
Physics of the Solid State, 2022, Vol. 64, No. 9

05,13

Dipole-dipole interaction weakening in ensembles of cobalt microspheres

with a nonmagnetic core
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Magnetic microspheres with nonmagnetic acrylic glass core were fabricated using electroless deposition. There

are favorable conditions for magnetic flux closure within each particle. As a result, the dipole-dipole interaction in

the powder of such microspheres is reduced drastically. This is the key difference between powders of magnetic

microspheres and powders of full magnetic spherical particles witch behavior is significantly affected by the dipole-

dipole interaction. The magnetic hysteresis in the cobalt microspheres with nonmagnetic core is significantly large

then in the full cobalt particles produced using the same technique.
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1. Introduction

Numerous applications of magnetic nano- and micropar-

ticles as functional magnetic elements in biomedicine,

electronics, catalysis, etc. give rise to a number of

problems and requirements for the design of their shape and

properties [1–5]. In systems with large arrays of magnetic

particles (ferrofluids, ferrogels, magnetic elastomers, granu-

lar magnetic composites), the effect of magnetic dipole-

dipole interaction is important [6]. Since the dipole-

dipole interaction decreases rather slowly with distance

(∝ r−3), this leads to its non-locality for three-dimensional

systems. A correct theoretical account of the influence

of such an interaction, especially in ensembles of moving

and heterogeneously distributed particles in space, is very

difficult [7,8]. Formation of particle clusters under the action

of a dipole-dipole interaction affects the properties and is a

complex theoretical problem [9]. Also, it has a negative

impact on some application characteristics, for example,

it reduces the stability of magnetic colloids [10,11]. In

this regard, it is important to develop new methods for

creating particles that retain high magnetic susceptibility

but do not interact, at least in a small external field. The

solution in this situation can be the creation of a form

that closes the magnetic flux inside the particle. The ideal

shape in this case is a ring, but, firstly, the production

of such particles in volumes sufficient for applications has

not yet been mastered, and secondly, the anisotropy of the

shape of such particles imposes certain restrictions. An

interesting solution can be a particle representing a magnetic

spherical shell with a cavity or a partially non-magnetic core.

In a zero external field with a weak or negative surface

magnetic anisotropy constant, the magnetic microstructure

of spherical micro- and nanoshells is a magnetization vortex

that repeats the contour of a spherical shell and has two

cores at diametrically opposite points [12]. The cores of

magnetization vortices are topological defects that inevitably

arise in closed magnetic shells according to Brouwer’s

topological fixed point theorem (haired ball theorem) [13].
Thus, the magnetic flux is not completely closed — the

magnetic field goes beyond the shell in the region of the

vortex cores. The outgoing magnetic flux compared to

the total flux within the particle is about l2/R2, where

l =
√

A/4πM2
s (A is exchange constant, Ms is saturation

magnetization, R is particle radius (e.g., see [14]). In

an experiment, this magnetic flux can be estimated using

magnetization jumps [12,15] associated with a jump-like

change in the polarity of magnetization vortex cores [12].
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Figure 1. Hysteresis loops for hollow cobalt particles calculated using micromagnetic simulation (left) for particles with different ratios

of diameters of the non-magnetic core (Din) and magnetic shell (Dout), β = Din/Dout . On the right is the behavior of the Hs field obtained

by extrapolating the linear part of the curve to saturation.

For particles with a diameter greater than 100 nm, this jump

becomes negligibly small (less than 10−3 of Ms ). In this

article, we report the preparation of spherical magnetic Co

particles with a non-magnetic core and the study of their

magnetic properties in comparison with the properties of

homogeneous spherical particles.

2. Experiment

Particles with a core-shell structure were prepared in two

stages. At the first stage, submicron particles of polymethyl

methacrylate (PMMA) with a narrow size distribution

were synthesized, which were further used as the
”
core“

base for chemical deposition. The technology for the

synthesis of such particles was developed and applied to

the synthesis of photonic crystals [16]. Note that these

particles can be prepared with a given size from 100 to

300 nm, have a spherical shape and are characterized by

high monodispersity. In order to prevent sticking of the

particles of polymethyl methacrylate before obtaining a

metal coating, metal deposition was carried out on freshly

prepared isolated particles in a solution. At the next stage,

a metal coating Co(P) was deposited on the surface of

the particles by the method of chemical deposition from

cobalt salts. The impurity of phosphorus in the particles

does not exceed 15 at.%, and the structure is an amorphous

solid solution of Co(P) [17]. The magnetization of such

a solution (1000G) is somewhat lower than that for pure

cobalt (1400G), but it is quite high, so below we will

call these particles simply cobalt particles. The magnetic

hysteresis loops were measured on an MPMS XL-7 EC

magnetic measuring complex at a temperature of 300K.

To analyze the features of magnetic hysteresis in these

particles, we performed micromagnetic modeling of mag-

netic hysteresis loops in core-shell particles using the

OOMMF software package [18]. The parameters of the mi-

cromagnetic problem were selected corresponding to the ex-

perimental parameters of particles or CoP coatings [19–21].
Exchange interaction and magnetic anisotropy constants

according [17]: A = 1 · 10−6 erg/cm, K = 4 · 105 erg/cm3,

Ms = 1000G. An important feature of these calculations

is that the anisotropy constant in this case refers not to

the entire particle, but to the crystallites that make up

the particle or coating. The sizes of these crystallites

are selected equal to 10 nm. The easy magnetization

axes of the crystallites are randomly oriented, i.e., the

simulation takes into account the heterogeneity inherent in

the polycrystalline shell.

3. Micromagnetic modelling

The model hysteresis loops of core-shell particles have

different shapes for particles with different shell thicknesses

(Fig. 1). The loops are calculated for particles with

different values of the parameter β = Din/Dout — the ratio

of the diameter of the nonmagnetic core to the outer

diameter of the particle, the shell thickness is related to

β as Dout(1− β)/2). An increase in the shell thickness

leads to a decrease in the coercive field (Fig. 1). For

a solid spherical particle with a diameter of 250 nm, the

coercive field is smaller than the coercive fields of core-

shell particles for all calculated cases. The magnetization

curve obtained in a numerical experiment (Fig. 1) on one

particle near the zero field demonstrates a linear response.

So for a solid particle, the saturation field Hs should be
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Figure 2. Image of polymethyl methacrylate particles obtained in a scanning electron microscope before (a) and after (b) deposition of

CoP coating on their surface. The inset shows the size distribution of particles before and after deposition of the Co(P) coating on their

surface.

equal to the demagnetizing field Hs = (4/3)πMs , while the

magnetization grows linearly with the field up to H = Hs ,

i.e., the magnetic susceptibility in the range (−Hs , Hs) is

equal to χ = Ms/Hs , which is observed in Fig. 1 at β = 0.

The magnetization curves of magnetic shells demonstrate

a sharper linear increase in magnetization with the field

than for solid particles, in the region of low fields, with the

thinning of the magnetic shell. The range of the linear

section implementation in the shells is limited by fields

lower than Hs , above which magnetization proceeds non-

linearly, and the magnetization distribution resembles the

structure of an onion, the axis of which coincides with the

field direction. The description of the linear section in low

fields as M = H/Hs enables to estimate the value of Hs for

particles with different shell thicknesses (Fig. 1). It can

be seen in Fig. 1, b that this field agrees well with the

estimate Hs = (4/3)πMs ν = (4/3)πMs (1− β3), where

ν is volume fraction of the magnetic shell [22,23].

4. Morphology and particle sizes

The images obtained with the FE-SEM S-5500 scanning

electron microscope (Hitachi, Japan) show that the diameter

of PMMA particles after cobalt coating deposition on their

surface increased, despite the fact that their spherical shape

generally preserved (Fig. 2). It is also seen in Fig. 2 that, if

the Plexiglas particles were characterized by a high degree

of monodispersity before deposition, then after deposition

not only the particle diameter increased, but also the size

dispersion increased. Before deposition, the particles are

lognormally distributed. After deposition, the size distribu-

tion is better described by a Gaussian function. The average

particle sizes Dbe f ore = (141 ± 3) nm before deposition and

Da f ter = (253 ± 3) nm after deposition allow us to estimate

the shell thickness as t =
(Da f ter−Dbe f ore)

2
= (56 ± 5) nm.

The Da f ter distribution width is 32 nm. Thus, the thickness

of the shell in different particles varies from 40 to 72 nm.

5. Magnetic properties of particles

The hysteresis loop of core-shell particles is much wider

than that of conventional Co(P) powders of a given size

(Fig. 3). In articles [17,19,24] it is shown that the structure

of Co(P) particles obtained by chemical deposition is a

heterophase mixture of metastable Co(P) solid solutions

with an amorphous structure, FCC and HCP. The magnetic

properties of these phases are significantly different; there-

fore, the properties of particles change following the changes

in the phase composition depending on the particle size and

phosphorus concentration [17]. In this case we are dealing

with particles and coatings of Co(P) containing 15 at.%P.

The main phase of cobalt particles with such a phosphorus

content is an amorphous solid solution [17]. The coercive

force of solid particles Co85P15 changes in size from 0.1

to 3µm in the range from 100 to 200Oe [19]. Fig. 3 shows

the magnetization curve measured on a powder of solid

particles with a particle size of 300 nm close to the outer

diameter of the studied particles with a nonmagnetic core.

The hysteresis loop of Co(P) particles with a nonmagnetic

core is characterized by a much stronger hysteresis (Fig. 3).
The coercive force here is 700Oe (Fig. 3).

6. Discussion

Both in experiment and in micromagnetic simulation, the

coercive field of a solid particle turns out to be smaller

than for a particle with a core-shell structure (Fig. 3).
However, in the experiment, saturation of solid particles

is achieved in lower fields. In the simulation, this situation

is inverted. In addition, for
”
nonmagnetic core-magnetic

shell“ particles we obtain a remarkable agreement between
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Figure 3. Hysteresis loops of solid particles (a) and particles of Co@PMMA (b). Experimental data are round symbols, solid line is data

obtained by numerical simulation.

the numerical and experimental magnetization curves in low

fields. Namely, here it is possible to achieve agreement both

on the slope of the magnetization curve near the zero field

and on the magnitude of the coercive force.

Let’s discuss the reasons leading to coincidences and

differences between experimental and numerical data. The

magnetization curve calculated using micromagnetic simula-

tion refers to a single particle. Comparison of the results of

such simulation with the experimental results measured on

the powder implies the possibility of neglecting the effects

of the dipole-dipole interaction in the system of particles. To

estimate the effect of this interaction on the hysteresis loop,

it is important to estimate the parameter κ = 4K/M2
s [25].

Using the crystallite anisotropy constant K = 4 · 105 erg/cm3

and Ms = 1000 G we obtain κ = 16. If the constant K

corresponded not to a crystallite, but to a particle, this

would mean that the effect of the dipole-dipole interaction is

insignificant. The correct selection of the particle anisotropy

constant for such an assessment is an important and

difficult problem. The point is that the crystallite magnetic

anisotropy constant, which we use in the simulation, can

significantly exceed the magnetic anisotropy constant of a

particle containing many crystallites. In article [26] this

is demonstrated for single-domain particles. In addition,

sufficiently large particles (more than 30 nm), consisting of

crystallites with randomly oriented easy magnetization axes,

contain more than one magnetic domain, dividing into so-

called stochastic magnetic domains [21,27]. The studied

particles are characterized by the presence of random

magnetic anisotropy and are large enough to use the earlier

estimate of their anisotropy constant for stochastic domains

in Co85P15 alloys. According to [27] this constant is

∼ 8 · 103 erg/cm3 and now the estimate is κ = 0.3. Thus, in

the system of Co(P) particles, the influence of the dipole-

dipole interaction can be significant.

The closure of the magnetic flux inside a particle with

a nonmagnetic core should lead to a sharp decrease in the

dipole-dipole interaction in the system of particles. This

closure is the more effective, the smaller the external field.

In solid magnetic micro- and nanoparticles, magnetic flux

closure either does not occur at all (single-domain particles)
or is much less efficient than in hollow particles. In the

case of effective flux closure, the dipole-dipole interaction

between particles is negligibly small. Indeed, it is for

core-shell particles that a remarkable agreement is observed

between the model and experimental loops near the zero

field, while for solid particles we see a significant difference

in the behavior of the experimental and model hysteresis

loops. As Fig. 1 shows, the slope of the linear part of

the magnetization curve is sensitive to the thickness of the

magnetic shell. Note that the numerical curve in Fig. 3, b

demonstrating the same slope as the experimental loop in

the region of low fields, was obtained for a particle with

dimensions (shell thickness 50 and core diameter 140 nm)
close to those that are estimated by microscopic images.

This coincidence is an additional argument both in favor of

the reliability of particle size characterization and the results

of micromagnetic calculations.

The fact that the dipole interaction is weakened in an

ensemble of hollow cobalt particles is also evidenced by the

good agreement between the calculated and experimental

coercive forces (Fig. 3, b). To interpret the coercive force

of particles with a polycrystalline structure, the dimension

in the system of exchange-coupled crystallites becomes

important [28–30]. Increasing the thickness of the shell,

which contains more than one crystallite across, effectively

increases the dimension of the system, which should lead to

a decrease in the coercive force [28,31]. It is this behavior

that we observe in Fig. 3, b.

The neglect of the dipole-dipole interaction, which is

justified for small fields (on the order of or less than
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the coercive field), becomes incorrect for sufficiently large

fields, where the particles are magnetized almost uniformly.

In this case, each particle is the source of the magnetic field

generated by the magnetic dipole moment of the particle.

With this we attribute the difference in saturation fields for

core-shell particles and solid spheres in simulation and in

experiment. Thus, the experimental magnetization curves

demonstrate saturation in lower fields for solid particles,

while the numerical results, on the contrary, in a core-shell

particle (Fig. 3). The experimental result can be explained

by the formation of chains and clusters, which are oriented

in a sufficiently large field and, thereby, increase magnetic

susceptibility [7,32]. This effect should be more pronounced

for particles with a large magnetic moment and a more uni-

form distribution of magnetization. Solid particles of cobalt

satisfy these conditions better than magnetic shells of cobalt.

7. Conclusion

In conclusion, we list important results.

1. Magnetic microspheres with a non-magnetic acrylic

glass core can be prepared by chemical deposition.

2. In the region of low magnetic fields, the magnetic flux

closes within the shell of one particle with a nonmagnetic

core, which is reflected in the coincidence of the experi-

mental magnetization curve measured on the powder and

the results of micromagnetic calculations performed for a

single spherical particle with a nonmagnetic core.

3. The magnetic hysteresis of cobalt microspheres with a

nonmagnetic core is significantly increased in comparison

with solid cobalt particles due to the anisomerism of the

magnetization correlation volumes.
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