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Nanocomposites: The Electromagnetic
Functionality
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Systèmes de
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de Bretagne Occidentale,

Brest, France

ABSTRACT We present systematic effective permeability measurements of

nanostructured granular systems composed of magnetic (Ni) grains embed-

ded in a nonmagnetic (ZnO) matrix using broadband microwave spec-

troscopy. Using the transmission=reflection waveguide method, the

effective complex permeability was measured in the frequency range

0.01–10 GHz. From the data collected, it is found that a mean-field approach

(effective medium approximation) is appropriate for understanding the

permeability of composite materials characterized by submicrometer

inclusion length scales. A systematic study of the room temperature effec-

tive permeability tensor of these composite samples is performed and

provides a signature for the nonreciprocity of wave propagation in these

nanostructures.

KEYWORDS effective magnetic permeability, microwave, nanocomposites

INTRODUCTION

Nanoscale magnetism and electromagnetism have been the subject of

much research, both in fundamental studies and in technological applica-

tions. The topics range from magnetic-field sensing to magnetic recording

heads, from DNA binding and magnetofection to biological imaging.[1–3]

Recently, the conceptual tools and experimental methods developed in these

studies have been applied with varying degrees of success to explore new

types of nanostructured materials. As a result, there exist new opportunities

to tailor the electromagnetic and magnetic properties through the choice of

magnetic species and composition, potentially leading to novel structural

forms, such as the core-shell nanostructures. These promising applications

arise from their interesting physical properties such as superparamagnetism

relaxation[4] and noncollinear (canted) spin structures.[5–7] Some of the

envisioned magnetic and magnetoelectronic device applications using

the nanophases are based on solid-state materials where the nanophases
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are assembled into close-packed granular solids.

They therefore offer the possibility of fabricating

small devices being installed into larger systems.

Miniaturization has many advantages including

increased speed and sensitivity, reduced power con-

sumption, and improvement in the spatial precision

with which complex functions can be performed.

Lightweight, small feature size, possibly biocompati-

ble would in turn enable a range of applications,

across many fields, e.g., biosensor arrays and high-

frequency devices.[8] Such structures will not only

possess a higher density of integrated circuits (ICs)

but will also facilitate the use of quantum-information

processing principles to enable an orders-of-

magnitude increase in information processing capa-

bilities.[9] These applications, however, will only gain

market acceptance if they can be produced at a sub-

stantially lower cost than that of current available

techniques. As a result, the current interest in mag-

netic nanomaterials is coupled with considerable

effort aimed at developing new controllable fabri-

cation routes as a low-cost technique compatible with

monolithic microwave integrated circuits (MMICs).

Nanomaterials technology road map[10] calls for

nondestructive and fast turnaround methods to mea-

sure the electromagnetic wave transport properties

such as the permittivity and magnetic permeability.

Microwave frequency-domain spectroscopy (GHz-

FDS) has become an invaluable tool for the charac-

terization of materials owing to the recent progress

in instrumentation and experimental techniques.

The issues and problems associated with microwave

magnetic response of nanoscale structures are com-

plex and varied and revolve around topics that are

at the frontier of what is known in magnetism. In

particular, the development of novel approaches to

the characterization of nonreciprocal materials high-

lights the potential of GHz-FDS in studies of nanos-

tructures. In order to become the material of choice

for MMIC devices, nanomaterials need to demon-

strate a level of performance much greater than the

ferrite state of the art. Ferrites are important magnetic

materials. Because of their large bandwidth, low

electrical conductivity, low insertion loss, and fre-

quency agility, ferrite devices have wide applications

in technology, especially at high frequencies.[11, 12]

Thick, highly oriented films of hexagonal ferrites

(hexaferrites) having large uniaxial magnetocrystal-

line anisotropy are useful for planar nonreciprocal

devices operating at GHz frequencies,[13] however,

uses of these materials have been limited because

of large microwave magnetic losses. With the con-

tinuing progress of IC technology, the requirement

to increase the device density has led many to con-

sider the use of nanophases and nanocomposites

(NCs) for various aspects of nanofabrication. The

current work was motivated by the question: Are

they alternative materials within the broad class

of NCs that offer improved performance (e.g.,

tunability) beyond that of ferrites for microwave

applications?

Among the many types of nanostructured nano-

materials, NCs correspond with those that present

at least one phase in nanoscale dimensions. Nano-

granular materials are materials that consist of indi-

vidual grains of the order several to hundreds of

nanometers. Aggregates of nanoparticles are impor-

tant in the context of magnetic phenomena as they

serve as a bridge between the atomic limit and the

bulk and can form a basis for understanding the

emergence of magnetization as a function of size.

The existing literature on the wave transport proper-

ties in NCs is not extensive although some interesting

points have already been considered and investi-

gated as it triggers a rich range of experimental beha-

viors that are appreciably different from those in the

bulk. Reasons for this are the confinement of elec-

trons in nanometric dimensions that gives rise to

changes in the electronic distribution and thus in

the optical, electromagnetic, transport (and so forth)

properties and to the surface effects. Indeed, due to

the large ratio of surface area to volume in nanosized

objects, the behavior of surfaces and interfaces

becomes a prominent factor controlling the physical

and chemical properties of nanostructured materials.

In fact, a particle with 1000 atoms has about 40% of

them at the surface.[14] In addition the coupling of

wave with structures much smaller than the wave’s

wavelength (typically, interaction lengths less than

100 nm) makes NCs interesting systems to charcater-

ize via effective-medium modeling.

In this context, current consensus is that the follow-

ing questions have not been definitively answered:

(1) How does a powder compact consisting of many

grain boundaries behave magnetically, and how can

the nanoparticles be densified into a bulk material

while retaining the nanostructure of these particles?

(2) How is the particle packing modified as the
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surface area to volume ratio increases (i.e., when the

size of a particle decreases)? (3) How do material

parameters, shape, size of magnetic structures, in

addition to saturation magnetization, exchange stiff-

ness, and anisotropy, affect their magnetic properties?

One of the principal difficulties in answering these

pressing questions pertains to the fact that the mag-

netic properties of nanostructures are strongly influ-

enced by finite-size and surface effects. The

electromagnetic and magnetic characterizations of

these systems have put forward the controversial

issue of distinguishing between the contributions

coming from finite-size and surface effects. In

addition, the electromagnetic characteristics will be

affected by other features such as local strains, impu-

rities, and so forth, that result from synthesis and pro-

cessing. From the preponderance of the past results,

the following conclusions can be drawn on item

(1), Grain growth occurs at high temperature and

results in coalescence of the particles and magnetic

coupling of the ferromagnetic particles.[15,16] We note

that whereas the magnetic properties of isolated sin-

gle domain particles are well understood, it is not

clear what effects magnetostatic interactions will have

on assembly of nanophases. These interactions

induce collective behavior between the particles

and eventually give rise to complexities that cannot

be explained by the Stoner–Wohlfarth theory

(SW).[17] Regarding item (2), previous studies indicate

that the packing of fine particles is affected by a set of

factors, such as the actual particle size, its distribution,

the particle shape, the particle friction, and its den-

sity.[18] Because van der Waals attractive forces and

electrostatic interactions dominate over the gravity

at the submicrometer scale, agglomerates and aggre-

gates play a dominant role in several fields of nano-

technology.[19] Aggregates are formed by self-

assembly of particles, which are bound to each other

by strong, short-ranged noncovalent interactions. The

number of atoms that participate in nano-aggregates

controls the characteristics of these structures and

may lead to a significant increase in magnetic

moment. Regarding item (3), micromagnetic simula-

tions and experimental results from numerous studies

showed that these remanence-enhanced materials

must have a grain size below 20nm in order to exhibit

good magnetic properties.[20] A set of recent studies

has also indicated a variety of types of magnetic beha-

vior originating from the symmetry and size of the

nanostructures[21,22] and may be attributed to a com-

petition between the exchange and magnetostatic

interactions. However, the explanation of transport,

item (1), is more complicated, for example, what pre-

cisely the damping mechanism really entails is still a

controversial issue (see, e.g., Refs. 23–25). Optimiza-

tion of magnetic materials with new functionalities

requires a fundamental, quantitative understanding

of the magnetization mechanisms in the presence of

an induction field.

This work is structured as follows. The next

section is devoted to a brief review of the different

modeling approaches of the wave interaction with

NCs. The following section takes up the subject of

evaluating the effective magnetic permeability of

NCs, with two purposes in mind. First, in order to

characterize experimentally the material parameters,

we need to know how to measure them. Our second

purpose is to try to model the experimental data

within effective medium analysis. The fourth section

concludes the main text with a discussion of the

implications for characterizing the wave transport

in NCs, and the final section provides suggestions

for future work that could significantly advance our

knowledge of the electromagnetic properties of NCs.

MODELING OF THE WAVE
INTERACTION WITH

NANOCOMPOSITE MATERIALS

Because of their unique structure, which is charac-

terized by a high surface-to-volume ratio, with a high

proportion of atoms residing in the grain boundary

regions, and a rather high density of crystals defects,

nanocrystalline materials have extraordinary funda-

mental properties that could be exploited to make

‘‘next-generation’’ materials. Although many theor-

etical and experimental studies on nanosized grains

were carried out on large assemblies of particles,

many aspects of the static and dynamical magnetoe-

lectronic properties of granular systems are not

understood, impeding full exploitation of these

systems. The search for new materials has been

mainly empirical, as no predictive theory is currently

known for the transport properties in nano-

structures. However, over the years theoretical calcu-

lations have given some insight into the basic

mechanisms, although the calculations concern
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idealized structures whereby the clusters are of

essentially constant radius, uniformly distributed

throughout the material, and with no interactions.

While previous works concerned with experiments

and modeling efforts of the material parameters of

bulk composite materials exist, relatively few studies

have been carried out on the physics of (artificially)

nano- and mesostructured materials for which small

separations among nanoparticles are connected to

multipolar interactions between particles, together

with local giant field electromagnetic fluctuations.

Hence, there is a lack of fundamental understanding

of the role of morphologic parameters on the electro-

magnetic properties. The availability of precise elec-

tromagnetic data in nanophases, usually defined as

aggregates containing a number of constituent parti-

cles ranging from 102 to 107, provides a further link

to bridge the gap between the micro and macro

worlds. Unusual electronic properties with particle

size, such as colossal magnetoresistivity, and super-

paramagnetism are of particular current interest in

metal-based oxides. Among the various macroscopic

physical properties, the relative permittivity (e) and

the diagonal and nondiagonal components of the

relative magnetic permeability tensor (resp. l and

j) are quite sensitive to the the atomic, electronic,

and microscopic changes.[1] We have recently been

studying these materials parameters in order to find

additional systems showing correlations among

their magnetic and electrical properties and meso-

structure. We have found that modifying the aniso-

tropic properties of permeability tensors subject to

static magnetic field results in varying propagation

behaviors.[26,27]

Given this background, it is clear that in order to

obtain a complete and fundamental understanding

of electromagnetic wave transport in granular nano-

phases, it is important to be able to study experimen-

tally the tensorial nature of the materials parameters.

Although it is a serious challenge to prepare well dis-

persed (uniform) NCs of various compositions, an

even more difficult problem is the measurement of

the material parameters. A search of the literature

reveals that the current characterization techniques

used to investigate electromagnetic properties of

NCs are limited. Shortcomings and limitations of

these methods have been known for some time,

and many methods and types of apparatus have

been devised partly to overcome these problems.

To date, virtually all electromagnetic wave transport

experiments on NCs are performed with the mea-

surements of scalar permittivity and permeability

using conventional techniques (e.g., coaxial line

measurement, measurement of the transmission=

reflection coefficients of an asymmetric microstrip

transmission line). Only very recently, the tensorial

nature of the effective material parameters has been

addressed experimentally, with emphasis on the

nonreciprocity issue.[26,28] Polder [17] was the first

to theoretically approach the problem of the ten-

sorial analysis of the permeability in a uniformly

magnetized single-domain anisotropic magnetic

particle. His study revealed that the permeability is

described by a second-rank Hermitian tensor

~

~ll ¼
l jj 0
�jj l 0
0 0 1

2
4

3
5 in the coordinate system such

that the external field is applied in the positive z

direction, with l ¼ l0 � jl00 (resp. j ¼ j0 � jj00) being

the diagonal term (resp. off-diagonal term), and

where the single prime (resp. double prime) denotes

real (resp. imaginary) part. Over the past decade, the

drive to establish broadband measurement methods

for monitoring simultaneously e, m and j has given

considerable impetus to the development of sensitive

microwave spectroscopies. Clearly, experiments

aimed toward a ‘‘complete’’ electromagnetic charac-

terization of the magnetic permeability tensor have

become de rigueur in recent times. In this work, we

use a nonreciprocal strip transmission line measure-

ment cell. This makes it possible to clearly distinguish

between the diagonal and off-diagonal components

of the permeability tensor. Furthermore, it provides

new insights into the drastic changes in magnetic

properties for anisotropic materials subjected to an

applied magnetic field.

Another aspect that deserves attention is the issue

of mean-field (coarse-grained) modeling of the elec-

tromagnetic parameters in these assemblies of nano-

phases. In the quasistatic approximation (i.e., when

the characteric lengths of the heterogeneities are

very small compared with the wavelength of the

electromagnetic radiation) theoretical studies based

on the effective medium approximation (EMA)

provide insight into the different mechanisms that

contribute to the polarization and magnetization

of composites.[29] This condition is fulfilled for the

magnetic nanophases in our NCs. However, the pre-
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diction of the material properties based on these

theoretical studies is cumbersome because of the dif-

ficulty of directly measuring the surface and interface

contributions to these mechanisms. Moreover, a

comparison of the measured electromagnetic

parameters versus composition and EMT reveals dis-

crepancies, presumably due to the poor characteri-

zations of the distribution of particle sizes, shapes,

and defects that render the interpretation quite difficult.

Viau et al.[30] argued that a coarse-grained approach is

unable to fully represent the physics of NCs. Despite

the reasonable arguments made by Viau et al.,[30] as

well as that our own results[26–28,31,32] to date have sup-

ported their analysis, additional evidence for the fail-

ure of effective medium theories in nanocrystalline

materials would be welcome. Moreover, we expect

that order parameters different from these volumic

parameters are needed for a proper description of sur-

face=interface effects on the magnetic anisotropy and

permeability. Great care must be taken when inter-

preting dynamical properties in magnetic environ-

ments containing multiple length scales, because

these properties are governed by several interacting

processes taking place simultaneously at different

length scales. For dynamical simulations, the relevant

length scales should be coupled.

MATERIALS AND METHODS

Materials

All the samples used in these experiments consist

of mixtures of fine powders of neat Ni and ZnO with

a stable epoxy resin widely used for low-temperature

experiments (Scotchcast 265) and purchased from

3 M (Austin, TX). The ratio of the powders to the

resin is in the range 9–17% by volume. The starting

nanopowders were purchased from Nanophase

Technologies Corp. (Burr Ridge, IL) and were used

without further purification. For the purpose of com-

parison, another set of samples was fabricated that

contains mixtures of microsized powders (purchased

from Aldrich Chemicals), and these samples are

denoted as type M to distinguish them from the mix-

tures of nanosized powders (denoted as type N sam-

ples). Inspection of Table 1 shows the average size of

the particles for Ni and ZnO, respectively.

Several series of samples (Table 2) were fabricated

using conventional powder pressing. The detailed

fabrication procedure to achieve homogeneous com-

position of the samples has already been described

in previous publications.[23,26,27,31] Room-tempera-

ture-pressed ZnO=Ni compacts were made under a

pressure of 107 Nm�2 for 2 min. For the coaxial line

measurement, the typical dimensions of the sample

that was fabricated as toroids (APC 7 standard) were

inner diameter of 3.04 mm, outer diameter of 7 mm,

and length of 2 to 4 mm. For the strip transmission

line measurement, parallelepipedic samples were

cut and polished on all six faces until they reach

the typical dimensions (5 mm long, 5 mm wide, and

1.8 mm thick), with a mass near 2 g.

TABLE 1 Selected Physical Properties of the Nanosized (N) and Microsized (M) Powders Investigated in This Study

Powder ZnO (N) ZnO (M) Ni (N) Ni (M)

Average particle sizea,b,c,d 49 nm 1mm 35 nm 3.5 mm

Powder color White White Black Gray

Specific surface area BETa (m2 g�1) 22 22 15.6 15.6

Morphologyc Elongated Elongated Spherical Spherical

Crystal phasea,d Wurtzite Wurtzite Fm3m (225) Ccp Fm3m (225) ccp

Densitya (g cm�1) 5.6 5.61 8.9 8.9

a From manufacturer product literature.
b Determined from specific surface area.
c Checked by transmission electron microscopy images.
d Checked by X-ray diffraction experiments.

TABLE 2 Overview of NCs Compositions: fX Denotes the

Volume Fraction of the X Species, fp is the Porosity of the

Samples, and fresin is the Volume Fraction of Resin

Material designation fNi fZnO fp fresin

nNiZ0 0.56 0 0.19 0.14

nNiZ1 0.49 0.08 0.28 0.15

nNiZ2 0.42 0.17 0.27 0.14

nNiZ3 0.38 0.21 0.26 0.15

nNiZ4 0.33 0.26 0.25 0.15

Compaction pressure for all composites was 107 Nm for 2 min.
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The morphology and size of the starting powders

were determined by transmission electron

microscopy (TEM) using a 200-kV Jeol (Jeol-2010)

apparatus and selected area diffraction. Cross-

sectional bright-field TEM images indicate that Ni

particles are homogeneous with nearly spherical

shape.[31] The wurtzite-type ZnO particles were rod-

shaped with an aspect ratio of about 3:1, which was

determined from TEM micrographs. The phase purity

was checked by x-ray powder diffraction (XRD) using

monochromatic Cu Ka radiation (Phillips, PW-1729),

and the average crystallite sizes were determined from

the line broadening of the reflections using the Scher-

rer analysis. The grain sizes determined from analysis

of bright-field cross-sectional TEM images are consist-

ent with the ones obtained from XRD.

Electromagnetic Measurements

Our experimental facilities offer the opportunity to

probe simultaneously the effective complex permit-

tivity e ¼ e0 � je00 and permeability l ¼ l0 � jl00 of

the composite samples. We present our results rela-

tive to the permittivity and permeability of vacuum.

Two kinds of measurements were done. On the one

hand, the material parameters e and l were measured

using the transmission=reflection method[33] for the

broadband characterization of isotropic solid materi-

als. This experimental technique is based on the

measurement of the scattering parameters

(S parameters) of a toroidal sample of the test material

that has been machined in order that the geometrical

dimensions fit well those of the coaxial line used (to

avoid the presence of air gaps between the sample

and the line walls). The method is based on a two-

port device connected to an S-parameter test set dri-

ven and controlled by a network analyzer.[31,32] In this

coaxial line measurement, the fundamental trans-

verse electromagnetic mode is the only mode that

propagates in the coaxial line. An error analysis indi-

cates modest uncertainties in e0 (<5%), e00 (<1%), l0

(<3%), and l00 (<1%) for the data. A Hewlett Pack-

ard HP 8720B network analyzer setup is used to mea-

sure the S parameters of the cell containing the

material under test over a wide range of frequencies

(10 MHz to 10 GHz) with SOLT (short-open-load-

thru) calibration. All the experimental data reported

in this article were obtained at room temperature.

On the other hand, the microwave measurements of

the effective magnetic (relative) permeability tensor~

~ll were done using a strip transmission line measure-

ment method. Relevant aspects of the experimental

setup utilized in the current measurements were first

described in 2002.[28] A major concern in this charac-

terization method is to identify the nonreciprocal

properties of the tested sample. For a macroscopi-

cally isotropic two-phase composite medium, off-

diagonal elements of the magnetic permeability

~

~ll
are equal to zero. However, there should be nonzero

off-diagonal elements in

~

~ll for magnetically aniso-

tropic materials, and the reciprocity is broken. A con-

ventional electromagnet was used to transversely and

uniformly magnetize the sample to be characterized.

A Hewlett Packard HP 8720 A network analyzer setup

is used to measure the S parameters of the cell con-

taining the material under test. All permeability spec-

tra were recorded at room temperature.

RESULTS AND DISCUSSION

Coaxial Line Measurement of the

Magnetic Permeability

Representative frequency dependence curves of

the real and imaginary parts of the relative effective

permeability l for type N (fNi ¼ 0.50, fZnO ¼ 0.08,

fepoxy ¼ 0.14, and porosity ¼ 0.28) and type M

(fNi ¼ 0.50, fZnO ¼ 0.20, fepoxy ¼ 0.17, and

porosity ¼ 0.13) Ni=ZnO composite samples are

plotted in Fig. 1a, b. Upon inspection of Fig. 1a

and Fig. 1b, one can see the differences between

the permeability of M samples and that of N samples.

As can be seen from Fig.1a and b, l0 decreases to

zero (with a concomitant broad peak of l00 in the

GHz region of frequency). Perhaps the most note-

worthy feature is that whatever the volume fraction

of Ni investigated (from 0 vol% to 69 vol %), M

samples do not show absorbing properties in the

microwave range. In order to gain a better

understanding of how the composition affects the

permeability, a set of experiments was conducted

in which the volume fraction of Ni is varied, as illu-

strated in Fig. 2a, b. It is noticeable that the data in

Fig. 2a, b corresponding with M and N samples at

f ¼ 1 GHz, have very different behaviors. In parti-

cular, Fig. 2a, b indicates that the l0(fNi) and l00(fNi)

curves show substantial changes from M and N sam-

ples (e.g., l0 is enhanced by a factor of 5 and l00 is
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enhanced by a factor of 15 for fNi� 0.6). It should

also be noted that the resonance frequency F0 is

slightly increased as the percentage of Niis increased.

One can see also from Fig. 3 that the resonance

width at half height DF decreases significantly as

the percentage of Ni is increased.

A related basic question is to examine the links

with coarse-graining models based on the effective

medium (mean-field) approximation. A basic

assumption used in the theory of composites is that

there exist length scales above which fluctuations

at the microscopic level may be ignored. In this

way, useful predictions of a granular material’s bulk

properties can be made with no references to its dis-

crete nature. This major simplifying approximation is

based on a self-consistent procedure in which a grain

of one component is assumed to have a convenient

shape and to be embedded in an effective medium

whose properties are determined self-consistently.

Two prominent and standard approaches are to

solve the Bruggeman or the McLachlan equations

for the type of granular magnetic composites of

interest in this article.[29] The results for type N

FIGURE 3 The resonance frequency F0 (filled symbols) of Ni/

ZnO nanocomposites as a function of the volume fraction of Ni.

The resonance width DF (open symbols) as a function of the

volume fraction of Ni. The solid (resp. dashed) line shows the

calculated value of F0 (resp. DF) using our modeling approach.

FIGURE 1 The frequency dependence of the relative

permeability l for micrometer-sized (M, thin curve) and

nanometer-sized (N, thick curve) composite samples and a given

value of the volume fraction of the magnetic phase. Room

temperature. (a) Real part l0 of the permeability for Ni/ZnO compo-

sites. The composition is fNi ¼ 0.49, fZnO ¼ 0.08, fepoxy ¼ 0.14, and

porosity ¼ 0.28 for the type N sample (nNiZ1 in Table 2), and is

fNi ¼ 0.50, fZnO ¼ 0.20, fepoxy ¼ 0.17, and porosity ¼ 0.13 for the

type M sample. The dashed line is a Lorentzian fit to the data.

(b) Imaginary part l00 of the permeability for Ni/ZnO composites.

Same composition as in (a). The dashed line is a Lorentzian fit

to the data.

FIGURE 2 Variation of the relative permeability as a function of

the volume fraction of the magnetic phase for M-type (open sym-

bols) and N-type (filled symbols) composite samples at a given

value of frequency, F ¼ 1 GHz. Room temperature. The solid (resp.

dashed) line is a fit to the data according to the Bruggeman (resp.

McLachlan) model. (a) Real part l0 of the permeability for Ni/ZnO

composites. (b) Imaginary part l00 of the permeability for Ni/ZnO

composites.
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Ni=ZnO (Fig. 2a, b) are as one would expect: the

increase of the magnetic content in the mixture

results in an increase of l0 and l00. The solid lines

through the data in Fig. 2a–d are fits using the

Bruggeman equation and provide an indication of

some of the effects that control the effective per-

meability of nanocomposites. A permeability of unity

was assigned to the pore regions, epoxy, and ZnO.

This reproduces all features qualitatively, but quanti-

tative agreement is poorer for l00. It is to be noted

that the extracted value of lNi from fit of the l versus

fNi graphed in Fig. 1 (i.e., mNi(1 GHz) ¼ 8-j6), is con-

sistent with previous studies of the zero-field mag-

netic resonance of composite materials composed

of fine ferromagnetic CoxNi1-x and Fez[CoxNi1-x]1-z

particles prepared by precipitation in 1,2-propane-

diol.[30] In like fashion, the McLachlan model would

give mNi(1 GHz) ¼ 5.8-j4.3 for the Ni=ZnO nanocom-

posites (dashed line in Fig. 2a, b), to be compared

with the value mNi(1 GHz) ¼ 8-j6 determined with

the Bruggeman model. The percolation limit

turns out to be 0.19�0.01, slightly higher than the

threshold of three-dimensional continuum perco-

lation, that is, ffi 0:17.[29] Although this analysis

provides a better fit to the experimental data, it did

not offer any insight into the nature of the interaction

between magnetic grains.

In Fig. 1a, b we present also a comparison of the l0

and l00 experimental spectra with those derived from

a simulation based on this modeling. We employ a

Lorentzian line shape. Although there are systematic

discrepancies to a certain extent, we note that the

spectra of Fig. 1b exhibits the symmetry predicted

by the Landau–Lifshitz–Gilbert equation (LLG).[17]

Moreover, it can be concluded that the overall agree-

ment of the spectral dependence of the observed l0

and l00 with the LLG predictions is fairly good in view

of the simple assumption made. To gain some idea

of the trend on the resonance frequency Fo and the

resonance width DF versus the Ni content, the

predicted values are graphed in Fig. 3. Comparing

the experimental features with the theoretical calcu-

lations for Fo and DF, we do observe a remarkable

agreement for Fo. However, the observed DF are

larger than the DF expected from the LLG modeling.

It is also important to note that the value of

a obtained ranged from 0.19 to 0.40. These agree

with the values obtained from earlier calculations[26]

for c-Fe2O3=ZnO composites. One can indepen-

dently obtain a value of a from FMR.[23] Although

we have captured some of the resonance occuring

in the nanocomposites, a deficiency of our approach

is certainly that we fail to capture all of it. The

FIGURE 4 Frequency dependence of the real part of the com-

ponents l and j of the effective permeability tensor in N (nNiZ0)

sample (see Table 2 for the corresponding concentrations of spe-

cies) for magnetic field intensity varying between 2 and 3.25 kOe:

(a) real part l0, (b) imaginary part l00, (c) real part j0, (d) imaginary

part j00. The applied magnetic field is indicated in the inset. Room

temperature.
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weakness of the modeling, however, is that it may be

to simple due to the fact that we do not consider

interface contributions, and this may be responsible

for the broadening induced by the magnetic inhomo-

geneities to the gyroresonance peak. It should

also be noted that the problem is not always well

defined as the magnetic nanoparticles are polydis-

perse and the shape and size of the particles are

not well-known.

Strip Transmission Line Measurement
of the Magnetic Permeability

In our initial work[23,31,36] with the permeability

tensor of NCs, we varied the volume fraction of the

magnetic phase (c-Fe2O3) in the nonmagnetic matrix.

In Fig. 4, we present a set of representative spectra

for the real and imaginary parts of the permeability

tensor components at different values of the applied

magnetic field for the neat Ni sample. From the

panels of these figures, several observations can be

made. The first remarkable result seen in Fig. 4 is that

as the intensity of the magnetic field is increased the

asymmetric peak positions of l0 and l00 shift to higher

frequency, except at 3.25 kOe for which the reson-

ance frequency is less than that at 3 kOe. This obser-

vation remains valid for all Ni=ZnO NCs investigated.

The second feature of note is the nonzero off-diag-

onal terms of the permeability tensor. A careful

examination of Fig. 4c,d reveals that several bands

appear in the j0 and j00 spectra and that the

maximum of l00 is coincident with the corresponding

maximum of j00. Whereas the magnitude of l0 and j0

at 3.25 kOe is similar to the value obtained for satu-

rated dense Y-Al ferrites[28], the corresponding values

of the imaginary parts l00 and j00 are much smaller

than those of the ferrite slab. The influence of the

concentration of the magnetic phase on the spectra

(the applied magnetic field is H ¼ 3 kOe) is clearly

seen in Fig. 5. Furthermore, a shift toward higher fre-

quency in the peak position of the gyromagnetic res-

onance was observed as the volume fraction of Ni

was decreased. Another aspect that deserves atten-

tion is the concomitant smaller width (e.g., we obtain

a linewidth narrowing by a factor of 10 when fNi vary

from 0.56 to 0.33). Figure 5a, b indicates that the l0

and l00 curves show substantial changes as the Ni

volume fraction is decreased (e.g., l0 and l00 are

enhanced by a factor of 2 when fNi changes from

0.56 to 0.33). Figure 5c, d indicates a strong magnetic

anisotropy that is very sensitive to the magnetic

phase concentration.

FIGURE 5 (a) Frequency dependence of the real part of

the components l and j of the effective permeability tensor in

N samples Ni/ZnO: (a) real part l0, (b) imaginary part l00, (c) real

part j0, (d) imaginary part j00. The applied magnetic field is

H ¼ 3 kOe. The sample designation (see Table 2 for the corres-

ponding concentrations of species) is indicated in the figure.

Room temperature.
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The above results suggest that a field-induced mag-

netic anisotropy can be achieved with Ni containing

NCs. The data presented here may help to specify

the nonreciprocal electromagnetic properties, embed-

ded in the off-digaonal permeability tensor compo-

nent, of magnetic nanophases. The field-induced

magnetic anisotropy that is observed in Fig. 4 is rel-

evant to the implementation of the nonreciprocal

functionality employed in microwave isolators, phase

shifters, and circulators. For example, this functional-

ity would exhibit reduced insertion losses due to low

values of l00 and j00 near the gyromagnetic resonance

frequency, as exemplified by the permeability beha-

vior of Ni=ZnO NCs shown in Fig. 4.

We further observe that the interest in the prob-

lem of magnetization mechanisms of nanophases

was excited by the pioneering work of Aharoni[17]

who recognized the role of grain size and compo-

sition in exchange modes. Recently, Mercier and

co-workers[37] attempted to explore the influence

of multiresonances. Interestingly, in a recent

experimental study performed by us,[32] an overall

agreement of the spectral dependence of the com-

plex effective (scalar) permeability of Ni=ZnO NCs

with the Landau–Lifshitz–Gilbert equation was

found to be fairly good in view of the simple ass-

sumption. Analysis of the gyroresonance linewidths

strongly suggested a large dispersion in the local

field that presumably reflects the disordered physi-

cal nanostructure. Viau and co-workers[30] have

analyzed the multiresonances observed in the

effective (scalar) permeability of Fe0.13[Ni80Co20]0.87

systems in terms of nonuniform resonance modes

resulting from the exchange energy contribution

to the magnetization precession within the parti-

cles. These results are of intrinsic interest as well

as being tied to more complex phenomena such

as damping of spin motions in magnetic nanostruc-

tures for which the specific mechanisms are still

debated.[1,23]

SUMMARY AND OUTLOOK

The above sections have described preparation

methods and measurement results on the electro-

magnetic characteristics of NCs in the microwave

range of frequencies. The initial goal of this investi-

gation was to discover whether we could use the

excellent performance reported for magnetic NCs

as a guide to finding materials with improved

characteristics compared with ferrites for microwave

applications. In particular, we were interested in

such important electromagnetic characteristics as

tensorial effective magnetic permeability and

effective permittivity, which are not as prominently

featured in the literature.

A summary of the chief characteristics of the

results of this experimental study is as follows. Taken

together, the combined permeability tensor spectra

measurements over a broad band of responses in

the GHz regime show that magnetically structured

granular systems composed of magnetic grains

embedded in a nonmagnetic matrix can have very

different behaviors depending on their constituents.

It is found that mixing Ni nanoparticles with ZnO

nanoparticles results in a smaller linewidth of the

gyromagnetic resonance and an increased coercivity

compared with a sample consisting solely of Ni

nanoparticles.[27] With the current work and related

recent studies, an extensive body of experimental

data on the microwave magnetic response of

nanoscale structures is now available.

Granular materials persist at the forefront of con-

temporary research. With the enormous number of

conventional magnetic materials available to tech-

nology as the outcome of a century’s progress, it is

legitimate to ask what fundamentally original fea-

tures the magnetodielectric nanostructured materials

introduce in the field.[38] In our view there are three.

First, and by no means last, is the issue of processing.

Like other artificially structured solids, granular NCs

contain intricate structure on the nanometer scale

and extra degrees of freedom with which the physi-

cal properties can be manipulated to achieve tailored

materials for applications and for exploration of

physical phenomena. Improving the magnetic

properties of nanopowder compacts is to make the

exchange coupling between neighboring magnetic

aggregates dominate the demagnetizing and magne-

tocrystalline anisotropy energies in the material.

Second, these materials may facilitate the conversion

between energies stored in magnetic and electric

fields. However, and this is the third point, depend-

ing on the structural details, the local (residual) stress

can also adversely affect other properties crucial to

device performance, such as mechanical strength

and aging. Therefore, the control of stress-induced

strain is key to optimizing the processing conditions
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for implementation in the future microwave tunable

devices to increase the speed of performance, reduce

the dimensions, consume less power, and provide

novel modes of operation in comparison with con-

ventional counterparts (e.g., ferrites).

We emphasize in closing that the recent con-

siderable attention in the research community in

metal oxides nanophases (e.g., magneto-electric

multiferroic BaTiO3-CoFe2O4 nanostructures[39])

has revealed a range of interesting and intriguing

properties that offer great promise for the design

of materials with user-defined properties. The

coexistence of both magnetic and ferroelectric

orders raises the possibility of a subtle interplay

between the electric polarization and magnetiza-

tion mechanisms.[40, 41] The multidimensional

nature of the interactions between the composition,

process parameters, and end-use conditions of func-

tional materials provides tremendous prospects for

high-throughput nanomaterials research. It is of inter-

est to explore further the electromagnetic response of

these sophisticated materials as they are promising

candidates for planar nonreciprocal devices operat-

ing at microwave wavelengths. It has been argued[1]

that the years ahead may see magnetic nanometer-

sized structures play a major role for application in

magnetoelectronics. Whatever lies ahead down the

road for granular magnetic NCs, the journey promises

to be a particularly challenging and interesting one.
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