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Morphology, magnetic and dynamic properties of artificial structures
assembled by acoustic vibrations

K. B. Paula� and L. Malkinski
Advanced Materials Research Institute (AMRI), University of New Orleans, New Orleans, Louisiana 70148,
USA

�Received 27 May 2009; accepted 5 August 2009; published online 18 September 2009�

Cobalt micromagnetic particles with an average size of �1.6 �m and varying total mass of the
powder were assembled on patterned media with perpendicular magnetization by acoustic vibrations
onto designed shapes reflecting the primary material. The replicas were studied with scanning
electron microscopy, vibrating sample magnetometry, and ferromagnetic resonance spectroscopy.
Their properties were significantly influenced by the shape anisotropy induced through the parent
molds. A tendency in the development of the physical characteristics of the replicas was observed
as their geometrical parameters changed. © 2009 American Institute of Physics.
�doi:10.1063/1.3223317�

I. INTRODUCTION

The magnetic, structural, and magnetoelastic properties
of particle assemblies are determined by their individual unit
as well as by the spatial distribution of clusters and agglom-
erates. The forces between well-separated particles are dipo-
lar �also called magnetostatic or demagnetizing�, and they
diminish with increasing distance as �1 /r3.1

The Co particles used in this work are polydomain and
not separated. Therefore they are able to cluster and aggre-
gate. Accordingly, the interparticle interactions in a cluster
are dipolar and attractive.

The intercluster interactions reflect on a larger scale the
interparticle interactions. When the exchange coupling aniso-
tropy of two particles dominates the demagnetizing and the
magnetocrystalline anisotropies, the particles cluster.2 This is
frequently unwanted on uncontrolled level. Still, the cluster-
ing might have a positive impact in some experiments as
discussed further in this work.

Quantitatively, in terms of exchange lengths, if intraclus-
ter exchange coupling of the magnetic particles is dominant,
then the cluster size is larger than the magnetostatic ex-
change, and the magnetocrystalline exchange lengths.3 The
influence of the characteristic length scales and geometrical
effects on the average anisotropy field, magnetic relaxation,
and magnetic inhomogeneities is insufficiently studied.4–6

It is established in physics of particle magnetism that the
size and shape of the basic constituent significantly influence
the macroperformance of the fabricated material.4,5 For in-
stance, decreasing the particle size leads to an increase in its
saturation magnetization �4�Ms� and coercivity Hc.

6 The
Gilbert damping parameter � is generally larger for micro-
particles �0.5–0.6� compared to � for nanoparticles �0.3–
0.45� �see, e.g., Ref. 5, Fig. 6 therein�. Considerable effect on
� �and the absorbed microwave power �MWP�� plays the
systematic decrease in the particle size. In nanoparticle sys-
tems the surface effect and some related phenomena are
more notably expressed,7 e.g., excessive spins on the oxide

layers. Assemblies of microparticles are considered high
MWP-loss matter with ��0.5 and above, and linewidths
�H�2–3 kOe. For comparison, the corresponding bulk
crystalline materials have ��0.1.8

The clusters on a surface can couple to produce various
sizes and shapes. If the clusters are additionally subjected to
some kind of mechanical force, it can interfere with the cou-
pling process. In these experiments the particles are placed
on a conventional substrate, set on a patterned medium with
perpendicular magnetization component, e.g., amorphous Fe-
CoS ribbon. The substrate with the particles and the mag-
netic pattern are subjected to vertical vibrations and the mag-
netic clusters arrange on the designed pattern.

Microwaves in the 1–5 GHz frequency range are mainly
used in applications such as mobile phones, wireless local
area network �LAN� systems, or bluetooth devices. A promi-
nent technique to prevent electromagnetic interference be-
tween microwave radiation and electric devices �large scale
integration �LSI� and central processing unit �CPU�� is the
use of microwave absorption materials. The thickness of the
device is inversely proportional to the resonant frequency
and the magnetic permeability of the material �see, e.g., Ref.
9, Eq. �2� therein�. To tune the absorbers for various fre-
quency ranges above 5 GHz, there have been consistent ef-
forts to make the relevant materials thinner. In this respect,
rubber or resin compounds are unsustainable due to the de-
crease in volume fraction of the magnetic phase.9 The pre-
sented method of particle assembly in this work may have
the potential of producing good quality absorbers, provided
that it is optimized with the best particle size, shape, and
experimental conditions.

The main goal of this work is to demonstrate a method
of organizing magnetic microparticles on vibrating patterned
media with inherent perpendicular magnetization. The mor-
phology and magnetic and dynamic properties of the artifi-
cial structures are studied, and conclusions are drawn for
their practical applications as high-frequency absorbers.a�Electronic mail: dr_kpaul@hotmail.com.
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II. EXPERIMENTAL DETAILS

The microsize Co powders, with an average diameter of
1.6 �m, were purchased from Alfa Aesar chemicals and
marked as 99.8% pure. The particles and replicas were ana-
lyzed with scanning electron microscopy �SEM� measure-
ments to verify a mean particle size of 1.56 �m with log-
normal distribution of the size and elongated shape with an
aspect ratio of �3:1. The SEM images also elucidated the
basic morphology of the assemblies.

The arrangement of the particles on designed areas was
made with a low-voltage actuator PSt150/5/20 VS10, Piezo-
system Jena, fed by a power supply ENV800.10 In these ex-
periments, the actuator was attached perpendicular to the
sample plane to initiate vertical vibrations with an amplitude
of A�2 �m and sweeping frequencies f in the acoustic
range. The substrate with the particles and the magnetic pat-
tern are subjected to these vibrations. The related mechanical
force F is equal to mAf2 cos�2�ft�, where m is the mass of a
particle �or cluster�, t is the time of the vibration, and the rest
of the parameters are as introduced. The energy, associated
with this mechanical force, is imposed on the clustering par-
ticles. When commensurate with the intercluster exchange
energy, it can prevent from further clustering by breaking the
clusters into smaller ones. The system is set in the vertical
magnetic field of the patterned medium. Consequently the
clusters arrange on the designed pattern, and the inad-
equately large aggregations are tossed away from the sub-
strate at the appropriate frequency of the vibration.

General magnetic characterization of the structures was
achieved with a Lake Shore vibrating sample magnetometer.
The basic characteristics of the assembled sample—
saturation magnetization, reduced remanence, Mr /Ms, and
coercivity—were estimated from measured hysteresis loops
at room temperature, the measurements made in in-plane and
out-of-plane orientations of the assembly, to test the influ-
ence of the particle assembling procedure.

To investigate for possible applications of these materi-
als, ferromagnetic resonance �FMR� measurements were per-
formed, and the Gilbert effective damping parameter was
calculated. The room-temperature measurements were made
with an X-band Bruker spectrometer EMX300. The sample
was placed in the cavity in the parallel direction to the
sweeping dc magnetic field H, and spectra were recorded at
relevant angle steps �10° or more�. A resonance frequency
wave �rfw� with an amplitude of 10 mOe and frequency f
�10 GHz was simultaneously introduced into the cavity.
The magnetic spins, in precession in the increasing dc field at
the frequency of the wave which is the resonance frequency,
absorb the microwave power. The measured field derivative
of the absorbed power dP /dH versus H is informative of
important dynamic characteristics of the material discussed
in Sec. III B.

III. RESULTS AND DISCUSSION

A. Morphology and static magnetic measurements

In Fig. 1 is displayed the field emission SEM �FESEM�
image of a basic 3�1 mm2 structure formed by Co particles
covered with 100 nm Au for these measurements. It is ob-

served that the powder structure consists of magnetic whis-
kers, some pointing outside the sample plane, well seen
along the pole line of the parent material.

The macromagnetic state in these materials was assessed
by the M�H�-plots measured at 300 K and the basic charac-
teristics estimated from them. Two series of materials were
studied: the first with widths of 1 mm and lengths varying
from 1 to 6 mm and the second with widths of 1.3 mm and
same lengths as in the first series of samples.

In the patterned medium the anisotropy depends on the
parent material as well as the shape of the magnet. Conse-
quently the magnetic properties can be engineered by the
shape. The parent medium in these experiments has inherent
perpendicular anisotropy; additionally, it is shaped as two-
fold symmetry rectangular magnets with millimeter size and
decreasing aspect ratio as the length increases. The Co pow-
der is arranged on the substrate by the acoustic vertical vi-
brations and it exhibits the planar shape of the parent mate-
rial. The thicknesses are determined by the saturation mass
of the complex entity: substrate and structure. They are usu-
ally 1.15�0.1 mm molded by the major forces acting on the
particle system, attractive to the parent substrate and me-
chanical vibrations, which break and dissipate the large clus-
ters and agglomerations.

Typical hysteretic measurements corresponding to the 3
mm long powder sample from the first series are shown in
Fig. 2 for parallel �par� and perpendicular �per� positions of
the sample plane to the applied field. The plots are charac-
terized with a steep increase in the magnetization at low
fields followed by a linear saturating behavior. In the inset of
Fig. 2 is shown the low-field hysteretic behavior of the 1
�3 mm2 sample for the in-plane orientation. It is seen that
the hysteresis loop is double jump, characteristic for incoher-
ent switching.11 Similar incoherent switching was observed
for all samples from the first series when the magnetic field
was applied parallel to the sample plane. In the perpendicular
alignment of the field, the switching is coherent. The modi-
fication of the switching mode is obviously due to the geo-
metrical aspects of the patterned medium; also it is influ-
enced by the sole properties of fabricated structures.12 In the

FIG. 1. FESEM image of a 3�1 mm2 structure formed of Co particles
before wrapping for macromagnetic measurements.
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parent material, there is a pole area which results in nonho-
mogeneous distribution of the particles on the plane. Al-
though a general principle of minimizing the surface area of
the pole faces is valid, the nonhomogeneity affects the results
especially in longer samples.

It is a general observation, seen from M�H�-plots and the
results summarized in Table I, that these materials have low-
coercive fields, low remanence, and low squareness of the
hysteresis loops. The coercivities are higher in the out-of-
plane direction for all samples, and the magnetic remanence
is higher in the in-plane direction �approximately twice
higher than the out-of-plane remanence�. Therefore, the fab-
ricated structures exhibit perpendicular magnetic anisotropy
and near-in-plane isotropy similar to the parent material.

The changes in the physical properties of these structures
are a direct result of varying their size. To quantify the effect
of the shape anisotropy, the coercivity was measured from
the hysteresis loops, and the results are displayed in Fig. 3 as
Hc versus sample length L. The plot with the dark circles
represents the results for the perpendicular magnetization of
the narrow structures, and the open circles—the in-plane re-
sults.

The designed magnetic materials have demagnetizing
fields, which scale as t /a, with t the thickness of the magnet
and a its size= �area. An interplay between the induced

shape anisotropy and the structure’s demagnetizing field may
lead to coercivities which increase when the size of the mag-
net decreases: an effect well described for nanomagnets with
a constant aspect ratio of 1:2 in Ref. 12 �see Fig. 3�a�
therein�.

The fabricated structures in this work are rectangular
with changing aspect ratio. When the aspect ratio decreases
�length increases�, the macromagnetic parameters may in-
crease when the change in the demagnetizing field lags the
change in shape anisotropy caused by an increase in length.
The total morphology and magnetic behavior can be affected
as a result.

B. Dynamic magnetic properties

The FMR and the measured field derivative of the ab-
sorbed MWP dP�H� /dH inform about the damping in the
material and possibility for the presence of magnetic inho-
mogeneities in it. The results place emphasis on the positions
of the FMR lines, their widths, and shapes. The positions are
informative about the resonant dc field �Hres� at the em-
ployed frequency. The linewidths ��H� and the shapes elu-
cidate damping, associated relaxation processes, and inho-
mogeneities.

The absorption spectral lines in these experiments are
obtained from the integration of the measured dP�H� /dH
profiles at f �10 GHz and room temperature after baseline
corrections. It is possible to calculate the linewidth as the

FIG. 2. Typical M-H plots at room temperature for the 1�3 mm2 sample
in perpendicular �per� and parallel �par� orientations to the field. In the inset
is displayed a detailed M�H� view at the low-field range for the parallel
orientation.

TABLE I. Parameters of some fabricated materials. Per denotes out-of-plane parameters and par denotes in-plane parameters. Par1 and par2 denote parameters
associated with two in-plane directions.

Length
�mm�

First series �width of 1 mm� Second series �width of 1.3 mm�

Per Par1 Par2 Per Par
Hc Mr /Ms Hc Mr /Ms Hc Mr /Ms Hc Mr /Ms Hc Mr /Ms

1 206 0.070 180 0.110 181 0.110 180 0.044 174 0.117
3 185 0.060 176 0.115 176 0.120 177 0.060 172 0.126
4 175 0.053 165 0.123 166 0.120 188 0.048 175 0.120
5 177 0.055 170 0.115 171 0.113 184 0.060 172 0.120
6 169 0.087 172 0.120 172 0.120 178 0.056 174 0.120

FIG. 3. Hc vs L for the structures with a width of 1 mm; the lines serve to
guide the eyes. The results for the structures with a width of 1.3 mm are
presented in the inset of the figure.
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peak to peak values of the experimental dP�H� /dH versus
H-plots.5,6,13 As discussed in Ref. 6 and through the experi-
ences herein, the second method may produce higher values
of �H at frequencies below 20 GHz. In the discussion fur-
ther in the work are used results from the first method of
calculation.

In Fig. 4 is presented a FMR measurement for the 1
�1 mm2 sample from the first series made in the perpen-
dicular plane direction to the field. In inset �a� of Fig. 4 is
presented the azimuthal angular dependence of the resonance
field Hres�	�. In inset �b� of the figure is shown the integrated
P�H� plot; the dot line with the symbols is the Lorentzian
graph fitted to the measured and integrated P�H�.

As clearly observed in inset �a�, Hres is the highest at
90°, i.e., when the sample plane is perpendicular to the
sweeping field. This dependence is analogous to Hres�	� for
flat polycrystalline soft samples and nanocomposites with
shape anisotropy.13

The resonant fields in inset �a� are associated with the
maxima in the integrated absorption profiles.6 They are re-
lated to the uniform-mode angular frequencies as 
res

=��Hres+Hint�.
5,6,13 The parameter � is the effective gyro-

magnetic ratio and Hint is an average internal field, reflecting
the effect of the local inhomogeneities in the material.

The gyromagnetic ratio � can be determined experimen-
tally from measurements at several resonant frequencies

res /2�. Another approach to determine Hint is to use avail-
able data in the literature for � �or the spectroscopic splitting
factor g since �=g�B /�; �B is the Bohr magneton and � is
the reduced Planck constant�. The second method is used
when the experiments are performed at one frequency only,13

as in the presented work.
The close-to-Lorentzian shape integrated P�H� absorp-

tion spectra are generally distorted for these structures; they
are slightly asymmetric to the maximum, as observed, for
instance, in Fig. 4 inset �b� for the sample with 1�1 mm2

dimensions. Similar to the presented results asymmetry and
non-Lorentzian structure of the peak-absorption line are dis-
cussed for 1 �m �-Fe2O3 particle compounds.5 The distor-

tions are explained with nonuniform magnetization motions
due to the orientation distribution of the local anisotropy
fields.5 This seems to be a probable cause for the line distor-
tions of the artificial structures studied in this work.

The related samples have shape anisotropy, and the Co
particles in them are polycrystalline with no preferred orien-
tation. Therefore, the edgy current losses are possibly non-
negligible and they may also contribute to the distortion in
the shape of P�H�.14

The linewidth �H is the measure of the rate at which the
energy is transferred from the precessing magnetic moments
of the sample to its lattice. A rapid transfer results in a strong
damping of the precessional motion, and accordingly short
relaxation times, which broadens the spectral line overall.
Effectively, �H is defined as the full width at half maximum
of P�H�. Two main contributions to the linewidth are deter-
mined in an in-depth analysis in Ref. 5: intrinsic and extrin-
sic. While the intrinsic part is a fundamental characteristic of
the particular material, the origins of the extrinsic constituent
are mostly related to the sample fabrication procedure. The
latter may affect the inhomogeneities and therefore the inter-
nal static magnetic fields, also the anisotropic dispersion
within the sample. The inhomogeneous component of �H is
frequency independent and the homogeneous part depends
on 
res /2�.5

In Fig. 5 is displayed the dependence of the linewidth on
the angle enclosed between the sample plane and the mag-
netic field for the first series of samples with widths of 1 mm.
In the inset of Fig. 5 is presented the dependence of the
linewidth at the sample plane perpendicular to the magnetic
field ��H90� on the sample length �H90�L�. The angular an-
isotropy in �H is best observed with the shortest sample
�1�1 mm2�, and it can increase to an additional �2 kOe as
the structure is rotated from 0° to 90°. The change in �H�	�
is less pronounced when the sample length is increased, as
seen in Fig. 5 and in its inset. Similar anisotropy in �H�	�
was monitored for the second series of samples with widths
of 1.3 mm. The range of change in �H for the samples from
the second series is between 4.2 and 5.8 kOe and is best

FIG. 4. dP /dH vs H measured with the sample plane perpendicular to the
field. In inset �a� is presented the angular dependence of the resonance field
Hres. In inset �b� is introduced the integrated P�H� line; the dots represent the
Lorentzian fit to P�H�.

FIG. 5. Angular dependence of the estimated linewidths for the first series
of samples �widths of 1 mm and lengths varying from 1 to 6 mm�. The data
for sample 1�6 are presented with 5% error bars. In the inset is introduced
�H90�L�. The lines in the figure are guides for the eyes.
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monitored in the shortest sample �1�1.3�. It is smaller than
the range of change in �H�	� for the first series—from 4.4 to
6.7 kOe. Thus, the anisotropy in �H is suppressed, or rather
influenced by the demagnetizing fields, as the lengths of the
materials are increased �see, e.g., Ref. 6, Appendix B for
similar results�. If an experimental error of determining the
magnetic fields of 2% is assumed with the Bruker measuring
equipment for FMR, and an error in calculations of �H
�3% is taken up, the total systematic error of the estimated
�H will not exceed 5% of the real �H-values.

When the values of �H are of the same order as the
resonance fields Hres, the analysis of the particular constitu-
ents in the relaxation process would require a more complex
formalism than a single Lorentzian line,15 which is outside
the scope of this work. Two-maximum absorption curves are
predicted to explain the FMR results for suspensions of fer-
romagnetic particles in a theoretical work.16 There is a pos-
sibility of existing weaker modes associated with polydisper-
sity of the particles. These weaker modes have frequencies
close to the frequency of the dominant mode and may sig-
nificantly distort its shape.5,17

The introduced physical characteristics �H, �, 
res, and
� are related to describe the rfw damping in materials ac-
cording to the relation �=1 /2 ��H ·�� /
res.

6,13 The calcula-
tions based on the presented results reveal angular depen-
dence �anisotropy� of the Gilbert damping parameter, with
values of � ranging from 0.58 to 0.89 ��0.03� for the first
series of these materials, in parallel and perpendicular direc-
tions to the field correspondingly. For the second series of
materials with widths of 1.3 mm, the values of � range from
0.61 to 0.80�0.04 for parallel and perpendicular orienta-
tions of the sample plane, respectively. Also, there is an ap-
parent dependence of � on the geometrical attributes of the
sample, which can certainly be optimized for best perfor-
mance of a device. Close Gilbert damping parameters are
reported in Ref. 5 for microsize particle composites.

IV. CONCLUSIONS

This work reports on a new method of particle assembly
and formation of particle structures. It investigates the pos-
sibility to use these structures as high-frequency absorption
and tuning materials. It is established that these structures

can absorb MWP significantly with ��0.6 at 10 GHz when
placed in parallel to the magnetic field. Regarding the exist-
ing proportional relation of 
res and Hres, it is expected that
these materials can be applied successfully at higher frequen-
cies to prevent electromagnetic interference in high-
frequency devices. This statement is accompanied with the
requirement to optimize these structures in terms of particle
size and shape, packing density of the powder, and the spe-
cific material.
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