins
of the neighbouring particles at direct contact are exchange coupled with exchange
coupling strength je;. The calculated mesoscopic normalized magnetic moments for
the core (m1) and the two sublattices of the surface (m2,m3), the anisotropy constants
of the core (k.) and the surface (ks-f) and the exchange coupling constants (jci, je2,
Jsrf, jex) in the mesoscopic three-spin model for different percentage of OA coverage
are shown.
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The normalized magnetic moments are calculated for the core my =M. V1/
M,V and the two surface sublattices mo=Mg, 54 Vo/ M,V and mg=M 15 Vs/
M,V . Here M, V are the saturation magnetization and the volume of each
particle. The Mcore, Msrya and M, rp and Vi, Vo and V3 correspond to the par-
ticle magnetizations and volumes of the core spins and the two sublattices of the
surface spins, respectively, calculated from the atomic-scale model. The dipolar
strength g — po(MsV)?/4nd® is normalized to core volume anisotropy K.Vi
and equals to g = 0.30. To calculate the anisotropy constants of our mesoscopic
model, we take into account that the DFT calculations of MAE correspond to
the volume of a nanoparticle of diameter of 2 nm so for the surface volume we
rescale it for 5 nm particle The normalized anisotropy constants to the core
volume anisotropy are also given in Fig.4. The reduced intraparticle exchange
coupling constants are calculated from the atomic-scale constants found in Sec-
tion 1.1. The interparticle exchange coupling constant j., is taken as a free
parameter and it reduces as the OA surface coverage increases. The normal-
ized to K.V; external magnetic field strength is denoted by h and the coercive
field by H., and the normalized temperature by t. The Metropolis Monte Carlo
(MC) algorithm [25] is used to calculate the hysteresis magnetization loops at
low temperature for the 5nm size MNPs and their assemblies. The MC results
are averaged over 20 samples with various spin configurations, realization of the
easy-axes distribution and different spatial configurations of the nanoparticles
at a given temperature and an applied field. In the MC calculations, the first 5 x
102 MC steps per spin for the assemblies and 10® MC steps per spin for the single
nanoparticle are used for equilibration at every field value, and the subsequent 5
x 102 and 10* Monte Carlo steps per spin respectively are used to obtain thermal
averages. We must note that performing Monte Carlo simulations in ARIS HPC
facility, it requires only 81s/field step = 3x107 MCS for the atomic scale model
of a single spinel ferrite nanoparticle consisted of 2680 atoms. For the mesoscopic
scale model of 1500 magnetic moments, the computation time reduces, since it
requires only 7s/ field step— 8x10° MCS. In both models, the National HPC fa-
cility ARIS accelerates the Monte Carlo calculations by running in parallel many
different samples, which correspond to different random numbers, to calculate
the statistical averages of the magnetization. This is of great importance, since
the accuracy of this statistical method depends on the number of the samples.

2 Results and Discussion

We study the effect of OA surface coverage on the magnetic behaviour of 5nm
Co ferrite nanoparticle and their assemblies. In Fig. 5a) we present the depen-
dence of the coercive field (black) on the OA surface coverage in the case of a
5nm nanoparticle. Our calculations show that the surface behavior affects the
magnetic behavior of the system. As the surface anisotropy decreases with the
increase in the OA surface coverage, the coercive field decreases. This effect is
expected, since the number of the surface spins in the particle of 5nm size is
71% of the total number of spins. The decrease in H, is more abrupt up to 10%
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OA coverage, following the trend of the DFT MAE. A slight decrease of the
saturation magnetization (green) is observed. The OA coating effect on H. and
M for bnm particle is weaker comparing to the decrease in the corresponding
DFT values of the ultra-small particle. This is attributed to the suppression of
the coating effects as the particle size increases.
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Fig. 5. Monte Carlo simulation results of the coercive field H. in our dimensionless
units (black) and the saturation magnetization per macrospin (green) of a) 5nm size
CoFe204 nanoparticles and b) their nanoparticle assemblies, with increasing number
of organic molecules attached on their surface, after a field cooling procedure.

On the other hand, when the exchange and the dipolar inter-particle inter-
actions are present, then a strong increase of the coercive field with increased
OA coverage is observed in the assemblies as shown in Fig. 5b). In Fig.5b), the
saturation magnetization decreases up to 20% of the initial value at 27% OA
surface coverage. For both H. and M, the change is faster up to 10% OA surface
coverage and then it becomes slower as the OA coverage increases. This behavior
is attributed to the decrease of the exchange coupling strength (decrease of the
touching area) as the OA coverage increases. Therefore, the interplay between
exchange and dipolar interactions becomes stronger affecting the macroscopic
magnetic behaviour. Our numerical results are in good agreement with experi-
mental findings for dense assemblies of exchange coupled Co ferrite nanoparticles
(~10nm) in which the coercivity increases and the saturation magnetization
decreases with the increase in OA surface coverage |[6]. Interestingly, the re-
sults demonstrate how we can tune the magnetic properties of the assemblies by
changing the OA surface coverage.
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3 Conclusions

We use a multiscale modeling approach to study the effect of oleic-acid surface
coverage on the magnetic behavior of CoFe;O4 nanoparticles. First, DFT cal-
culations are performed on uncoated ultra-small CoFe;Q4 nanoparticles. The
results demonstrate the strong surface effects induced by the lattice distortion
of the surface metal ions. When the OA molecules are attached on the nanopar-
ticle surface, the lattice distortion decreases and the coordination symmetry of
the bulk material is gradually recovered. Then, Monte Carlo simulations are
performed in an atomic scale to investigate the coating effects on the magnetic
behavior of large Co ferrite nanoparticles with a core/surface morphology. The
atomic-scale calculations demonstrate that the coercive field and the satura-
tion magnetization decreases when the OA surface coverage increases, which is
attributed to the recovery of the bulk behavior at the surface of the particle.
Notably, when the inter-particle interactions are present, the gradual increase of
the OA surface coverage in the assembly of CoFe;O4 nanoparticles increases the
interplay between dipolar and exchange interparticle interactions resulting in a
strong increase of the coercive field and a decrease in the saturation magnetiza-
tion. The numerical results, being in good agreement with available experimental
data, open new prospects for controling the magnetic behavior of hybrid or-
ganic/inorganic nanomaterials in energy, industrial and biomedical applications.
Importantly, the proposed multi-scale approach combined with the use of HPC
demonstrates its efficiency to study the magnetic properties of nano-systems of
high computational complexity.
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