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A B S T R A C T

The dipole-dipole interaction effect on the magnetic hysteresis of nanoparticles randomly dispersed within a
plane is studied by micromagnetic simulation. The dependence of the coercive field with the concentration of
nanoparticles varies from nonlinear and monotonic to non-monotonic dependence with a maximum at a certain
concentration. It happens when the ratio of the magnetic anisotropy constant to the maximal dipole energy
changes from value much larger than 1 to the value much less than unity.

1. Introduction

Magnetic nanoparticles are of increasing interest because of their
current and potential applications in biomedicine, ecology, catalysis
and nanoelectronics [1–12]. Material science approach to magnetic
nanoparticles research involves the preparation and characterization of
the nanoparticles, the design of new synthesis and research techniques
and the study of correlations between the structure and properties of
the material. Magnetic hysteresis loop is a key characteristic that de-
termines the applied potential of magnetic nanoparticle-based materials
(magnetic colloids, nanogranulated materials). The magnetic hysteresis
of an individual magnetic nanoparticle has been studied both theore-
tically and experimentally. It is established that the hysteresis decreases
with the increasing temperature and it completely vanishes at a
blocking temperature, the value of which depends on the measurement
time [1–6,10].

The effects of inter-particle interactions should be taken into ac-
count in the particle arrays used in most applications and experiments
[6]. The magnetic dipole-dipole interaction is the most important in-
teraction in the magnetic nanoparticles arrays. Its effect on the mag-
netization curves of nanoparticle arrays at nonzero temperatures has
been studied in a number of papers. The emphasis of these studies is on
the thermal stability of magnetization, the blocking temperature (TB)
[13–20], the temperature behavior of the hysteresis [20–23], the
thermo-magnetic curves measured according to ZFC-FC (zero field
cooling - field cooling) protocol [13–20,24]. Magnetic hysteresis at zero
temperature determines the hysteresis at the final temperature along

with the blocking temperature TB. The effect of the magnetic dipole-
dipole interaction on the hysteresis was studied theoretically and nu-
merically for the ordered ensembles of nanoparticles [25–35]. Since the
energy of dipole-dipole interaction decreases with inter-particle dis-
tance as ∝ r–3, the average internal field on the individual particle, and
hence the magnetic hysteresis, will depend on the volume fraction of
the particles (p). Authors of experimental works often refer to the Néel
formula establishing a linear decrease of coercivity with increasing of
particle volume fraction Hc =Hc(0)·(1−p) [36–38]. However, nu-
merous experimental data on the coercive field in nanoparticles reveal
qualitatively different behaviors of Hc versus p: linear [28,37,39,40],
nonlinear [40–46] and even non-monotonic [40,41,43,47]. In most of
materials (powders, nanogranular films), the particles are randomly
scattered and additionally are randomly oriented. This causes sig-
nificant fluctuations of the local magnetic field on each nanoparticle
and this affects the magnetic hysteresis significantly. In particular, this
effect can lead to nonlinear variations of the coercive field as a function
of the nanoparticle concentration.

In this paper, hysteresis loops of nanoparticles at zero temperature
randomly distributed within a plane with various values of the average
surface density are studied numerically using micromagnetic approach.
The calculations also take into account the random direction of the easy
magnetization axes in the particle array, which is inherent in many
materials (for example the particles distributed in nonmagnetic ma-
trices). We demonstrate that the magnetic dipole-dipole interaction
leads to a change in the behavior of the coercive field with con-
centration variations from the nonlinear and monotonic to the
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dependence with the maximum. This change is determined by the ratio
of the magnetic anisotropy constant in the individual particle to the
magnetic dipole-dipole interaction energy.

2. Numerical simulation

Arrays of single-domain magnetic granules were generated using
random homogeneous distribution of particle coordinates within a
square region. The size of the area was 4200 × 4200 × 10 nm, the cell
size was 10 nm and it was equal to the particle size. Ensembles of na-
noparticles with different filling density from p= 6·10−4 to p= 0.999
were generated (Fig. 1). The amount of particles varied from 102 to 105

(when the element was placed twice in the cell it was considered to be
occupied by one particle). Micromagnetic simulations were carried out
using the object oriented micromagnetic framework (OOMMF) [48].
The image of the ensemble was used as a mask for the micromagnetic
problem, where the magnetization MS = 860 G was attributed to the
cells occupied by particles, while empty cells had zero magnetization.
We are interested in magnetic properties in an ensemble of single-do-
main nanoparticles, therefore the cell size is coincided with

nanoparticle size. Thus, the magnetization of each particle was set
completely homogeneous.

The easy axes of the particles were oriented in two different ways:
(a) uniformly within the plane along one side of the square plate and (b)
randomly. The applied field was along one of the sides of the square
plate. The only inter-particle interaction was the magnetic dipole-di-
pole one. The physics of this micromagnetic problem is defined by the
competition between the energy of the local magnetic anisotropy and
the energy of the dipole-dipole interaction between particles in the
ensemble. In this case, the magnetic behavior of the material is char-
acterized by the parameter K M4 / s

2= [49]. At 1, the magneto-
crystalline anisotropy prevails and at 1 the magnetic behavior is
determined by the magnetostatic energy. For this study, the specific
values of the magnetic anisotropy constant were chosen to investigate
the problem in both limits.

3. Results and discussion

To interpret the shape of the hysteresis loop, we distinguish three
different competing contributions to the magnetic anisotropy of the

p = 0.05 p = 0.30 p = 0.60 p = 0.95 

Fig. 1. Fragments of particle arrays with different filling density (p).

Fig. 2. Hysteresis loops of ensembles with different particle concentrations (p). Samples with uniform (a) and random (b) orientation of the easy axes for the 5.4= .
(c) is for 0.0054= . Hysteresis loops with a uniform and random orientation of the easy axes overlap here (see text). The applied field is reduced to the field of local
magnetic anisotropy of the particleH K M2 /a s= .
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nanoparticle ensemble: the magnetic anisotropy of the individual
granule with a random or uniform orientation of the easy axes, the
random dipolar field on the granule produced by the entire random
array of particles, and the macroscopic magnetic anisotropy, which is
the magnetic shape anisotropy of the plate. The case 1, when only
the first contribution is significant, was well studied earlier [38,50].
Therefore, for the numerical experiment we have chosen the values of
the constants corresponding to the parameter 5.4= (the magnetic
anisotropy constant in each granule is comparable with the specific
magnetostatic energy) and 0.0054= (the magnetostatic energy con-
tribution is dominant).

The contribution to the energy associated with the dipole-dipole
interaction is controlled by the particle concentration (p). Indeed, the
shape of the magnetization curve changes significantly when the con-
centration of particles (p) changes (Fig. 2). The case 0.0054= corre-
sponds to the negligibly small contribution of the magnetic anisotropy
of the individual granule therefore the shape of the magnetization
curves here is practically independent of the orientation of the easy
magnetization axes of the particles. In this regard, in Fig. 2(c) only the
curves calculated for the random orientation of the easy axes are
shown. For the case 5.4= , as shown in Fig. 2a and b, at low con-
centrations (p = 0.006), the interaction of the particles is negligible and
the shape of the hysteresis loop is determined only by the local mag-
netic anisotropy constant, i.e. it follows the classical Stoner-Wohlfarth
(S-W) theory [38,50].

Indeed in this limit case the loop shapes predicted in this model are
observed: rectangular loop with coercivity H K M2 /c s= and reduced

remanence M M/ 1r s = for a sample with uniform orientation of the easy
axes and rounded hysteresis loop with H K M0.48 2 /c s= × and
M M/ 0.5r s = for the sample with the random orientation of the easy axes
of particles (Fig. 2a and b). In Fig. 2c hysteresis loops of different shapes
are observed. For p= 0.06, step-like feature is on the loop, while for
other particle concentrations of 0.3 and 0.9 there is no such feature.
According to Neel, the contribution of the dipole-dipole interaction
energy can be estimated as M p2 s

2× × . Thus, with increasing the
concentration of particles, the case of negligible dipole-dipole interac-
tion is replaced by the strong interaction regime. The case of negligible
interaction corresponds to the Stoner-Wohlfarth model, where magne-
tostatic domains are not formed, and the uniform magnetization is lo-
calized within one nanoparticle. This corresponds to p ~ condition.
When (p= 0.3 and 0.9), the sample is multidomain, although here the
magnetostatic domains are not separated by walls typical for a ferro-
magnet [51,52]. As the field decreases from saturation to zero, and then
to negative fields, the magnetization distribution changes from uniform
to multidomain. This process is inhibited by energy barriers created by
the energy of the magnetic anisotropy of the particles. For the cases
p= 0.3 and 0.9, these barriers are insignificant for the formation of a
multidomain state. For the case p= 0.06, the dipole-dipole energy
comparable with the energy barriers leads to the formation of only a
small number of domains up to a minimal vortex-like configuration of
the magnetization. The loop with the step (for p= 0.06 in Fig. 2c) re-
sembles a loop observed in magnetic dots with a vortex magnetization
[53]. This step on the loop can be regarded as a giant Barkhausen jump,
while for the multidomain systems (p= 0.3 and 0.9) such jumps are

Fig. 3. Coercive field (a) and remanent magnetization (b) of particles with the uniform easy axes. The field is parallel to the sample plane and to the easy axis.

Fig. 4. Coercive field (a) and remanent magnetization (b) of the particles with a random easy axes. The field is parallel to the sample plane.
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numerous and small in magnitude, leading to a visible lack of singu-
larities on the loop.

As shown in Figs. 3a and 4a, different qualitative behaviors of the
H p( )c dependence are observed depending on the value of for both
aligned and randomly oriented easy-axes samples. In the case 5.4= ,
we observe a monotonic decrease of Hc with increasing concentration
with a linear dependence in a wide range (Figs. 3a, 4a). However, for

0.0054= there is a non-monotonic behavior of H p( )c with a maximum
at p 0.3 (Figs. 3a, 4a).

In the case of uniform easy axes, the remanent magnetization
M p M( )/r s has a minimum at p 0.25 0.3÷ for 5.4= , and at
p 0.05 0.1÷ for 0.0054= (Fig. 3b). The minimum value of M M/r s in
Fig. 3b is close to 0.5 for 0.0054= and reaches 0.8 for 5.4= . In
Fig. 3b, for low 0.0054= we have the completely random local
magnetic anisotropy at all particle concentrations. For ensembles with
p 0.25 0.3÷ and 5.4= (Fig. 3b, asterisk-symbols), the contribution
of the random anisotropy energy induced by dipole-dipole interaction is
apparently comparable with the contribution from the uniform aniso-
tropy. That leads here to the maximum deviation of data on M M/r s from
the prediction of the S-W model (Fig. 3b, asterisk-symbols).

For ensembles with p 0.3= , the hysteresis loops for different values
of (Fig. 5) were calculated for both random and uniform easy axes.
The results confirm that for 1> the coercive field and the remanent
magnetization follow the predictions of the S-W model. Moreover, for a
coercive field the transition to the S-W regime requires only a twofold
exceeding of the threshold 1= , whereas for M M/r s, such an exceeding
must be at least an order of magnitude. For 1< , we have M M/ 0.5r s
and the coercive field doesn’t vary with , with H M0.5c s. Fig. 4a
shows that the used values of 0.0054= and 5.4= are in good
agreement with the modes, when the hysteresis is determined only by
the dipole–dipole interaction between the particles or their local mag-
netic anisotropy respectively.

The position of the minimum on the dependence Mr(p)/Ms and the
minimum value as well are sensitive to the value of for the case of the
uniform easy axes. This can be used in experimental researches to es-
timate the weight fraction of particles with known or for the esti-
mation if the particle concentration is known. For the random easy
axes, the shape of Mr(p)/Ms curve does not depend on the value of .
The sharp decrease in the remanent magnetization Mr(p)/Ms for p 1,
observed in Fig. 3b for the case = 0.0054, is due to the fact that the
energy of the demagnetizing field with the chosen measurement geo-
metry and the used plate size (4200 × 4200 × 10 nm) is larger than the
local magnetic anisotropy energy. This leads to an increase in slope of

the hysteresis loop and, as a consequence, to a sharp decrease in Mr/Ms.
To study the macroscopic magnetic anisotropy the hysteresis loops

of flat ensembles of particles were calculated for two directions of the
external field: perpendicular and parallel to the plane (the inset to
Fig. 6). The effective magnetic anisotropy constant was calculated as:

K M H M H dH( ( ) ( ))eff 0
=

The upper part of the major loop M H( ) corresponding to de-
magnetization from an infinite field to zero field was used for calcula-
tion, and the summing interrupted when the difference between M H( )
and M H( ) was less than 0.1%. The main source of macroscopic mag-
netic anisotropy in this case is the shape anisotropy of the plate con-
taining the nanoparticles. According to mean-field theory, the constant
of this anisotropy is K M p2sh s

2= × × (see for example [54–58]). The
blue solid line in Fig. 6 corresponds to this equation. The calculated
data are in a good agreement with the predictions of the mean-field
theory.

The fact that the composite plate behaves like a uniform magnetic
film means that the results obtained in our work do not depend on the
sizes of the plate and on the absolute number of particles, i.e. these
results can be considered as universal for all granular films.

Fig. 5. The coercive field (a) and the remanent magnetization (b) for the particle concentration p= 0.196 and different ratios of the local magnetic anisotropy
constant to the energy of the dipole-dipole interaction. Blue circles show data for particles with uniform easy axes, while green squares correspond to random easy
axes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The macroscopic magnetic anisotropy constant of ensembles with dif-
ferent particle concentrations (p) and with a random distribution of easy axes.
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4. Conclusion

Hysteresis loops of nanoparticles randomly distributed in the plane
for various surface densities of particles are numerically investigated.
Uniform or random easy axes of the particles were set. It is shown that
the dipole-dipole interaction leads to a change in the dependence of the
coercive field on the particles concentration from the nonlinear
monotonic to the dependence with the maximum. This behavior differs
from linear Néel’s dependence of the coercive field on the particles
concentration. The observed change in coercive field behavior is found
to be determined by the ratio of the magnetic anisotropy constant of the
individual particle and the specific dipole energy.

Acknowledgments

This work was supported by Russian Foundation for Basic Research,
Government of Krasnoyarsk Territory, Krasnoyarsk Region Science and
Technology Support Fund to the research project № 18-42-240006.

References

[1] S. Mørup, M. Hansen, Novel Materials, Handb. Magn. Adv. Magn. Mater. Wiley,
2007, p. 3064.

[2] A.P. Guimarães, Principles of Nanomagnetism, Springer International Publishing,
Cham (2017), https://doi.org/10.1007/978-3-319-59409-5.

[3] G.C. Hadjipanayis (Ed.), Magnetic Hysteresis in Novel Magnetic Materials, Springer
Netherlands, Dordrecht, 199710.1007/978-94-011-5478-9.

[4] J.P. Liu, E. Fullerton, O. Gutfleisch, D.J. Sellmyer (Eds.), Nanoscale Magnetic
Materials and Applications, Springer Science & Business Media, 2009.

[5] D. Sander, S.O. Valenzuela, D. Makarov, C.H. Marrows, E.E. Fullerton, P. Fischer,
J. McCord, P. Vavassori, S. Mangin, P. Pirro, B. Hillebrands, A.D. Kent,
T. Jungwirth, O. Gutfleisch, C.G. Kim, A. Berger, The 2017 Magnetism Roadmap, J.
Phys. D. Appl. Phys. 50 (2017) 363001, , https://doi.org/10.1088/1361-6463/
aa81a1.

[6] M. Knobel, W.C. Nunes, L.M. Socolovsky, E. De Biasi, J.M. Vargas, J.C. Denardin,
Superparamagnetism and other magnetic features in granular materials: a review
on ideal and real systems, J. Nanosci. Nanotechnol. 8 (2008) 2836, https://doi.org/
10.1166/jnn.2008.017.

[7] L.C. Branquinho, M.S. Carrião, A.S. Costa, N. Zufelato, M.H. Sousa, R. Miotto,
R. Ivkov, A.F. Bakuzis, Effect of magnetic dipolar interactions on nanoparticle
heating efficiency: implications for cancer hyperthermia, Sci. Rep. 3 (2013) 2887,
https://doi.org/10.1038/srep02887.

[8] C. Haase, U. Nowak, Role of dipole-dipole interactions for hyperthermia heating of
magnetic nanoparticle ensembles, Phys. Rev. B. 85 (2012) 045435, , https://doi.
org/10.1103/PhysRevB.85.045435.

[9] M. Lévy, F. Gazeau, J.-C. Bacri, C. Wilhelm, M. Devaud, Modeling magnetic na-
noparticle dipole-dipole interactions inside living cells, Phys. Rev. B. 84 (2011)
075480, , https://doi.org/10.1103/PhysRevB.84.075480.

[10] S.P. Gubin (Ed.), Magnetic Nanoparticles, Wiley, 2009.
[11] F. Arteaga-Cardona, K. Rojas-Rojas, R. Costo, M.A. Mendez-Rojas, A. Hernando,

P. de la Presa, Improving the magnetic heating by disaggregating nanoparticles, J.
Alloys Compd. 663 (2016) 636–644, https://doi.org/10.1016/j.jallcom.2015.10.
285.

[12] N.A. Usov, O.N. Serebryakova, V.P. Tarasov, Interaction effects in assembly of
magnetic nanoparticles, Nanoscale Res. Lett. 12 (2017) 489, https://doi.org/10.
1186/s11671-017-2263-x.

[13] D.A. Balaev, S.V. Semenov, A.A. Dubrovskiy, S.S. Yakushkin, V.L. Kirillov,
O.N. Martyanov, Superparamagnetic blocking of an ensemble of magnetite nano-
particles upon interparticle interactions, J. Magn. Magn. Mater. 440 (2017)
199–202, https://doi.org/10.1016/j.jmmm.2016.12.046.

[14] O. Moscoso-Londoño, P. Tancredi, D. Muraca, P. Mendoza Zélis, D. Coral,
M.B. Fernández van Raap, U. Wolff, V. Neu, C. Damm, C.L.P. de Oliveira,
K.R. Pirota, M. Knobel, L.M. Socolovsky, Different approaches to analyze the di-
polar interaction effects on diluted and concentrated granular superparamagnetic
systems, J. Magn. Magn. Mater. 428 (2017) 105–118, https://doi.org/10.1016/j.
jmmm.2016.12.019.

[15] C. Cao, L. Tian, Q. Liu, W. Liu, G. Chen, Y. Pan, Magnetic characterization of
noninteracting, randomly oriented, nanometer-scale ferrimagnetic particles, J.
Geophys. Res. 115 (2010) B07103, https://doi.org/10.1029/2009JB006855.

[16] S. Mørup, M.F. Hansen, C. Frandsen, Magnetic interactions between nanoparticles,
Beilstein J. Nanotechnol. 1 (2010) 182–190, https://doi.org/10.3762/bjnano.1.22.

[17] S.M. Ryabchenko, A.A. Timopheev, V.M. Kalita, A.F. Lozenko, P.A. Trotsenko,
V.A. Stephanovich, M. Munakata, Intergranular interactions in nanogranular
(CoFeB)x–(SiO2)1–x films with temperature and angular variations in coercivity,
Low Temp. Phys. 36 (2010) 682–692, https://doi.org/10.1063/1.3490833.

[18] A.D. Liu, H.N. Bertram, Modeling the effect of interactions in granular magnetic
films, J. Appl. Phys. 89 (2001) 2861–2867, https://doi.org/10.1063/1.1340601.

[19] D. Kechrakos, K. Trohidou, Competition between dipolar and exchange interparticle
interactions in magnetic nanoparticle films, J. Magn. Magn. Mater. 262 (2003)

107–110, https://doi.org/10.1016/S0304-8853(03)00029-5.
[20] J.M. Vargas, W.C. Nunes, L.M. Socolovsky, M. Knobel, D. Zanchet, Effect of dipolar

interaction observed in iron-based nanoparticles, Phys. Rev. B. 72 (2005) 184428, ,
https://doi.org/10.1103/PhysRevB.72.184428.

[21] M. Palihawadana-Arachchige, H. Nemala, V.M. Naik, R. Naik, Effect of magnetic
dipolar interactions on temperature dependent magnetic hyperthermia in ferro-
fluids, J. Appl. Phys. 121 (2017) 023901, , https://doi.org/10.1063/1.4973879.

[22] S.V. Komogortsev, R.S. Iskhakov, A.D. Balaev, A.G. Kudashov, A.V. Okotrub,
S.I. Smirnov, Magnetic properties of Fe3C ferromagnetic nanoparticles encapsulated
in carbon nanotubes, Phys. Solid State. 49 (2007) 734–738, https://doi.org/10.
1134/S1063783407040233.

[23] S.V. Komogortsev, R.S. Iskhakov, A.D. Balaev, A.V. Okotrub, A.G. Kudashov,
N.A. Momot, S.I. Smirnov, Influence of the inhomogeneity of local magnetic para-
meters on the curves of magnetization in an ensemble of Fe3C ferromagnetic na-
noparticles encapsulated in carbon nanotubes, Phys. Solid State. 51 (2009)
2286–2291, https://doi.org/10.1134/S1063783409110158.

[24] F.H. Sánchez, P. Mendoza Zélis, M.L. Arciniegas, G.A. Pasquevich, M.B. Fernández
van Raap, Dipolar interaction and demagnetizing effects in magnetic nanoparticle
dispersions: Introducing the mean-field interacting superparamagnet model, Phys.
Rev. B. 95 (2017) 134421, https://doi.org/10.1103/PhysRevB.95.134421.

[25] P.C. Kuo, C.Y. Chang, Effect of packing density on the coercivity of elongated Fe3O4
particles, J. Appl. Phys. 57 (1985) 4678–4684, https://doi.org/10.1063/1.335327.

[26] A. Lyberatos, E.P. Wohlfarth, A monte carlo simulation of the dependence of the
coercive force of a fine particle assembly on the volume packing factor, J. Magn.
Magn. Mater. 59 (1986) L1–L4, https://doi.org/10.1016/0304-8853(86)90002-8.

[27] B. Yang, Y. Zhao, Coercivity control in finite arrays of magnetic particles, J. Appl.
Phys. 110 (2011) 103908, , https://doi.org/10.1063/1.3662950.

[28] S. Umeki, H. Sugihara, Y. Taketomi, Y. Imaoka, The dependence of the coercivity on
the volume packing fraction for magnetic particles, IEEE Trans. Magn. 17 (1981)
3014–3016, https://doi.org/10.1109/TMAG.1981.1061758.

[29] G. Bottoni, Influence of the magnetic interactions on the reversal mode of magnetic
recording particles, J. Appl. Phys. 69 (1991) 4499–4501, https://doi.org/10.1063/
1.348337.

[30] M. El-Hilo, Effects of array arrangements in nano-patterned thin film media, J.
Magn. Magn. Mater. 322 (2010) 1279–1282, https://doi.org/10.1016/j.jmmm.
2009.06.036.

[31] M. El-Hilo, R.W. Chantrell, K. O’Grady, A model of interaction effects in granular
magnetic solids, J. Appl. Phys. 84 (1998) 5114–5122, https://doi.org/10.1063/1.
368761.

[32] Y. Zhao, H. Neal Bertram, Disorder and coercivity in magnetic particle systems, J.
Magn. Magn. Mater. 114 (1992) 329–335, https://doi.org/10.1016/0304-8853(92)
90275-S.

[33] E.P. Wohlfarth, The effect of particle interaction on the coercive force of ferro-
magnetic micropowders, Proc. R. Soc. A Math. Phys. Eng. Sci. 232 (1955) 208–227,
https://doi.org/10.1098/rspa.1955.0212.

[34] P.I. Belobrov, V.A. Voevodin, V.A. Ignatchenko, Ground state of a dipole system in a
plane rhombic lattice, JETP 61 (1985) 522.

[35] P.I. Belobrov, R.S. Gekht, V.A. Ignatchenko, Ground state in systems with dipole
interaction, JETP 57 (1983) 636.

[36] L. Neel, Le champ coercitif d'une poudre ferromagnétique cubique à grains aniso-
tropes, C. R. Acad. Sci. 224 (1947) 1550–1551.

[37] P.M. Davis, Effects of interaction fields on the hysteretic properties of assemblies of
randomly oriented magnetic or electric moments, J. Appl. Phys. 51 (1980)
594–600, https://doi.org/10.1063/1.327311.

[38] C.S. Edmund, Ferromagnetism: magnetization curves, Reports Prog. Phys. 13
(1950) 304, https://doi.org/10.1088/0034-4885/13/1/304.

[39] A.H. Morrish, S.P. Yu, Dependence of the coercive force on the density of some iron
oxide powders, J. Appl. Phys. 26 (1955) 1049–1055, https://doi.org/10.1063/1.
1722134.

[40] P. Smaller, J. Newman, Effect of interaction on magnetic properties of a particulate
medium, IEEE Trans. Magn. 6 (1970) 804–808, https://doi.org/10.1109/TMAG.
1970.1066987.

[41] K. Bridger, J. Watts, C.L. Chien, The dependence of coercivities of ultrafine Fe
particles on packing fraction and microstructure, J. Appl. Phys. 63 (1988)
3233–3235, https://doi.org/10.1063/1.340852.

[42] M. Anhalt, B. Weidenfeller, Magnetic properties of polymer bonded soft magnetic
particles for various filler fractions, J. Appl. Phys. 101 (2007) 023907, , https://doi.
org/10.1063/1.2424395.

[43] G. Xiao, C.L. Chien, Giant magnetic coercivity and percolation effects in granular
Fe-(SiO2) solids, Appl. Phys. Lett. 51 (1987) 1280–1282, https://doi.org/10.1063/
1.98705.

[44] K. Ohshima, Packing-fraction dependence of coercivity of interacting acicular
skeleton-particles of α-Fe, J. Magn. Magn. Mater. 79 (1989) 276–294, https://doi.
org/10.1016/0304-8853(89)90182-0.

[45] D.C. Crew, E. Girt, D. Suess, T. Schrefl, K.M. Krishnan, G. Thomas, M. Guilot,
Magnetic interactions and reversal behavior of Nd2Fe14B particles diluted in a Nd
matrix, Phys. Rev. B. 66 (2002) 184418, , https://doi.org/10.1103/PhysRevB.66.
184418.

[46] I.S. Jacobs, F.E. Luborsky, Magnetic anisotropy and rotational hysteresis in elon-
gated fine-particle magnets, J. Appl. Phys. 28 (1957) 467–473, https://doi.org/10.
1063/1.1722773.

[47] S. Shekhar, E.P. Sajitha, V. Prasad, S.V. Subramanyam, High coercivity below
percolation threshold in polymer nanocomposite, J. Appl. Phys. 104 (2008)
083910, , https://doi.org/10.1063/1.3000607.

[48] M. J. Donahue, D. G. Porter, OOMMF User’s Guide, Version 1.0, Gaithersburg, MD,
1999. http://math.nist.gov/oommf.

S.V. Komogortsev et al. Journal of Magnetism and Magnetic Materials 473 (2019) 410–415

414

http://refhub.elsevier.com/S0304-8853(18)32097-3/h0005
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0005
https://doi.org/10.1007/978-3-319-59409-5
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0015
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0015
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0020
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0020
https://doi.org/10.1088/1361-6463/aa81a1
https://doi.org/10.1088/1361-6463/aa81a1
https://doi.org/10.1166/jnn.2008.017
https://doi.org/10.1166/jnn.2008.017
https://doi.org/10.1038/srep02887
https://doi.org/10.1103/PhysRevB.85.045435
https://doi.org/10.1103/PhysRevB.85.045435
https://doi.org/10.1103/PhysRevB.84.075480
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0050
https://doi.org/10.1016/j.jallcom.2015.10.285
https://doi.org/10.1016/j.jallcom.2015.10.285
https://doi.org/10.1186/s11671-017-2263-x
https://doi.org/10.1186/s11671-017-2263-x
https://doi.org/10.1016/j.jmmm.2016.12.046
https://doi.org/10.1016/j.jmmm.2016.12.019
https://doi.org/10.1016/j.jmmm.2016.12.019
https://doi.org/10.1029/2009JB006855
https://doi.org/10.3762/bjnano.1.22
https://doi.org/10.1063/1.3490833
https://doi.org/10.1063/1.1340601
https://doi.org/10.1016/S0304-8853(03)00029-5
https://doi.org/10.1103/PhysRevB.72.184428
https://doi.org/10.1063/1.4973879
https://doi.org/10.1134/S1063783407040233
https://doi.org/10.1134/S1063783407040233
https://doi.org/10.1134/S1063783409110158
https://doi.org/10.1103/PhysRevB.95.134421
https://doi.org/10.1063/1.335327
https://doi.org/10.1016/0304-8853(86)90002-8
https://doi.org/10.1063/1.3662950
https://doi.org/10.1109/TMAG.1981.1061758
https://doi.org/10.1063/1.348337
https://doi.org/10.1063/1.348337
https://doi.org/10.1016/j.jmmm.2009.06.036
https://doi.org/10.1016/j.jmmm.2009.06.036
https://doi.org/10.1063/1.368761
https://doi.org/10.1063/1.368761
https://doi.org/10.1016/0304-8853(92)90275-S
https://doi.org/10.1016/0304-8853(92)90275-S
https://doi.org/10.1098/rspa.1955.0212
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0170
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0170
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0175
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0175
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0180
http://refhub.elsevier.com/S0304-8853(18)32097-3/h0180
https://doi.org/10.1063/1.327311
https://doi.org/10.1088/0034-4885/13/1/304
https://doi.org/10.1063/1.1722134
https://doi.org/10.1063/1.1722134
https://doi.org/10.1109/TMAG.1970.1066987
https://doi.org/10.1109/TMAG.1970.1066987
https://doi.org/10.1063/1.340852
https://doi.org/10.1063/1.2424395
https://doi.org/10.1063/1.2424395
https://doi.org/10.1063/1.98705
https://doi.org/10.1063/1.98705
https://doi.org/10.1016/0304-8853(89)90182-0
https://doi.org/10.1016/0304-8853(89)90182-0
https://doi.org/10.1103/PhysRevB.66.184418
https://doi.org/10.1103/PhysRevB.66.184418
https://doi.org/10.1063/1.1722773
https://doi.org/10.1063/1.1722773
https://doi.org/10.1063/1.3000607
http://math.nist.gov/oommf


[49] E.F. Kneller, R. Hawig, The exchange-spring magnet: a new material principle for
permanent magnets, IEEE Trans. Magn. 27 (1991) 3588–3600, https://doi.org/10.
1109/20.102931.

[50] E.C. Stoner, E.P. Wohlfarth, A mechanism of magnetic hysteresis in heterogeneous
alloys, Phil. Trans. Roy. Soc. A. 240 (1948) 559 (accessed September 13, 2013),
http://www.jstor.org/stable/10.2307/91421.

[51] S. Bedanta, W. Kleemann, Supermagnetism, J. Phys. D. Appl. Phys. 42 (2009)
013001, , https://doi.org/10.1088/0022-3727/42/1/013001.

[52] E.Y. Vedmedenko, N. Mikuszeit, H.P. Oepen, R. Wiesendanger, Multipolar ordering
and magnetization reversal in two-dimensional nanomagnet arrays, Phys. Rev. Lett.
95 (2005) 207202, , https://doi.org/10.1103/PhysRevLett. 95.207202.

[53] R.P. Cowburn, D.K. Koltsov, A.O. Adeyeye, M.E. Welland, Single-domain circular
nanomagnets, Phys. Rev. Lett. 83 (1999) 1042–1045, https://doi.org/10.1103/
PhysRevLett. 83.1042.

[54] V.A. Ignatchenko, I.S. Edelman, D.A. Petrov, Magnetostatic fields in planar as-
semblies of magnetic nanoparticles, Phys. Rev. B. 81 (2010) 054419, , https://doi.
org/10.1103/PhysRevB.81.054419.

[55] E.A. Denisova, S.V. Komogortsev, R.S. Iskhakov, L.A. Chekanova, A.D. Balaev,

Y.E. Kalinin, A.V. Sitnikov, Magnetic anisotropy in multilayer nanogranular films
(Co40Fe40B20)50 (SiO2)50 /α-Si:H, J. Magn. Magn. Mater. 440 (2017) 221–224,
https://doi.org/10.1016/j.jmmm.2016.12.052.

[56] E.A. Denisova, S.V. Komogortsev, R.S. Iskhakov, L.A. Chekanova, D.A. Velikanov,
Y.E. Kalinin, A.V. Sitnikov, Effect of annealing on the magnetic properties of
(Co40Fe40B20)x (SiO2)1–x granular nanocomposites, Bull. Russ. Acad. Sci. Phys. 80
(2016) 1332–1334, https://doi.org/10.3103/S1062873816110186.

[57] R.S. Iskhakov, E.A. Denisova, S.V. Komogortsev, L.A. Chekanova, Y.E. Kalinin,
A.V. Sitnikov, Ferromagnetic resonance and magnetic microstructure in nano-
composite films of Cox(SiO2)1–x and (CoFeB)x(SiO2)1–x, Phys. Solid State 52 (2010)
2263–2266, https://doi.org/10.1134/S1063783410110089.

[58] M.N. Volochaev, S.V. Komogortsev, V.G. Myagkov, L.E. Bykova, V.S. Zhigalov,
N.P. Shestakov, D.A. Velikanov, D.A. Smolyakov, A.V. Luk’yanenko, V.B. Rachek,
Y.Y. Loginov, I.A. Tambasov, A.A. Matsynin, Structural and magnetic characteristics
of nanogranular Co–Al2O3 single- and multilayer films formed by the solid-state
synthesis, Phys. Solid State 60 (2018) 1425–1431, https://doi.org/10.1134/
S1063783418070302.

S.V. Komogortsev et al. Journal of Magnetism and Magnetic Materials 473 (2019) 410–415

415

https://doi.org/10.1109/20.102931
https://doi.org/10.1109/20.102931
http://www.jstor.org/stable/10.2307/91421
https://doi.org/10.1088/0022-3727/42/1/013001
https://doi.org/10.1103/PhysRevLett. 95.207202
https://doi.org/10.1103/PhysRevLett. 83.1042
https://doi.org/10.1103/PhysRevLett. 83.1042
https://doi.org/10.1103/PhysRevB.81.054419
https://doi.org/10.1103/PhysRevB.81.054419
https://doi.org/10.1016/j.jmmm.2016.12.052
https://doi.org/10.3103/S1062873816110186
https://doi.org/10.1134/S1063783410110089
https://doi.org/10.1134/S1063783418070302
https://doi.org/10.1134/S1063783418070302

	The magnetic dipole-dipole interaction effect on the magnetic hysteresis at zero temperature in nanoparticles randomly dispersed within a plane
	Introduction
	Numerical simulation
	Results and discussion
	Conclusion
	Acknowledgments
	References




