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1. Introduction

1.1

Fields and matter at nanoscale

When subatomic ingredients, such as electrons, protons and neutrons, join
together to form condensed matter systems, collective phenomena emerge.
These phenomena occur in all forms of matter ranging from chemistry in
living organisms to the emergence of magnetic states and superconductivity. The interaction between the subatomic ingredients with the external
world deﬁnes the existence and the manifestation of the world as we perceive it.
At the scale of one billionth of a meter (nanometer; symbol nm), most
materials interact with the world differently from their macroscale counterparts, fundamentally because of the increasing interface (relative to
the volume) between the material and the external world. When one of
the dimensions of the material becomes comparable with a speciﬁc physical length, such as an electron’s mean free path or the coherence length
of a collective state, the corresponding phenomenon will change abruptly.
At room temperature, electrons in metals loose their phase coherence on a
length of several tens of nanometers. In magnetic materials, the interaction between electron spins causes the emergence of symmetry breaking
and the aligning of all spins within a small region called magnetic domain.
Figure 1.1 shows a few examples of objects that exist at different scales
in nature. Nowadays, nanofabrication technology allows the realization
of complex structures at very small scales. Some structures are smaller
than human red blood cells. Current applications of nanoscale structures
are in electronic, energy, and medical sectors. Products include batteries,
photovoltaic cells, catalysts, coatings, and sensors. There exist also more
futuristic concepts such as nanorobots and quantum computers.
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Figure 1.1. Natural and artiﬁcial objects in nature at different length scales. In the biological world, tree-pollens and microorganisms have their sizes range from
hundred nanometers to several micrometers. At these scales, various materials including metals manifest themselves differently from their bulk counterpart. Technology, at the present time, allows the creation of artiﬁcial materials and complex devices at these tiny scales. Some (gray-scale) pictures
in the upper part of the scale represent materials and devices fabricated and
studied in this thesis.

1.2

Motivation and objectives of the research

The objectives of this work are two-fold: to increase the knowledge about
nanoscale matter and to develop novel nanotechnologies.

1.2.1

Ion-based technology for 3D nanofabrication

Precise nanoengineering is a key towards a paradigm shift in science and
technology. At nanoscales, there are two approaches for device fabrication: the ‘top-down’ approach and the ‘bottom-up’ approach. The bottomup approach involves the formation of objects from atoms or molecules.
Recently, a group of international researchers has successfully created
a DNA nanobox that can be opened in the presence of DNA keys using
a bottom-up approach [1]. Other new nanomaterials (nanoparticles and
carbon nanotubes) have also been synthesized based on various bottom-up
techniques.
For the top-down approach, an object is made from a large piece of material (bulk or thin ﬁlms); the fabrication processing involves methods such
as lithography and etching. Conventional lithography (photolithography,
electron beam lithography, and others) is limited by the depth of focus. So,
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it has been a challenge for scientists to ﬁnd new ways for the fabrication
of three-dimensional (3D) structures and devices. In recent years, many
novel top-down approaches have been introduced as alternatives [2, 3].
Some methods are based on stamping technology [4], some are based on
direct laser writing [5].
Another alternative way to create 3D objects at nanoscales relies on the
folding of lithographic thin ﬁlms. The technique was ﬁrst introduced by V.
Ya Prinz in 2000 [6]. The idea is to generate the folding of a planar structure by using thin-ﬁlm stress. Simple structures such as tubes, spirals,
and bent cantilever have been successfully demonstrated by this technique [7]. The miniaturization of nanofabrication is continually changing
the way materials are used and applied.
In our research, we have studied the effects of ion irradiation on ﬁxed
and free-standing metallic thin ﬁlms. The primary aims were: 1) to develop three-dimensional nanofabrication techniques, and 2) to study the
folding of metallic thin ﬁlms after being released from the substrate by
selective (ion plasma) etching. Some experimental ﬁndings led to further
studies of the effects of focused ion beam irradiation on the metallic ﬁlms.

1.2.2

Microwave applications of nanomaterials

Computers and electronic devices are made of various types of materials:
metals for signal lines, semiconductors for diodes/transistors, and magnetic materials for memory devices. The precise knowledge about the electronic and magnetic properties of materials is important in design and engineering processes. For example, in order to make a microwave antenna
at a smaller scale, the material used must have a larger index of refrac√
tion, n. Since n = μ where  is the electric permittivity and μ is the
magnetic permeability, miniature antenna can be made of either high-μ
magnetic or high- dielectric materials. Conventional ferromagnetic materials usually exhibit high magnetic permeability at low frequencies. But
due to the presence of ferromagnetic resonances at high frequencies, the
permeabilities of most materials are relatively low, i.e. μ ≈ 1.
Conventionally, many FMR experiments have been conducted in a resonant cavity. The microwave was ﬁxed at the resonant frequency of the
cavity, and the FMR resonance is detected by sweeping the external magnetizing ﬁeld until the lowest cavity Q-factor (absorption peak) is observed. Based on the cavity experiment, C. Kittel developed the FMR
theory predicting the resonance condition in terms of the magnetizing
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ﬁeld. So far, most experimental studies on magnetic nanoparticles have
been conducted by non-resonant transmission-line methods under zero
external ﬁeld [8, 9, 10, 11, 12, 13]. Only some experimental studies have
included the effect of an external magnetizing ﬁeld. Among those are
the systematical studies of magnetic ﬂuids done in the 1990’s [14]-[15].
These investigations did not include micro-and nanoscopic studies of the
constituent particles. In general, particles in a magnetic ﬂuid may have
various sizes and shapes; some may exhibit a single magnetic domain
and some may not. Using new chemical synthesis methods [16, 17, 18],
new magnetic nanoparticles can be made with narrow size distributions.
In this research, fcc-cobalt and -cobalt nanoparticles are chosen for the
experimental investigations at microwave frequencies. The experiments
are done by measuring magnetic permeabilities over a broad range of frequencies in different magnetizing ﬁeld.
For non-magnetic nanomaterials, carbon nanotubes provide an interesting object of study. They are known for their unique mechanical and
electrical properties. A single-walled carbon nanotube (SWCNT) can be
metallic or semiconducting depending on its chirality, while a multi-walled
carbon nanotube (MWCNT) is usually a metal. With the aim to make electronic devices at smaller dimensions, engineers are motivated to ﬁnd ways
to shrink the interconnecting metallic lines in microchips. However, a reduction of the cross section of a wire results in an increase of Joule heat
generation. High current densities in wires may also induce electromigration which leads to the generation of stress and failure of the electronic
components [19, 20]. Unlike electric conductivity in metallic wires, the
conductivity of carbon nanotubes does not follow Joule’s law: the heating
is generated at a signiﬁcantly lower rate [21]. The unique electrical properties of carbon nanotubes allow realization of energy-efﬁcient devices at
smaller scales.
Besides the replacement of conventional metallic lines with carbon nanotubes, the new nanomaterials may also be used as shielding materials
at microwave frequencies. Recently, an experimental study showed that a
transparent SWCNT ﬁlm with 90% optical transmittance has a shielding
effectiveness (43 dB at 10 MHz and 28 dB at 10 GHz) higher than the
requirement in the mobile phone communication industries [22]. In this
work, we aim at investigating the microwave properties of both singlewalled and multi-walled carbon nanotube materials. The objectives are 1)
to measure the complex permittivities of single-walled carbon nanotube
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composites at microwave frequencies, and 2) to study the anisotropy of
aligned MCNT yarn membranes. The microwave measurements are done
by using a transmission/reﬂection method or a resonant cavity.

1.3

Structure of the thesis

Chapter 2 of this thesis discusses how preliminary ﬁndings about the effect of ion processing on nanoscale metals have eventually led to the invention of new nanofabrication techniques that can be used to make complex three-dimensional metallic structures on the nanoscale. The new
technologies are a hybrid between the state-of-the-art top-down approach
and the energy-efﬁcient self-organization in bottom-up processes. The
main results of the research presented in Chapter 2 are included in Publications III and IV.
Next in Chapter 3, the effect of microwave radiation on nanoscale materials is discussed. This study is motivated by the fact that, in terms
of technology, there are many applications for nanoscale materials at microwave frequencies. Chapter 3 focuses on scientiﬁc knowledge rather
than on technological aspects. The research is divided into two parts:
1) development of microwave spectroscopy techniques and 2) characterization of nanoscale materials. Some of the main results presented in
Chapter 3 are also discussed in Publications I, II, V, VI, and VII.
Chapter 4 presents a summary of the research work. Appendices give
additional information on the microwave measurement techniques and
some nanotechnological intrumentations used in this study.
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2. Metallic Nanostructures under Ion
Bombardment

This Chapter summarizes the research work that has been reported in
Publications III-IV and presents a short review of scientiﬁc literature in
the relevant research area.

2.1

2.1.1

Metals at reduced dimensions

The role of grain boundaries

Metals are usually found in the polycrystalline phase. A piece of bulk
metal may be divided into three different regions: crystals, grain boundaries and surfaces. Usually, the number of atoms in the grain boundaries
and surfaces is much smaller than the number of atoms in the crystals.
Inelastic deformation involves the movement of dislocations or defects inside the crystals. The deformation dynamics at the grain boundary is
assumed to be much smaller. However, for thin ﬁlms (10s of nm), the
number of surface atoms and atoms in the grain boundary will be comparable to the number of atoms in the crystals. Consequently, diffusion
at the grain boundaries becomes a more prominent phenomenon for the
inelastic relaxation [23].
A study made on 1 μm-thick Cu ﬁlms shows that grain-boundary diffusion governs the stress relaxation at temperatures above 300 o C [24].
Other studies have demonstrated that, in contrast to coarse-grained materials, most of the plastic deformation in nanocrystalline metals is associated with atomic mobility at the grain boundaries [25, 26, 27]. For copper,
the shift from dislocation-mediated plasticity in the coarse-grained material to grain boundary sliding occurs at a grain size of about 10 to 15
nanometers [28]. Besides deformation at the grain boundaries, dislocation nucleation at the free surface can also occur in atomic clusters. This
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phenomenon helps sustain the plastic ﬂow at the edge of clusters and materials at nanoscale [29].
Theoretically, electronic states of atoms in a crystal are completely different from those at a surface or grain boundary. Atoms in crystals are
energetically more stable. Perturbing the states of a crystalline atom
therefore requires a larger amount of energy than perturbing an atom on
a surface. As a result, atomic diffusion from a metal surface into a grain
boundary can occur at a much higher rate than atomic diffusion into a
crystalline grain. Generally, there are a variety of ways (for example, mechanical stress, electrical stress, or radiation induced stress) to perturb
an atomic state and generate atomic hopping/mobility. Although a metal
can be isolated from many other external perturbations, atomic mobility
can still occur through thermally induced diffusive process.

2.1.2

Technological applications

Technologically, low-dimensional or small-grain metals can be applied in
many diverse areas. In the manufacturing sectors, such as in automobile
industry, small grain metals are promising candidates for the processing
of the so-called superplastic metals. Superplasticity is a phenomenon that
is observed when a metal is heated to a phase-transition temperature.
In 1999, S. X. McFadden, A. K. Mukherjee and their co-workers found
that superplasticity can occur at a relatively low temperature in nanostructured nickel and metal alloys [30]. Their research results show that
the mechanisms of superplasticity in nanocrystalline materials are fundamentally different from those in microcrystalline materials. Usually,
nanocrystalline metals contain a larger volume fraction of grain boundaries. Atoms in a grain boundary are in non-crystalline phase. They can
diffuse relatively faster to ﬁll in gaps opened during the stretching, and so
preventing the metal to break [31]. The ability to stretch metals at lower
temperature can help reduce the energy cost of the manufacturer.
In the electronic industries, low-dimensional metals such as thin ﬁlms
are commonly used to make electrical components. A small deformation
in thin ﬁlms under the presence of an intrinsic stress can result in a fatal
error or breakdown of the ﬁnal device. It is therefore necessary to understand the inelastic deformation of thin metal ﬁlms.
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2.2

Conventional nanofabrication of metal nanostructures

Simple metallic nanostructures can be created by both top-down and bottomup approaches. Publications III and IV present new techniques, which
combine the advantages of the state-of-the-art top-down technology and
the energy-efﬁcient self-organization approach. The techniques can be applied to assemble complex three-dimensional nanostructures from lithographically deﬁned thin ﬁlms.

2.2.1

Bottom-up approach and self-organization

The bottom-up approach is a nanofabrication process involving the making of a macroscopic structure from small ingredients such as atoms or
molecules. An ideal machine for the bottom-up approach would be a machine that can assemble matter (things) atom by atom. In nature, matter
is formed in this way. The external environment and internal interactions act like a virtual machine, which transforms the matter upon the
demand of nature. A study of pattern formation in ice [32] shows that the
shape of a snow crystal is controlled by the humidity and temperature of
the growth. Snow crystals growth at -15 o C and at high supersaturations
result in the growth of plates and stellar dendrites, while a temperature
of -5 o C and a moderately-high supersaturation (about 5 percent) lead to
hollow column growth.
A self-organizing system is deﬁned as a system in which a global pattern (order) emerges from the local interactions of the components (atoms,
molecules, grains, etc.), starting from an initially disordered system. Selforganization in nature includes not only the formation of small things
(e.g., snow ﬂakes, metallic crystals), but also the emergence of phenomena such as the formation of evenly-spaced valleys in a mountain area
[33].
In Chapter 3, magnetic nanoparticles and carbon nanotubes produced
by bottom-up techniques are studied under microwave radiation. Magnetic nanoparticles are made by wet-chemical synthesis [16], and carbon
nanotubes are grown by various other methods.

2.2.2

Top-down approach

In the top-down manufacturing process, smaller components are usually
crafted from bigger pieces of materials. At human scales, top-down manu-
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facturing usually involves cutting, stamping, welding, and bending. Welding uses heat to join pieces of metal together. At nanoscopic scales, welding is done, for example, by using electron-beam [34] or light [35]. Cutting is replaced by etching and lithography (with electron, photon or ion
beam), while stamping is replaced by nanoimprinting technique [36]. For
bending, mechanical methods can still be used, but it would require a
nanoscale indenter (pressing) system. Alternative methods include the
use of ion-beam to generate stress and induce the folding of free-standing
ﬁlms [37, 38, 39].
When designing complex structures at macroscopic scales, the ﬁnal products are usually made by combining various techniques together, for examples, cutting and welding. At nanoscopic scales, the development of
etching and lithography is far ahead of other techniques. Thus microtechnological devices have been designed and fabricated primarily based on
these techniques.
Electron beam lithography (EBL) comprises three main processes: 1)
coating a substrate by a resist, 2) exposing the resist with an electron
beam and 3) developing the resist with a suitable chemical. In EBL,
the exposure process or the patterning process is done by one pixel at
a time using a modiﬁed scanning electron microscope (SEM). The resolution of EBL depends on the beam spot size and other factors related to the
electron-resist interaction. Commercial EBL tools achieve a resolution
well below 100 nm [40, 41].
The electron beam spot size used for an EBL process depends on the
SEM operation. Usually, a commercial SEM consists of a source of electrons, a set of focusing electromagnetic lenses, a blanker to turn the beam
on and off, a deﬂection system for moving the beam, a stigmator and apertures, see Appendix B. The electrons are generated from a source either
by heating (thermionic source) or by applying an electric ﬁeld (ﬁeld emission source). The standard thermionic source is a loop of tungsten wire,
but, today, lanthanum hexaboride (LaB6 ) has become more widely used
because of its higher brightness. LaB6 has a lower work function, which
means it can be operated at lower temperature (1800 K). Electrons are
focused by normal and stigmator lenses. A stigmator is used to compensate for errors in e-beam focusing. A stigmator may be either electrostatic
or magnetic. Typically, the de Broglie wavelength of electrons in an SEM
is smaller than 0.01 nm. So, at the nanometer scale, diffraction is not
the limiting factor. However, differences in electron velocity can lead to
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chromatic aberration.
Although the electron beam spot size can be improved, the EBL resolution is still limited by the electron beam-resist interaction. When an
energetic electron impinges on a resist, it loses its energy via a series
of scaterring events. Some scattering may cause the electron to bounce
back, creating a back scattered electron. Some scattering generates the
emissions of secondary electrons and electromagnetic radiation. The scattering processes within the resist are the cause of the expansion of the
exposure spot size. If the resist layer is thinner than the penetration
range of the electrons, scattering at the resist-substrate interface should
also be considered.
The electron-beam resists are high molecular-weight polymers dissolved
in a liquid solvent. To deposit the resist over the substrate, we place
a drop of the liquid onto the substrate and spin the substrate at 1000
to 6000 rpm. This process helps us getting a homogeneous layer of the
resist over the substrate surface. After the spinning, the resist is dried by
baking it on a hot plate. Note that it has been shown that sensitivity and
contrast of the resists can be altered by prebaking either above or below
the glass transition temperature [42].
During the exposure (patterning) process, the interaction with the beam
of electrons modiﬁes the resist in a way that makes it more soluble (positive) or less soluble (negative) in a developer. The pattern created after
the development can be transferred to the substrate either by an etching
process or a lifting-off process. In the lift off process, material is deposited
on the substrate by various techniques such as evaporation and sputtering, and then the remaining resist is washed away by using a solvent such
as acetone.
Besides planar nanostructures, EBL techniques also allows the fabrication of simple three-dimensional structures [43, 44]. The application of
EBL is mainly in the mask-making and prototype nanofabrication. Typically, the produced masks are used in the replication of the patterns onto
wafers.
Figure 2.1 shows how a free-standing metal ﬁlm is created at a nanoscale
by electron beam lithography. In Publications III and IV, the fabrication
starts with the process of transferring a designed pattern from a CAD ﬁle
onto a resist layer by exposing parts of the resist to electron beam. Either PMMA (polymethyl methacrylate) or copolymer or both resists are
used depending on the dimensions of the pattern. Next, the exposed re-
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Figure 2.1. Fabrication of free-standing thin metal ﬁlms by electron beam lithography
and selective ion etching.

sist is removed from the substrate by dipping the whole substrate in a
developer, made of a diluted solution of Methyl Isobutyl Ketone (MIBK)
in Isopropanol (IPA). After the development, the unexposed part of the resist is left on the substrate. (In Publications III and IV, silicon is used as
the substrate.) The resist layer is used as a mask in the metal deposition
process. An electron-gun evaporator, with a pressure of about 10−6 mbar,
is used to deposit metallic thin ﬁlms of either low mobility (Al and Cu) or
high mobility metals (Ti and Cr). After the metal deposition, unwanted
parts are removed by immersing the whole substrate in acetone until the
unwanted ﬁlms are lifted-off.

2.3

Hybrid nanofabrication

The top-down (lithography based) technology described above allows the
creation of complex structures, but the method is not considered practical for three-dimensional (3D) fabrication. Therefore, the self-organized
bottom-up approach is more commonly applied to synthesize 3D nanostructures [1, 45, 46, 47, 48].
Alternative top-down approaches that have been used to fabricate complex 3D objects are, for example, direct laser writing [3], stamping [4],
and additive 3D-printing technology.1 However, due to the practical difﬁculties, these top-down approaches are not yet suitable for the creation of
metallic structures at nanoscales.
Another way to fabricate metallic and semiconducting 3D nanostructures is to mimic the art of paper folding ‘origami’ [6, 49, 50, 51, 52, 53].
The idea is to apply lithography processes to fabricate an origami thin
1 Additive manufacturing by 3D-printing technology is a process of making 3D

solid objects from constitutive granular materials using a selective additive
agent. During a 3D-printing process, a designed object is created layer by layer.
Each layer is made by 2D-printing additive agent onto a thin layer of granular
material.
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ﬁlm, and to release the ﬁlm from the substrate so that the origami sheet
can fold up according to either internal stress or external stimuli.
In nature, some living organisms like plants have evolved their organs
as movable origami to increase their reproduction rate. A recent study on
ice plant seeds reveals that the opening of the seed capsule does not involve any communication between cells, but is actually caused by a wateractuated strain [54]. The mechanism is governed by two main cell components: cellulose and lignin. Cellulose acts as water absorber, while lignin
houses the cellulose in its elastic honey-comb network. After the rain,
the cells are full of water, causing the expansion along the lid axis, and
eventually the opening of the seed capsule.
As an energy minimization process, it is the path of relaxation that determines how a metallic origami ﬁlm folds. The path is selected according
to the mechanical constraints and the initial conditions of the system. For
example, the ﬁnal structure of a metal ﬁlm formed by physical vapor deposition (PVD) is determined by energy relaxation processes during the
cooling of metallic atoms on the substrate surface. The substrate acts as
a mechanical constraint during the ﬁlm growth. After the growth, if this
constraint is removed, for instance by breaking the bonds along the ﬁlmsubstrate interface, the energy relaxation may cause the ﬁlm to deform
or even fold-up in the form of a curved sheet [55, 56]. Figure 2.2 shows
examples of three-dimensional microstructures made by combining the
top-down lithography with the self-organization of thin metal ﬁlms.
In recent years, various 3D structures, such as pipelines, helices and
tubes, have been successfully demonstrated by the hybrid top-down selforganization process [57, 58, 59]. The applications of these structures
include biological research and optics [60, 61, 62].

2.4

Preliminary studies of stress-driven self-folding in thin ﬁlms

In our experiments, we ﬁnd that the deformation of a metal ﬁlm and the
curvature radius depend strongly on the boundary (structural geometry)
of the ﬁlm. Surprisingly, as shown in Fig. 2.3, the radius of curvature
increases with the width of the strip.
Based on the elastic theory, the curvature radius of a thin Cr/Al/Cr ﬁlm
can be estimated, for example, by neglecting the effect of the adhesion
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Figure 2.2. When releasing a Ti/Al bilayer ﬁlm from the substrate by a reactive ion etching, the ﬁlm curls up in the form of a curved sheet. Deﬁning the boundaries of
the ﬁlm by a lithographic process allows the fabrication of three-dimensional
structures at micro- and nanoscopic scales.

layer (the ﬁrst 5 nm Cr) and applying the formula [63],
K=

6Ef Es (tf + ts )tf ts 
,
Ef2 t4f + 4Ef Es t3f ts + 6Ef Es t2f t2s + 4Ef Es tf t3s + Es2 t4s

(2.1)

where tf is the ﬁlm thickness, Ef is the ﬁlm elastic modulus, ts is the substrate thickness, Es is the substrate elastic modulus,  = ΔT (αs − αf ) is
the misﬁt strain due to different thermal expansions of the ﬁlm and the
substrate during ﬁlm growth, αf and αs are the thermal expansion coefﬁcients of the ﬁlm and substrate, respectively, αs is the substrate thermal
expansion coefﬁcient, and ΔT is the temperature change during the ﬁlm
growth. If we deﬁne a 20 nm Cr layer as the ﬁlm, and a 25 nm Al layer as
the substrate, this simpliﬁed model predicts a curvature radius of about
18.6 μm.2
The initial-strained bilayer model yields a correct order of magnitude for
the curvature radius, but it cannot explain the strong width-dependent
curvature. Note that the strain within the deposited thin ﬁlm is assumed
2 The calculation is done using the bulk properties of the metals, and assuming
that ΔT is 90 K.
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Figure 2.3. SEM images of metallic thin ﬁlms with strong width dependence curvatures.
The strip widths are varied from 200, 250, ... 500 nm, and 600, 800, ... 1400
μm. The ﬁlms were released from the silicon substrate by reactive ion etching
process. a) Scanning electron microscope (SEM) image of self-rolling strips
made of a Ti5nm/Al30nm/Cr20nm ﬁlm. b) SEM images of self-organized
bending of 5nm/25nm/20nm Cr/Al/Cr strips. c) SEM images of self-folding
25nm/25nm Ti/Al ﬁlm. d) Radius of curvature as a function of the width of
the Ti/Al strip shown in Figure c. (Some ﬁgures are from Publication V.)

to be caused by the difference in thermal expansion between the two layers. The calculation indicates that the radius of curvature is inversely
proportional to ΔT , so when ΔT is increased from 50 K to 200 K the radius of curvature decreases from 23.9 μm to 8.36 μm.
The elastic model cannot describe the width-dependent curvature as observed in Fig. 2.3. Biaxial deformation may be the cause of the width dependence. To test whether this hypothesis is correct, a simulation based
on the ﬁnite element method was done [64]. It was found that the simulation with biaxial strain (ΔT was assumed to be 120 K) gives only a
5-percent reduction of the curvature radius when the strip width is reduced from 1400 nm to 200 nm (13.8 μm for the 200 nm strip, and 14.5
μm for the 1400 nm strip). Note that the closed-form solution in [64] gives
a radius of 13.8 μm, regardless of the width. All the analyses demonstrate
that the deformation cannot be described by elastic theory. So the stress
of the ﬁlm may relax via both elastic and inelastic processes.
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2.5

The role of inelastic relaxation

If the folding of thin metal ﬁlms involves both elastic and inelastic relaxation, the folding must be governed by different relaxation times: one
for the elastic process and another for the inelastic relaxation. In principle, the inelastic time is longer. To test whether the relaxation times
play a signiﬁcant role in the folding of metal ﬁlms, two identical samples
(25nm/25nm Ti/Al planar structures on silicon substrates) were made.
The ﬁrst sample was released from the substrate at a slower rate using
a reactive ion etching (RIE) process. The second was released from the
substrate at a faster rate using an inductively coupled plasma reactive
ion etching (ICP-RIE). Figure 2.4 shows the results of the experiment.

Figure 2.4. SEM images showing deformation of metal ﬁlms after being processed by
RIE (left column) for 3 min 20 s (SF6 30 sccm, O2 5 sccm, pressure 100 mTorr,
RF power 80 W), and ICP-RIE (right column) for 22 seconds (SF6 40 sccm,
pressure 10 mTorr, RF power 3 W, ICP power 1000 W).
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Experiments with strip line structures agree well with the results shown
in Fig. 2.4. In summary, a metal strip will fold at a smaller radius of curvature if it is released (free) at a faster rate, see Figs. 2.5 and 2.6. This
experimental ﬁnding suggests that inelastic relaxation must play a signiﬁcant role in the deformation process.

Figure 2.5. SEM images showing the curvature of 26nm/26nm Ti/Al metal strips after
being processed by RIE (left column) for 3 min 40 s (SF6 30 sccm, O2 5 sccm,
pressure 100 mTorr, RF power 80 W).

Figure 2.6. SEM images showing the curvature of 26nm/26nm Ti/Al metal strips after
being processed by ICP-RIE (right column) for 22 seconds (SF6 40 sccm, pressure 10 mTorr, RF power 3 W, ICP power 1000 W).

Note that the elastic and inelastic relaxation rates are of different orders
of magnitude, see Supplementary Information in Publication IV. Regarding experimental time scales, the total RIE etching time is approximately
two hundred seconds, so the widest strip is released approximately 100
seconds after the narrowest one. In principle, complex structures with
different curvature radii can be fabricated with a single etching process if
the effect of inelastic relaxation is taken into consideration.
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2.6

Evidence of ion-induced plastic strain

The effect of structural geometry (boundary condition) is not so strong in
the case of Cr/Al/Cr metal ﬁlms (Fig. 2.3b), but when Ti is used as the bottom layer of the ﬁlm, the effect is enhanced considerably (Fig. 2.3a). The
experiment therefore shows that the inelastic deformation is increased if
the bottom layers of the ﬁlms are composed of Ti. Analysing the Al/Ti bilayer strips shown in Fig. 2.3c using energy-dispersive X-ray spectroscopy
(EDX) shows that the strips are composed mainly of Al. Figure 2.7 shows
the EDX spectrum of a narrow strip taken from the Ti/Al sample. Besides
Al, we also observe Cu (from TEM grid), F (from SF6 ) and O peaks. The
amounts of F and O are very small, but still higher than the amount of Ti.
Wider strips from the same Ti/Al sample also show almost no sign of Ti.

Figure 2.7. An EDX spectrum of a folded strip shown in Fig. 2.3c. The remaining ﬁlm
is composed mainly of Al; the Ti peak is absent from the spectra. The EDX
peaks of chosen elements (Al, Ti, Cu, F, O) are highlighted with green color.

Figures 2.8 and 2.9 respectively show the TEM images of the remaining
Al ﬁlm in the narrow strip and a wider strip. The Al ﬁlm has nanocrystalline structure; some crystals of the size below ten nanometers are observed. Near the edge of the strip, an amorphous phase is also found.
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Figure 2.8. Transmission electron microscopic (TEM) images of a narrow Ti/Al strip
taken from the sample presented in Fig. 2.3c.

Figure 2.9. Transmission electron microscopic (TEM) images of a wide Ti/Al strip taken
from the sample presented in 2.3c. The EDX spectrum shows that the ﬁlm is
composed mainly of Al. (Figures are from Publication IV.)

Generally, compressive stress in polycrystalline ﬁlms is caused by adatom
insertion into the grain boundary [65]. Our experiment shows that the reaction of Ti with ions during the etching process may increase the chemical potential of atoms at the Ti/Al interface, and therefore results in
atomic ﬂow into the surrounding grain boundaries, as discussed in Publication IV. If the ﬁlm is still ﬁxed on the substrate while the etching occurs,
adatom insertion into the grain boundary will be limited by the accumulated compressive stress.
The effect of boundary condition on inelastic deformation can also be
found in nature. For example, if we cut a dandelion stem into small strips
and put them in water, the strips will fold, see Fig. 2.11. This is due to
the difference in the water absorption between the inner and outer parts
of the stem. In case of our metallic strips, the grain boundaries ‘absorb’
atoms from the bottom surface during a reactive ion etching process. This
absorption causes the strip to fold upward. The strong width-dependent
curvatures occur because of the effect of geometrical boundary. Fixed local
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Figure 2.10. Cartoon picture describing the generation of compressive strain during a
reactive ion etching process.

boundaries can limit the absorption rate and consequently slow down the
bending in bigger structures.

Figure 2.11. Folding of dandelion stem in water.

2.7

3D-assembly with reactive ion etching

The ion-induced inelastic relaxation, described in the previous section,
provides a new concept for three-dimensional (3D) assembly at micro and
nano scales. The folding of a thin metal strip by this new technique does
not require a large initial strain or intrinsic stress. The metal strip can
be folded solely by the inelastic relaxation of accumulated compressive
stress. In practice, the assembly may involve both elastic and inelastic
processes.
An RIE-assisted self-assembly is done for example by fabricating two
sacricial layers. In our experiments, silicon (Si) substrate is the primary
sacriﬁcial layer, and titanium (Ti) is the secondary layer. The role of the
ﬁrst sacriﬁcial layer is to release the ﬁlm from the substrate, and also to
create the free boundary region. The second sacriﬁcial layer is used to
generate compressive stress in the adjacent metallic layer.
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Figure 2.12 shows particle traps fabricated by incorporating ion-induced
inelastic strain. The etching of the Ti layer increases the chemical potential of atoms at the interface between the Ti and Al layers. So, some atoms
are driven into the grain boundaries within the upper Al layer, generating a compressive stress and bending of the ﬁlm. A mathematical model
of the process is discussed in Publication IV.

Figure 2.12. SEM images of particle traps and captured lactosed microparticles. The
metallic traps are assembled from lithographic thin Ti/Al/Cr ﬁlms. (Some of
the ﬁgures are from Publication IV)

2.8

3D-assembly with focused ion beam

Publications III and IV report experimental evidence that free-standing
metal ﬁlms can be bent locally with focused ion beam. Basically, the impact of high energy ions on thin metal ﬁlms is similar to how a gun-pellet
impacts a metal sheet. Firing high-energy ions into metal thin ﬁlms
causes the ﬁlm to deform. Figure 2.13 shows how the ion beam can be
used to assemble a complex three-dimensional (3D) microstructure from
a lithographic thin ﬁlm.
From the preliminary studies of the effect of focused ion beam, reported
in Publication III, we initially speculate that by applying the ion-beam
prior to the etching process, the self-folding could also be activated at
later time. But, in later experiments, we ﬁnd that the inelastic bending
caused by an FIB process is much smaller if the ion beam is applied on a
ﬁxed metallic membrane.
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Figure 2.13. SEM images show the folding of a microcage using focused ion beam.

The ion-beam operation was done in an SEM/FIB dual beam microscope
(Helios Nanolab 600, the equipment combines a scanning electron microscope and a focused ion (Ga+ ) beam microscope). In order to bend a thin
metal ﬁlm into a designed 3D structure, we need to shoot the ions continuously along an intended fold line. With the advancement of ion-beam
technology, it has become possible to focus ions at nanoscale resolution.
So the curvature radius of the folded part can be in the order of 10 nm,
which allows the assembly of complex 3D structures at nanoscale. Figure
2.14 shows the FIB-assisted assembly of a nanobox.

Figure 2.14. SEM images show the folding of a nanobox using focused ion beam.

Rotating the sample holder may be necessary if the area that we intend
to fold is blocked by the other parts of the sample. For a nanobox like in
Fig. 2.14, the folding of the face connecting the bottom and the cover of
the box (see Fig. 2.15) was done after a rotation of the sample holder.
In Publication IV, we present an experimental investigation of the bending induced by an FIB process. The studies were done by using transmission electron microscope (TEM) and energy dispersive X-Ray (EDX) analysis. The TEM samples were made of a 50-nm Al thin ﬁlm. Figure 2.16
shows how the TEM samples were prepared.
The EDX/TEM analysis shows that some impinged Ga+ ions are embedded inside the Al matrix near the back surface of the ﬁlm, see Figure 2.17.
The simulated results based on the SRIM calculation [66], presented in
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Figure 2.15. An SEM image of a nanobox made from lithographic Al ﬁlm.

Figure 2.16. Preparation of the TEM sample. After FIB processing, the sample is picked
up and placed on top of a TEM grid by using a hydrolic micromanipulator.

Publication IV and Appendix B, show that the ion range is comparable to
the thickness of the ﬁlm. The plastic ﬂow of both ions and atoms from the
front to the back surfaces of the ﬁlm is hypothesized as the main cause of
the compressive stress, and the local bending of the ﬁlm. Our experiments
on Al thin ﬁlms with different thicknesses, from 10 to 50 nm, show that
the Ga+ processing at 30 keV always causes the ﬁlms to bend up towards
the beam.
Figure 2.18 shows the schematic illustration of a heuristic model describing the FIB-assisted self-assembly process. The mathematical model
of the bending mechanism is presented in Publication IV.

2.9

Conclusions

The experimental studies of free-standing thin metal ﬁlms presented in
this chapter and in Publication III - IV support the following scenarios for
ion-induced plastic deformation: a) If the surface of a metal ﬁlm is reactive to the ions during a reactive ion etching process, the ion processing
can cause near surface compressive stress and a signiﬁcant plastic defor-
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Figure 2.17. An EDX spectroscopy measurement at the area marked by a circle in the
TEM image shows a trace of embedded Ga+ ions near the back surface of
the folded region. (The ﬁgure is from Publication IV)

Figure 2.18. A schematic illustration of a heuristic model describing the FIB-assisted
self-organization and bending of a thin metal ﬁlm. (The ﬁgures are from
Publication IV)

mation. b) If the range of ions of a focused ion beam is comparable to
the thickness of an irradiated metal ﬁlm, the bombarding ions can cause
the ﬂow of atoms and ions towards the back surface of the ﬁlm; this phenomenon then induces plastic deformation and an upward bending of the
ﬁlm.
Our experimental results demonstrate that ion-induced plastic strain
can be used to control the folding of free-standing metallic ﬁlms with unprecedentedly high precision. The reactive ion etching process provides an
efﬁcient method for the generation of near-surface plastic strain in freeboundary metal ﬁlms. We have shown that the folding of metal strips with
different radii of curvatures can be done in a single etching process. With
focused ion beam technology, a radius of curvature as small as 10 nm has
been achieved.
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3. Nanostructured Materials under
Microwave Radiation

This Chapter summarizes the research work that has been reported in
Publications I, II, V, VI, VII and presents a short review of scientiﬁc
literature in the relevant research area. The investigation of the microwave properties of nanoscale materials is presented and discussed.
The materials being tested include composite materials made from magnetic nanoparticles, multi-walled carbon nanotube yarns, and carbon nanotube composites.

3.1

Microwave radiation

Besides the cosmic microwave background radiation (CMB), we are also
surrounded by other sources of the microwave radiation leaking from
household electronic equipments, ranging from computers (2 to 4 GHz),
mobile devices (3 GHz) to microwave ovens (2.4 GHz). A material interacts with microwave through exchange of energy determined by the electronic (quantum) states of the electrons inside the material. These states
are fundamentally described by quantum mechanical principles, but in
this chapter, the radiation is modelled as classical ﬁelds.
In this classical framework, the electric and magnetic responses of a
material are described in terms of intrinsic parameters, such as relative
permittivity and relative permeability. Generally, the scattering of microwave at different parts of a material can lead to the occurrence of interference phenomena. However, for materials with nanoscale subunits
or heterogeneities, microwave wavelengths (approx. 30 cm at 1 GHz and
3 cm at 10 GHz in free-space) are large compared to the distances between
two scatterers. So, theoretically one can assume that interference can be
excluded from the analysis.
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3.2

Measurement methods

The microwave methods and instrumentation include both resonant and
non-resonant microwave spectroscopy techniques. In this chapter, the resonant cavity is applied to characterize samples made of multiwalled carbon nanotube yarns, and the non-resonant methods (Publications I and
V) are used in the characterization of magnetic nanoparticles. The primary non-resonant method used in this work is a transmission/reﬂection
technique reported in Publication I. The method allows for the determination of material parameters regardless of the sample position, so errors
in the reference plane position are eliminated [67]. The experiments were
done by measuring the complex electric permittivity and magnetic permeability of the samples in the frequency range between 0.5 and 18 GHz,
allowing the observation of magnetic resonant phenomena under a ﬁxed
magnetizing ﬁeld. Figures 3.1 and 3.2 demonstrate how the microwave
measurements were conducted.

Figure 3.1. The transmission/reﬂection measurement setup used to measure the material’s constitutive parameters.

3.2.1

Transmission/reﬂection technique

To derive the mathematical relation between transmission/reﬂection signals and the refractive index, we describe the scattering of electromagnetic waves based on the multiple reﬂection model shown graphically in
Fig 3.3. Since a transverse electromagnetic (TEM) wave traveling a distance L exhibits a phase change of 2πL/λ, where λ is the wavelength in
that region, the propagation factor of the TEM wave traveling through a
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Figure 3.2. The insertion of a magnetic nanocomposite sample into the sample holder
(precision coaxial airline) for the transmission/reﬂection measurement.

sample is given by
P = e−γ2 L ,

(3.1)

√
where γ2 = iω μr r /c, and L represents the length of the sample.

Figure 3.3. The model of multiple reﬂection between two interface

The total reﬂection coefﬁcient is
Γtot = Γ + T21 T12 ΓP 2 + T21 T12 Γ3 P 4 + ...
(3.2)
=

Γ(1 − P 2 )
,
1 − Γ2 P 2

where
Γ=



1−



1+

 2 μ1
 1 μ2
 2 μ1
 1 μ2

and
T12 =



2

1+



 1 μ2
 2 μ1

=

,

(3.3)

 2 μ1
T21 .
 1 μ2

(3.4)

Similarly, the total transmission coefﬁcient in terms of Γ and P is


Ttot



P 1 − Γ2
=
1 − Γ2 P 2

(3.5)
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The transmission and reﬂection through a sample of length L inserted
at any arbitary location in a perfect transmission line can be described by
the cartoon shown in Fig. 3.4. The transmission line is divided into three
regions. The regions of lengths L1 and L2 are assumed to be ﬁlled with
air and the middle region of length L is ﬁlled with a material with the
relative permittivity, r = /0 , and relative permeability, μr = μ/μ0 . The
√
complex refractive index of the material is n = μr r . The permittivity 1

Figure 3.4. The model of a transmission line containing a material of length L. Lj represents the distance between the reference plane of the measurement to the
ﬁrst interface between air and material under test. (Figure from Publication
I)

and permeability μ1 of the space in front of the material can be assumed
to be those of the air or free space, i.e. 0 and μ0 . So,
Γ=

1−
1+




r
μr
r
μr

(3.6)

.

Based on the multiple reﬂection model, we can write the scattering parameters (see Appendix A) in terms of Γ and P as follows
Γ(1 − P 2 )
,
1 − Γ2 P 2

(3.7)

Γ(1 − P 2 )
1 − Γ2 P 2

(3.8)

S11 = e−2γ1 L1 Γtot = e−2γ1 L1
S22 = e−γ1 L2 Γtot = e−γ1 L2
and

S21 = S12 = e−γ1 (L1 +L2 ) Ttot = e−γ1 (L1 +L2 )

P (1 − Γ2 )
.
1 − Γ2 P 2

(3.9)

If there is no sample inside the airline, S21 is reduced to
o
S21
= e−γ1 Lair ,

(3.10)

where Lair = L1 + L2 + L is the length of the sample holder (7-mm coaxial
air line).
The full derivation of the reference-plane invariant (RPI) algorithm began with the deﬁnition of two RPI parameters:
A=

S11 S22
(1 − P 2 )2
Γ2
=
,
S21 S12
(1 − Γ2 )2
P2

B = S21 S12 − S11 S22 = e−2γ1 (Lair −L)
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,
1 − Γ2 P 2
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which give (see Publication I)
−A(1 + B 2 ) + (1 − B)2
Γ2 =
±
2AB



−4A2 B 2 + [A(1 + B 2 ) − (1 − B)2 ]2
,
2AB
(3.13)

where the correct solution is the one that satisﬁes |Γ| ≤ 1. The physical
descriptions of Sij , Γ, and P are given in Appendix B.
Besides Γ, it is also necessary to express P in a form that does not require the knowledge of L1 and L2 . The derivation as presented in Publication I gives
P =R
where
R=

1 + Γ2 −γ1 L
e
,
1 + BΓ2

(3.14)

eγ1 L P (1 − Γ2 )
S21
=
.
o
S21
1 − P 2 Γ2

(3.15)

From Eqs (3.13), (3.14), and (3.15), the refractive index can be determined
n=

√



 r μr =

1
1
ln
γ1 L
P



.

(3.16)

The logarithmic function in Eq. (3.16) is multi-valued, therefore the
equation has an inﬁnite number of solutions. The physically correct solution must be chosen. Principally, there are many ways to ﬁnd the correct
solution. In this thesis, the solution was chosen by checking whether a
chosen root gives the correct value for the group delay. Group delay is
a measure of the pulse signal transit time through a transmission line.
Theoretically, the transit time of a wave packet is given by
τg =

x
,
vg

(3.17)

where x is the transit length and vg is the group velocity of the wave pulse.
So, for a transit through free space, we have
τgo =

L1 + L + L2
,
c

(3.18)

while a transit through a material takes a time interval of
τg =

L1 + L2
d
+L
c
df





fn
.
c

(3.19)

where τgo is the group delay through an empty line, and τg is the group
delay through the sample of length L. By subtracting Eq. (3.19) from Eq.
(3.18), one obtains a function, τ , that does not depend on L1 and L2 .


τ=

d
L
1−
(f n) .
c
df

(3.20)

By comparing the calculated τ with the measured τ , one can then determine the correct root for the refractive index.
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As discussed before, the determination of the complex permittivity r
and permeability μr is equivalent to the determination of the complex re√
fractive index n = μ and wave impedance Z = μ/. Since Z = 1+Γ
1−Γ
and Γ is described by Eq. (3.13), we can express the wave impedance analytically regardless of the reference-plane position. The measurements of
the S-parameters and group delays can be done by using a vector network
analyzer.
Besides the observation at microwave frequencies, other experimental
methods are used to characterize the materials under investigation. Experiments include SQUID (superconducting quantum interference device)
magnetometry, direct-current (dc) measurements, X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and magnetic force microscopy (MFM).

3.3

Ferromagnetic nanoparticles

Materials that are affected by magnetic ﬁelds are generally known as
magnetic materials. In some metals, electrons are so strongly correlated
that within a certain length their symmetries are spontaneously broken,
resulting in different types of magnetic orderings, namely ferromagnetism,
paramagnetism, superparamagnetism, anti-ferromagntism, and ferrimagnetism. The manifestation of these quantum collective phenomena, that
lead to magnetic states, depends very much on environmental factors such
as temperature, magnetic ﬁeld, and pressure.
Ferromagnetism is an ordered state of matter characterized by the parallel magnetic moments of all electrons inside a certain domain called
magnetic domain. At room temperature, some 3d transition metals (iron
Fe, cobalt Co, and nickel Ni) are ferromagnetic. Above a temperature
threshold, thermal energy can perturb and excite the energy states of electrons and destroy the parallel moments inside the ferromagnetic domain.
However, the magnetic moments can be brought back into an ordered parallel state if a sufﬁciently large magnetic ﬁeld is applied.
Paramagnetism is a state of magnetic materials where the magnetic moments of electrons are randomly oriented in the absence of a magnetizing
ﬁeld due to thermal excitation. But, under the presence of a magnetic
ﬁeld, the electrons will be forced into an ordered state with parallel magnetic moments. Anti-ferromagnetism is a special ordered state of matter
when the next nearest magnetic moments point in the opposite direction,
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in the way that the total magnetic moment is zero. Ferrimagnetism is a
subset of anti-ferromagnetism, the difference is that one direction of the
magnetic moments is stronger than the other leading to a non-zero magnetization.
Electrons in a magnet can be either localized (like in insulators) or delocalized (like in metals). Magnetic materials with localized electrons,
for example molecular magnets, are called local-moment magnets, while
magnetic materials with delocalized electrons are itinerant magnets. In a
metallic ferromagnetic material, electrons can be both localized and delocalized. Fundamentally, all the magnetic states are the manifestation of
quantum collective phenomena. The presence of a magnetic state depends
strongly on the environment; factors such as temperature, magnetic ﬁeld,
and pressure can cause a transition from one magnetic state to another.
In nanostructured magnetic materials, the energy states of electrons
can be strongly affected by the surface and interface energy. For example, below a certain size (usually of the order of a hundred nanometers),
a ferromagnetic particle can change into a so-called superparamagnetic
particle. In a superparamagnetic state, the electrons’ magnetic moments
are vibrating randomly (ﬂipping) because of thermal energy. If the magnetization of the particle is measured in the absence of an external magnetic ﬁeld at a frequency that is lower than the ﬂipping frequency1 , the
magnetization at the measurement frequency will be zero.
A uniaxial magnetic particle can be described by using a double-well
anisotropy energy model: Ea = K  sin2 θ, where K  is the anisotropy constant, θ is the angle between the magnetization direction and the principal axis of the crystal. Classically, the model predicts two stable magnetization states. However, in addition to the anisotropy energy, a magnetic
moment m in the presence of an applied ﬁeld H also possesses the energy
EB = −m· μ0 H = −mμ0 H cos θ, where μ0 = 4π × 10−7 T.m/A is the magnetic constant (permeability of free space). Figure 3.5a shows how the
total energy of a uniaxial particle changes when an external static ﬁeld H
is applied.
At a low temperature, the magnetization is blocked in one of the two
states, i.e. the ferromagnetic state. As the temperature increases, ther1 In 1949, L. Néel proposed that the ﬂipping period of a magnetic moment may be
KV

described by τN = τ0 e kB T , where τN is the Néel relaxation time, τ0 is the attempt
time, KV is the energy barrier which is a product of the magnetic anisotropy
energy density K and the particle volume V , kB is the Boltzmann constant, and
T is the temperature.[68]
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Figure 3.5. a) The cartoon presents the classical double-well potential of a uniaxial magnetic particle. An applied alternating ﬁeld induces oscillations of magnetization in the wells. When the ﬁeld frequency matches the precessional frequency of the magnetization, the system is excited and energy is pumped
into the system, and eventually the magnetization direction is reversed. b)
The complex magnetic susceptibility χ = χ − iχ , predicted by the LandauLifshitz-Gilbert equation. When a static ﬁeld H is applied, the resonance
peak shifts towards a higher frequency. Here, the orange and red lines are
χ when H is off and on, respectively, while the black and grey lines are the
corresponding χ . (From Publication VI.)

mal energy can overcome the magnetic energy barrier. This thermal excitation leads to the switching of the magnetization direction, and a transition between the ferromagnetic and superparamagnetic phases. The
temperature at which the magnetization starts to ﬂuctuate is called the
superparamagnetic blocking temperature TB .
Small particles may become superparamagnetic even at room temperature. This observation implies that the anisotropy energy is proportional
to the particle volume. Mathematically, this can be described as [69]
Ea = K  sin2 θ = KV sin2 θ,

(3.21)

where K is the anisotropy constant (energy per unit volume), and V is the
particle volume. Based on this deﬁnition, K can be estimated from the
blocking temperature, i.e KV ≈ kB TB .
Similar to a rapidly spinning top that precesses around a gravitational
ﬁeld, the magnetization of a particle also precesses around an applied
magnetic ﬁeld. However, Kittel’s FMR theory states that, in addition to
the external applied ﬁeld, we should also consider magnetic anisotropy
and the associated ‘demagnetizing’ ﬁeld Ha . (Demagnetizing ﬁeld is deﬁned as the ﬁeld generated by the magnetization inside a magnet.)
The equation of motion, τ = m × μ0 Htot , allows the derivation of the
demagnetizing ﬁeld Ha . Note that the total magnetic energy is the sum
of the magnetic energy and the anisotropy energy, E = EB + Ea . So,
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if the torque τ acting on the magnetic moment is calculated by taking
the derivative of the total energy with respect to the angle between the
moment and the external ﬁeld, we obtain τ = ∂E/∂θ = mμ0 H sin θ +
2KV sin θ cos θ. Based on this expression, we can rewrite the equation of
motion as follows
mμ0 H sin θ + 2KV sin θ cos θ = mμ0 (H + Ha ) sin θ.,

(3.22)

which gives
μ 0 Ha =

2KV
cos θ.
m

(3.23)

In the case of a uniaxial sphere, with an external ﬁeld applied approximately along the magnetization direction, i.e cos θ ≈ 1, Eq. (3.23) reduces
to
μ 0 Ha =

2KV
.
m

(3.24)

This implies that the angular resonance (precessional) frequency is
ωr = γμ0 (H + Ha ) ≈ γ(μ0 H +

2K
),
M

(3.25)

where γ = ge/2me is the gyromagetic ratio with γ/2π = 2.7992×1010 Hz/T.
Here g is the g-factor, H is the external magnetic ﬁeld, Ha is the demagnetizing ﬁeld due to the magnetic anisotropy, K is the anisotropy constant
(energy per unit volume), M = m/V ≈ Ms is the magnetic moment per
unit volume or the intensity of ‘magnetization’, and Ms is the saturation
magnetization, which can be measured by using a SQUID magnetometer.

3.4

Ferromagnetic resonance (FMR)

Theoretically, the ferromagnetic resonance [70, 69] will cause dispersion
and decrease of magnetic susceptibility in magnetic materials in the RF/Microwave
frequency range. When the frequency of the microwave matches the natural frequency of the ferromagnetic resonance, energy absorption occurs
and so the magnetic susceptibility (χ)2 and the corresponding permeability (μ = 1 + χ) will become very dispersive when observed within a frequency range around the resonance.

3.4.1

Kittel and LLG models

The FMR theory and dispersion of the complex magnetic permeability
(μ) was ﬁrst discussed by L. Landau and E. Lifshitz in 1935 [70]. Later,
2 M = χH, where M is the magnetization and H is the magnetizing ﬁeld.
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in 1946-1947, the FMR phenomenon was experimentally observed by J.
H. E. Grifﬁths, W. A. Yager and R. M. Bozorth [71]-[72]. In attempting
to measure the permeability of iron, cobalt and nickel at microwave frequency, Grifﬁths accidentally found that ferromagnetic metals exhibited
an energy loss peak when a certain magnetic ﬁeld is applied. He analyzed
the relation between the microwave frequency and the magnetic ﬁeld at
the peak position, and found that the ferromagnetic resonance did not occur exactly at the electron spin resonance point, since it was known that
the spin resonance emerges when h̄ω = gμB H or ω = γH, where h̄ is
the Planck constant, ω is the angular frequency, g is the electron g-factor,
μB = eh̄/2me is the Bohr magneton, H is the internal magnetizing ﬁeld,
and γ = ge/2me is the electron gyromagnetic ratio.
One year after this experimental discovery, C. Kittel published a theoretical paper suggesting that the ferromagnetic resonance condition should
be modiﬁed from the original Landau-Lifshitz theory, by taking into account the shape and crystalline anisotropy through the demagnetizing
ﬁelds [69]-[73]. He proposed that electron spin FMR occurs according to
the resonance condition ω0 = γHeﬀ , where Heﬀ is an effective magnetiz1

ing ﬁeld, equal to (BH) 2 for a plane surface, H + M for a long circular
cylinder, and H for a sphere. In addition, for the special case of uniaxial
crystal with the axis parallel to the external static ﬁeld, the value of H is
increased by 2K/Ms , where K is the anisotropy constant.
The fundamental assumption in Kittel’s FMR theory is the validity of
demagnetizing factors. Kittel stated in his original paper [69] that “We
must accordingly discuss only objects which are uniformly magnetized at
the frequency under consideration. It is therefore necessary that certain
dimensions of the specimens are small in comparison to the eddy current
skin depth." In cobalt, the skin depths in the frequency range between 1
GHz and 10 GHz are on the order of 100 nm, so only nanoparticles satisfy
this requirement.
When the system is in the blocked state, magnetic reversal can still
occur, for example by resonance excitation. Any physical system exhibits
energy gain when the frequency of an energy source matches the natural
frequency of the system. In case of cobalt particles, the exposure to a
time-harmonic magnetic ﬁeld heiωt , particularly at a frequency close to
the precessional frequency of the particles, leads to absorption of the ﬁeld
energy. The absorption may cause magnetization reversal or ﬂuctuation
between the magnetic states, see Fig. 3.5a.
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Besides the gain, the dynamic process also possesses energy loss. Here,
we describe the loss by applying the Landau, Lifshitz [70] and Gilbert [74]
theory. The magnetization of a ferromagnetic domain is described by the
Landau-Lifshitz-Gilbert (LLG) equation
dM
M
dM
= γμ0 M × Htot − α
×
.
dt
M
dt

(3.26)

The ﬁrst term on the right hand side represents the precession of magnetization. The energy loss is taken into account by the second term
via a single damping constant α. M is the magnetization of the system,
and Htot is the total magnetizing ﬁeld which includes the applied static
ﬁeld (H), the anisotropic ﬁeld (Ha ), and the relatively smaller alternating
RF/microwave signal (hejωt ),
Htot = H + Ha + hejωt .

(3.27)

Similarly, the magnetization at a given time includes the magnetization
of the particle M0 and the time-varying term,
M = M0 + mejωt ≈ Ms + mejωt ,

(3.28)

where Ms is the saturation magnetization.
Recall that, within the particle, the magnetic ﬁeld is B = μ0 (h + χh) =
μ0 μr h, where μr is the relative magnetic permeability, and χ =

∂M
∂h

is

the magnetic susceptibility. So, an analytical expression for the complex
permeability can be derived based on the LLG formalism. Note that, from
what follows, the relative permeability will be deﬁned as μr = μr − iμr , to
avoid that presence of a negative sign in front of μr when discussing the
magnetic energy loss of the material being tested.
In the special case when a large external ﬁeld is applied to a magnetic
system, i.e. |H|  |Ha |, it is possible to assume that M0  H. Thus, by assuming that the external ﬁeld H is in the z-direction and assuming that
the magnitude of the oscillating ﬁeld (e.g. microwave) is much smaller
than the static ﬁeld, we can calculate the perpedicular magnetic susceptibility, χ⊥ = ∂mx /∂hx = ∂my /∂hy . This then gives an analytical expression
for the complex permeability of the magnetic particle,
μr = 1 +
μr =

γMs ω0 [ω02 − ω 2 (1 − α2 )]
,
− ω 2 (1 + α2 )]2 + 4ω 2 ω02 α2

[ω02

αγMs ω[ω02 + ω 2 (1 + α2 )]
,
− ω 2 (1 + α2 )]2 + 4ω 2 ω02 α2

[ω02

(3.29)
(3.30)

where ω0 = γμ0 (|H| + |Ha | cos θ). Note that when the external ﬁeld H
is small relative to the anisotropy ﬁeld Ha , the assumption that M0  H
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is not valid and the FMR properties and the magnetic permeability of
magnetic particles may not be described by Eqs. (3.29) - (3.30).
In general, the complex susceptibility χ(ω) = χ(ω) − jχ(ω) and the
permeability μ(ω) are composed of both parallel, χ , and perpendicular
χ⊥ components. The measured susceptibility is assumed to be an average
of all components [75],
1
χ(ω) = [χ (ω) + 2χ⊥ (ω)].
3

(3.31)

The perpendicular component can be described well by the LLG-Kittel
theory, i.e. Eqs. (3.29)-(3.30). The parallel component is purely relaxational and usually assumed to be described by Debye’s model [76],
χ (ω) =

χ (0)
,
1 + jωτ

(3.32)

where τ = τ0 σ with τ0 = 1/γμ0 Ha α , μ0 Ha = 2K/Ms and σ = KV /kB Troom .
Besides the size of the particles, crystal structure also affects the resonance conditions. At macroscopic scales, bulk cobalt has only two forms of
lattice structure, namely hexagonal-closed-packed (hcp) and face-centeredcubic (fcc). For nanoparticles, a cubic -cobalt phase with a structure similar to β-manganese, has been observed in addition to the hcp and fcc
phases [77, 78]. New chemical syntheses allow production of -cobalt particles at speciﬁc diameters (with a narrow size distribution) [17, 79]. It is
therefore possible to experimentally study ideal spherical magnetic systems and their FMR effects at higher frequencies.
In a composite material, the interaction between the ﬁeld and the magnetic particles is far more complex than in the case of a single particle. For
example, millions of particles inside a tiny volume, each particle acts as
a wave scatterer, can cause interference effects and collective phenomena
especially when the interaction energy between the particles cannot be
neglected. However, in the regime where the wavelength of the oscillating
ﬁeld (e.g. microwave signal), is much larger than the size of the nanoparticles inside a composite sample, the interference effects can be neglected
and an effective medium model is commonly applied to determine the intrinsic properties of the composite sample. If the volume fraction of the
inclusions is small, the mixing rules such as the Bruggeman equation [80]
and Maxwell-Garnett model [81, 82] can be used.
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3.4.2

Effective medium models

Effective medium theories (EMT) are mathematical models that describe
the properties of a material based on the properties of its components. For
a composite with metallic inclusions, one can assume that the microwave
wavelength is large compared to the size of the particles. In addition, the
distance between inclusions can also be assumed to be small compared
to the wavelength of the microwave. Let us ﬁrst consider a simple model
where the space is ﬁlled only with low-concentration metallic particles.
Each particle is excited by a local ﬁeld [83],
Elocal = Eext +

Eij ,

(3.33)

j=i

where Eext is the external applied ﬁeld, and Eij is the ﬁeld at the position
of the particle i due to another particle j. The local ﬁeld Elocal is different
from the averaged ﬁeld Ê,
Eˆij + Eˆii ,

Ê = Êext +

(3.34)

j=i

where Êii is the average electric ﬁeld at the position of the particle i due
to the charges within the ith particle. Eq. (3.33) and Eq. (3.34) gives
(Eij − Eˆij ) − Eˆii .

Elocal − Ê = Eext − Êext +

(3.35)

j=i

If the souce of the external ﬁeld is far from the material, one may assume
that Eext − Êext ≈ 0. Also, in the regime where the microwave wavelength
is large compared to the distance between inclusions, the ﬁeld can be considered within the quasistatic limit. That is Eij can be described by the
−3
ﬁeld of an electric dipole which falls off as rij
. As a result, only a few

nearest particles will contribute to creating the difference between Elocal
and Ê. In the case of low-density randomly distributed inclusions, i.e.
(Eij − Eˆij ) ≈ 0, Eq. (3.35) reduces to
j=i

Elocal = Ê − Êii .

(3.36)

If a volume V is a collection of particles at position rm with a charge qm ,
Eii (r) = −∇
m

qm
,
4π0 |r − rm |

(3.37)

which gives the averaged value
Eˆii = −

Em ,

(3.38)

m
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where
Em = −∇m

V

qm /V
1 qm
dV =
.
4π0 |r − rm |
30 V

(3.39)

1
P
.
p=−
30 V
30

(3.40)

Therefore,
1
Eˆii = −
30 V

q m rm = −
m

where P = p/V is the average polarization, and p =

m q m rm .

From Eq.

(3.36) and Eq. (3.40), we obtain the Lorenz-Lorentz relation between the
local and the averaged ﬁeld
Elocal = Ê +

P
.
30

(3.41)

The induced dipole moment p of a particle can be expressed in terms of
the local ﬁeld, p = αElocal , where α is the polarizability. Therefore,
P =

p
αElocal
=
.
V
V

(3.42)

From Eq. (3.41) and (3.42), we obtain
P =

α/V
Ê.
1 − 3α0 V

(3.43)

Substituting this in D = 0 Ê + P gives
eﬀ = 0 +
that is

α/V
,
1 − 3α0 V

eﬀ − 0
α
=
.
eﬀ + 20
30 V

(3.44)

(3.45)

Equation (3.45) is the so-called Clausius-Mossotti formula. For a spherical
inclusion with dielectric constant p and a volume Vp , the polarizability α
is given by α = 30 Vp (p − 0 )/(p + 20 ), so we obtain
p − 0
eﬀ − 0
=f
,
eﬀ + 20
p + 20

(3.46)

where f = Vp /V is the volume fraction of the particle inclusions. The complete version of the Maxwell-Garnett equation for a composite composed
of a dielectric matrix and randomly-embedded spherical inclusions can be
derived in a similar way. The derivation gives
eﬀ − m
p − m
=f
,
eﬀ + 2m
p + 2m

(3.47)

where m is the permittivity of the matrix. Equation (3.47) should be valid
at low-volume fraction.
Both Maxwell-Garnett and Bruggeman rules can be derived from a more
general mixing rule [84],
eﬀ − m
p − m
=f
.
eﬀ + 2m + ν(eﬀ − m )
p + 2m + ν(eﬀ − m )
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If the dimensionless parameter ν = 0, the formula reduces to the MaxwellGarnett model; if ν = 2, the formula reduces to Bruggeman formula [85,
84]. Setting ν = 0 and solving Eq. (3.48) for eﬀ , we obtain
eﬀ = m + 3f m

p − m
p + 2m − f (p − 0 )

(3.49)

In the case of spherical magnetic-particle inclusions, the Bruggeman
model gives [86]


μeﬀ =


1
(3f − 1)μp + (2 − 3f )μM ± 8μp μM + ((3f − 1)μp + (2 − 3f )μM )2 ,
4
(3.50)

where f is the particle volume fraction, μeﬀ is the permeability of the
composite, μp is the permeability of the magnetic particle, and μM is the
permeability of the insulating material. Equation (3.50) follows directly
from the general mixing rule formula, Eq. (3.48), for the permittivity
with ν = 2. Note that, in general, Eq. (3.48) may not be directly applied
to the magnetic permeability. In Ref. [87], the derivation of the MaxwellGarnett formula for the magnetic permeability gives,
μeﬀ = μM + 3f μM

μp − μM
.
−2μp + 5μM + 2f (μp − μM )

(3.51)

Nowadays, magnetic materials are designed to operate up to frequencies
as high as 5 to 12 GHz, due to the development of computer and telecommunication capabilities. At these frequencies, most of conventional materials, such as ferrites, exhibit relatively low magnetic permeabilities, i.e.
μr ≈ 1. Recent studies show that composite materials with ferromagnetic
nanoparticle inclusions may be used to replace conventional materials
for high-frequency applications [88, 89]. The applications of nanomaterials are diverse. Some industrial applications involve magnetic materials
with high permeabilities (for sensor or antenna applications); some requires large absorption in a narrow-bandwidth (for ﬁlters or absorbers).
In case of antenna applications, the search for high-permeability materials with minimal losses has led to the idea of eliminating eddy-current
effects by utilizing composite materials made of smaller magnetic ﬁllers.
Conventionally, these ﬁllers (magnetic powders) are prepared by mechanical methods, and the resulting particles are usually at the micro- and
nanoscale. But reducing the size also increases the volume fraction of
the oxide layer, and also it is almost impossible to control the size distribution of nanoparticles by mechanical means. Recent developments
in material research have been focusing extensively toward ﬁnding new
chemical methods to synthesize magnetic particles at the nanoscale with
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a narrow size distribution. The problem of oxidation can be solved, for
example, by covering the particles with graphene shells [90, 91].
In contrast to the advanced development of technology, the microwave
response of ferromagnetic nanoparticles is still far from being well understood. In the special case when the nanoparticles can be described by a
uniaxial model (as presented in Fig. 3.5), the Kittel FMR theory and LLG
equation can be combined with an effective medium model to describe how
a single ferromagnetic nanoparticle would respond under a microwave irradiation. It is the aim of this chapter to test whether these simpliﬁed
models are sufﬁcient to describe composite materials made of ferromagnetic nanoparticles.
Based on the uniaxial magnetic particle model, Eq. (3.25) implies that
the microwave dispersion and the reduction of magnetic permeability are
governed by the anisotropy energy (K) of the particle. For a single particle system, the crystalline or shape anisotropy energy deﬁnes the height
of the energy barrier (see Fig. 3.5). Increasing the energy barrier between
the two magnetic states can change the transition probability of the system and also, as a result, the response of the system to the external world.
In most circumstances, the development of a new technology usually requires an extensive amount of experimental investigations of materials at
the frequencies that the materials are expected to be used. In the design
of microwave devices, an engineer needs to know with high precision the
values of the complex magnetic permeability μ and the electric permittiv√
ity . (Sometimes, the refractive index n = μ and the wave impedance


z=

μ


are used instead of μ and .)

In basic science research, the measurement of magnetic permeability
provides useful information for the study of magnetic resonant phenomena. For example, based on permeability measurements, Fe2 O3 nanoparticles were found to exhibit a magnetic resonance around 1.5 GHz [88],
while the iron nanocrystal (28 nm) of Fe3 O4 was reported to have energyloss resonance at 2 GHz [9]. Similar magnetic resonant response was also
observed in nickel particles around 5.5 GHz [92].

3.5

Cobalt nanoparticles

This section presents an experimental study of the effect of microwave
radiation on cobalt nanoparticles. The study was done by measuring the
index of refraction, the electric permittivity, and the magnetic permeabil-
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ity of composite materials made from various kinds of cobalt nanoparticle
ﬁllers. The applications of cobalt nanocomposites include microwave absorbing layers, antenna, inductors, and ﬁlters.
In ferromagnetic materials, the strongly-coupled electrons have a tendency to align their magnetic moments in the same direction within a
small region called domain. For an -cobalt nanoparticle, the particle usually consists of a single crystal core. The spin-orbit interaction inside the
crystal structure causes the electron moment to align along certain ‘easy’
directions. A magnetic particle with a single easy axis is called a ‘uniaxial’
particle.

3.5.1

Face-centered-cubic (fcc) cobalt nanoparticles

Experimental studies on fcc-cobalt nanoparticles (average diameter 40
nm) shows that composites made from these particles exhibit a broad
magnetic absorption peak around 7 GHz [93, 94, 95]. This subsection
discusses the observation of fcc-cobalt nanoparticles under microwave radiation within the frequency range between 2 and 18 GHz, in zero magnetizing ﬁeld, at room temperature. The samples were prepared by mixing the nanoparticles with insulating materials. Due to the fabrication
process, ferromagnetic nanoparticles inside the composites are usually
randomly oriented. The fcc-cobalt nanoparticles were systhesized by ﬁrst
dissolving polystyrene in toluene and making a nanoparticle colloid with
toluene using an ultrasonic homogenizer. Then the two solutions were
mixed and left to evaporate at 80o C. Table 3.1 shows the characteristics
of nanocomposites analyzed by transmission electron microscope (TEM),
SQUID magnetometer and powder X-ray diffractometer (XRD).

TEM

SQUID

XRD

d [nm]

Ms [emu/g]

Crystal, d [nm]

Cobalt

50-150

144

Co(FCC), 66 ± 20

Iron

20-30

127

Fe (BCC), 9 ± 1
FeO, 3 ± 1

Table 3.1. The diameters and crystal structures of cobalt nanoparticles measured by
TEM, SQUID and XRD, compared with the properties of iron nanoparticles
presented in Publication VII.

Figure 3.6 shows the TEM images of cobalt particles. The average size
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Figure 3.6. A TEM image of fcc-cobalt particles.

of the particles is 50-150 nm, which agrees well with the XRD analysis (60
nm). The XRD results shows that the cobalt has the fcc structure. The
saturation magnetization Ms of the magnetic particles was measured by
a SQUID magnetometer and found to be 144 emu/g.
The effects of the interaction between microwave radiation and fcc-cobalt
nanoparticles were studied by measuring the permeability spectra of nanocomposite materials (made by randomly embedding the particles in an insulating matrix as discussed before). The measurements were done by a
transmission/reﬂection technique using the reference-plane invariant algorithm [67], presented in Publication I. Prior to the measurements, the
composite materials were pressed in a pellet mold, so that the samples
can be inserted inside a 7-mm coaxial air-line, used as a sample holder to
conduct the microwave signals. The group delay and S-parameters (transmission/reﬂection) were measured by using a Rohde and Schwarz ZVA40
vector network analyzer. The measurements of transverse electromagnetic waves were done after a SOLT calibration was performed.
Figures 3.7-3.9 present the microwave response of the fcc-cobalt nanocomposites. The imaginary spectra of refractive index (n ) in Fig. 3.7 show the
total energy loss of the material. Microwave energy loss absorption peaks
around 12 to 14 GHz. This peak has a magnetic origin because the imaginary spectra of magnetic permeability (μ ) also exhibit peaks in this frequency range. Comparing to the composites of bcc-Fe/FeO nanoparticles
(Publication VII) with the same volume fraction , these fcc-Co nanocomposites exhibit microwave resonances at higher resonant frequencies and
magnetic loss, i.e. μ . The dielectric loss is relatively low in both fcc-Co
and bcc-Fe/FeO composites. The imaginary permittivity  is nearly zero
for all the fcc-Co samples, see Fig. 3.9.
The measured microwave spectra presented here exhibit also some sys-
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Figure 3.7. The complex refractive index of fcc-cobalt nanocomposites at different volume
fractions. (Unpublished data)

Figure 3.8. The relative permeability μr of fcc-cobalt nanocomposites at different volume
fractions. (Unpublished data)

Figure 3.9. The relative permittivity r of fcc-cobalt nanocomposites at different volume
fractions. (Unpublished data)
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tematic errors, as shown by the error bars in each graph. Some errors
are known to be intrinsic for all transmission/reﬂection measurements,
some are caused by small reﬂections and the associated phase errors at
adapters. Further discussion on measurement techniques and errors can
be found in Publications I and V.
The magnetic permeability and electric permeability spectra in Fig. 3.8
and Fig. 3.9 suggest that the fcc-cobalt nanoparticles exhibit a strong electric response (large r ) but a weak magnetic response (small μr ) at this
frequency range (2-18 GHz). However, compared with Fe/FeO nanoparticle composites [89], fcc-cobalt composites exhibit a larger magnetic loss.
This actually agrees well with the analysis done by SQUID magnetometry: the fcc-cobalt nanoparticles have a saturation magnetization of 144
emu/g while the Fe/FeO particles have 127 emu/g.
Compared with the Fe2 O3 , Fe3 O4 and carbon-coated nickel composites
reported in [88], [92] and [9], the fcc-cobalt composites have relatively
higher magnetic permeabilities in the frequency range between 2 to 6
GHz, even at lower particle concentration. This characteristic occurs in
conjunction with a magnetic loss that peaks at higher frequencies between 10 and 12 GHz. This frequency is higher than the frequency at
the magnetic loss peak of fcc-cobalt nanoparticles reported earlier [93].
However, recent research on fcc-Co particles has suggested that a peak
of magnetic loss observed in a frequency domain around 7 GHz may not
be associated with a ferromagnetic resonant phenomenon [93]. This speculation was based on a few assumptions. First, the permeability spectra
of composite materials made from fcc-Co particles were assumed to follow Kittel’s ferromagnetic resonance theory for a spherical particle. Second, the authors of Ref. [93] assumed that hcp-cobalt particles exhibit
the ferromagnetic resonance at 6.5 GHz by referring to a study of Cox /Niy
particles [95]. Based on these two assumptions, an fcc-cobalt nanoparticle, that has a lower magnetocrystalline anisotropy compared to the hcpcobalt, was expected to exhibit a ferromagnetic resonance at a frequency
much lower than 6.5 GHz. In order to understand the origin of the peak
in magnetic loss at 7 GHz, the authors calculated the eddy current loss of
a magnetic particle. The eddy current loss can be expressed by
μ
μ f D
,
∝ r

μ
ρ

(3.52)

where f is the microwave frequency, D is the particle diameter, and ρ is
the electric resistivity of the particle. Eq. (3.52) implies that we can distinguish the eddy current loss from other losses by observing if the quantity
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μ /(μ2 f ) is constant when plotted in the frequency domain. They concluded that the magnetic loss over 1 and 18 GHz is mainly caused by the
eddy current effect, but below 1 GHz the eddy current is not the dominant
magnetic loss mechanism [93].
To compare the results of this study with Refs. [93] and [92], the parameter μr /(μ2
r f ) of each sample was plotted here in Fig. 3.10. The values
of μr /(μ2
r f ) change abruptly at frequencies below 4 GHz. But, between 4
and 18 GHz, the changes are relatively weak. So, if the same reasoning as
stated above can be used, the magnetic loss absorption as seen in Fig. 3.8
may be governed also by the eddy current phenomena. In addition to the
eddy current loss, the magnetic ordering and the corresponding excitation, such as spin-waves, could also result in energy-relaxation processes
in magnetic materials.

Figure 3.10. The values of μr /(μ2
r f ) for fcc-Co composites at different volume fractions.
(Unpublished data)

So far, there is no evidence that magnetic losses at GHz frequencies
are really caused by eddy currents. There is also no real evidence that
the magnetic absorption peak would be associated with the natural ferromagnetic resonance. Note also that the theoretical analysis given by the
authors of Ref [94], which is used as well for illustration in Fig. 3.10 , is
based on certain assumptions that need to be justiﬁed more rigorously.
Based on Kittel’s theory, natural ferromagnetic resonance is associated
with the linear relation between the effective magnetizing ﬁeld and the
resonant frequency. Thus, in principle, the FMR theory can be tested, for
example by measuring the permeability and observing FMR in varying
magnetizing ﬁeld. However, the broad size distribution and the plausible
formation of a polycrystalline core demonstrated that fcc-cobalt nanopar-
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ticles may not be a good material for studying the physics of ferromagnetic
resonance.

3.5.2 -Cobalt nanoparticles
In this subsection, a more systematic study on spherical -cobalt particles
is presented. Compared with fcc-cobalt, -cobalt nanoparticles are more
suitable for FMR studies, since an -cobalt nanoparticle is more frequently
found in the form of a single crystal. In this work, the -cobalt nanoparticles were synthesized by chemical methods described in Refs. [17, 18].
The sizes of the particles are between 3 and 30 nm. Some sets contain
monodispersed spherical particles. The microwave characterization was
done by measuring the permeability and other intrinsic parameters in
varying magnetizing ﬁelds at room temperature over a broad range of frequency. The main results of the study are presented in Publications V and
VI.
Samples are made of a mixture of polystyrene (PS) and randomly-oriented
-cobalt nanoparticles. The experiments are done by measuring the complex magnetic permeability of the composite material in a frequency range
between 0.5 and 12 GHz at zero and high magnetic ﬁeld. The blocking
temperature and the saturation magnetization measured by a SQUID
magnetometer determines the anisotropy energy, thus allowing the prediction of ferromagnetic resonant frequencies according to the Kittel’s theory for uniaxial spherical particles. The results show that the resonance
condition of the cobalt nanocrystals can be estimated by combining Kittel’s FMR formula with the Landau-Lifshitz-Gilbert equation and the effective medium model.
The effects of magnetic ﬁelds, particle morphology, and magnetic anisotropy
were also investigated and analyzed. In summary, composite materials made from -cobalt nanoparticles and polystyrene were observed under microwave radiation. Experimental results demonstrated that the
randomly-oriented spherical nanoparticles inside a composite induce the
ferromagnetic resonant absorption at microwave frequencies (1 to 12 GHz).
The permeability spectra can be predicted partly at a high-magnetizing
ﬁeld by using the phenomenological model (LLG/Kittel equation) and the
effective medium model (Bruggeman or Maxwell-Garnett) presented above
in section 3.4.2. We ﬁnd that at a zero-magnetizing ﬁeld, the LLG/Kittel
equation and the effective medium model predicts magnetic resonance at
relatively lower frequencies compared to the experimentally observed val-
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ues. In case of polydispersed -cobalt particles with size of about 10 nm,
the magnetic response began to follow Kittel’s model for non-interacting
particles when the magnetizing ﬁeld is larger than 3 kOe. Based on experimental data, we also found that any cobalt composite that consists of
-cobalt nanoparticles within the size range between 8 and 35 nm, either
monodispersed or polydispersed, exhibit resonant absorption which peaks
in the frequency range between 2 and 6 GHz. Particles of smaller sizes,
especially the ones below 5 nm, do not have signiﬁcant response to the
microwave ﬁeld in this frequency range.
Our experimental results (see Publication VI) also showed that, at high
magnetizing ﬁeld, some parts of the spectra can be described by LandauLifshitz-Gilbert equation and Maxwell-Garnett effective medium model.
In the low ﬁeld regime, the resonant absorption occurred at frequencies
higher than the resonant frequencies of non-interacting-particle picture.
Transmission electron microscopic images showed that the samples used
in the microwave measurement contain both isolated particles and aggregated particles (clusters and chains). In case of monodispersed particles, the formation of superlattices (closed-pack array of particles) was
also found.
In terms of technological applications, both monodispersed and polydispersed particles show wide-band absorbing spectra that can be controlled by an external magnetic ﬁeld. Experimental results prove that
the particles at the sizes of about 27 to 35 nm usually appear as facet
(non-spherical) particles; they are better choices for high-μ low-loss applications at least for 1 GHz applications. Medium-size monodispersed
spherical particles (10-20 nm) are good as microwave absorbers, particularly if superlattices are formed. Measurement results show that these
superlattices may increase the absorption capability of the material. So
less particles may be required to engineer a standard absorber/ﬁlter, if
the superlattices are utilized. In the near future, if technology allows
the control of particle arrangement inside a ﬂuid-like absorbing matrix,
the monodispersed -cobalt particles could be engineered in tunable microwave circuit and RF components without the use of magnetic ﬁeld.
According to Kittel’s theory [69], the zero-ﬁeld ferromagnetic resonance
of a uniaxial spherical particle is associated with the anisotropy ﬁeld
μ0 Ha = 2K/Ms , see Eqs. (3.21), (3.22), and (3.25). To determine the
anisotropy constant K, we measure the ferromagnetic-superparamagnetic
blocking temperature TB from the zero-ﬁeld cooled (ZFC) and ﬁeld-cooled
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(FC) magnetization curve. Here, we determine both K and the saturation magnetizaton Ms by using a superconducting quantum interference
device (SQUID) Quantum Design MPMS XL7 magnetometer. The measurements were done for small sections from the actual sample. Each
section has a volume of approximately 1 mm3 . The weights of all the
samples were measured and used in conjunction with the measured saturation magnetization to calculate the magnetization per unit mass. Note
that due to the anisotropic arrangement of particles and clusters, different sections taken from the same sample may have different Ms .

Polydispersed -cobalt nanoparticles
Polydispersed particles synthesized by the method described in [17] were
characterized by a transmission electron microscope (TEM). The TEM images (see Fig. 3.11) show that polydispersed particles at the sizes between
2 to 20 nm tend to aggregate and form clusters in the solution. The average size of one sample is 8 ± 3 nm, while the average size of the other
is 16 ± 5 nm (smaller particles at sizes below 10 nm are also observed).
Both samples represent single-crystal -cobalt nanoparticles.
The microwave characterization of these cobalt nanoparticles was done
by measuring the relative magnetic permeability (μr = μr − iμr ) , relative
electric permittivity (r =  − i ), and refractive index (n = n − in ) of
composite materials made from the mixture of the polydispersed -cobalt
particles and polystyrene (PS).

Figure 3.11. The transmission electron microscope image of two sets of polydispersed cobalt nanoparticles. One set contains particles with an average diameter of
16 nm; smaller particles (5-10 nm) are also observed. The other set contains
particles with an average diameter of 8 nm. (see also Publication VI)
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The microwave properties of the composite samples measured by a transmission/reﬂection method (Publication I) show that the microwave dispersion is caused by magnetic resonance because the dielectric response
(real electric permittivity  ) is almost constant over the measurement frequency range, see Fig. 3.12. The imaginary part of permittivity  is
nearly zero, so microwave absorption is of magnetic origin. Although the
average sizes of the particles are not the same, the resonant absorption
is maximum at almost at the same frequency. In the following, we shall
study how these two composites respond to microwave excitation under
an external magnetizing ﬁeld.

Figure 3.12. The microwave spectra of composites made from the mixture between
polystyrene (PS) and polydispersed -cobalt particles, at a volume fraction
of 10%. The microwave spectra of polystyrene (PS) are also presented.

The effect of the magnetizing ﬁeld
In order to compare the FMR theory with experiments, we conduct the
microscopic investigation and the observation of FMR phenomena under
a varying magnetizing ﬁeld. The complex magnetic permeability (μr =
μr − iμr ) of the polydispersed -cobalt nanoparticles was measured over
a wide range of frequency in non-zero external static ﬁelds H. We found
that the material exhibited a broad resonance peak around 4 GHz in a
zero external ﬁeld, see Figs. 3.13 and 3.14.
An external magnetic ﬁeld causes the resonance to shift towards higher
frequency, a reduction of magnetic loss peak was also observed. Surpris-
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Figure 3.13. The magnetic permeability of a composite of polystyrene (PS) and the 8-nm
-cobalt particles at a volume fraction of 10%.

Figure 3.14. The magnetic permeability of a composite of polystyrene (PS) and the 16nm -cobalt particles at a volume fraction of 10%. (The μ spectra is from
Publication VI)

ingly, in the small ﬁeld regime (below 1.5 kOe), the magnetic absorption remains almost constant at frequencies above 8 GHz. Figure 3.15
presents the comparison between the theoretical models and experimental results. The theoretical spectra (μr ) were calculated by combining
the phenomenological models: LLG-Kittel and Debye/LLG-Kittel with the
Bruggeman effective medium model. TB and Ms can also be measured by
a SQUID magnetometer. For this simulation, we have used TB and Ms as
ﬁtting parameters, with values bounded by the average values obtained
from the SQUID measurements.
The calculation was done by setting the particle volume ratio of 0.1, and
the average particle diameter d of 16 nm. The magnetizing ﬁeld is set
equal to the experimental values: 2.5, 3.0, ..., 5.0 kOe. The dotted lines
show the prediction of the LLG-Kittel model, Eqs. (3.25), (3.30) and (3.50),
with the parameters: Ms = 64 emu/g, TB = 400 K, and α = 0.37. The solid
and dashed lines show the prediction of the Debye/LLG-Kittel model, Eqs.
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Figure 3.15. The theoretical predictions: LLG-Kittel (dotted lines) and Debye/LLG-Kittel
(solid and dashed lines), shown in comparison with the experimental data
(discrete symbols). Inset shows the theoretical prediction of LLG/Kittel for
all the ﬁeld values. (The ﬁgures are from Publication VI)

(3.25), (3.30), (3.32) and (3.50). The Debye model (parallel susceptibility)
was calculated by setting αDebye = 0.0005 and χ (0) = 10000. The solid
lines represent the theoretical prediction with Ms = 74 emu/g, and α =
0.37, while the dashed lines represent the case when Ms = 84 emu/g and
α is varied with the magnetizing ﬁeld: 0.44 (H = 2.5 kOe), 0.40, 0.36,
0.32, and 0.28 (H = 5 kOe).
The analysis presented in Fig. 3.15 suggests that both the LLG-Kittel
and the Debye/LLG-Kittel models can approximately predict the FMR
spectra in the regime where the magnetizing ﬁeld is larger than the anisotropy
ﬁeld. The LLG-Kittel (dotted lines) predicts that the imaginary part of
magnetic permeability μ should go to zero at very low frequencies. In
reality, the permeability μ does not keep decreasing at low frequencies,
but extensively increases again when we reduce the microwave frequency
below 2 GHz. This large absorption at the low-frequency range may be
governed mainly by the (non-resonance) relaxation, that can be roughly
estimated by the Debye/LLG-Kittel model. Here, the solid and dashed
lines present the Debye/LLG-Kittel model in two different cases: constant
(solid lines) and varying (dashed lines) damping constant α. The data ﬁtting in Fig. 3.15 shows that the variation of α allows a better ﬁtting,
particularly in the high ﬁeld regime. This ﬁnding supports a hypothesis
that the damping constant depends on the magnitude of the magnetizing
ﬁeld; the larger the ﬁeld is, the smaller the damping constant will be.
Figure 3.16 shows a cartoon revealing the difference between the observed ferromagnetic resonance of the -cobalt composite and the theo-
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retical prediction with parameters given in Table 3.17. Based on Kittel’s
FMR theory, the resonance frequency fr depends linearly on the effective
ﬁeld Heﬀ = Ha + H, H is the external magnetizing ﬁeld. But our experiment shows that the linear dependence between fr and H occurs only in
the high ﬁeld (III) regime. In the low ﬁeld (I) regime, the resonance generally occurs at higher frequencies compared with the frequencies predicted
by the single (non-interacting) particle theory.

Figure 3.16. A diagram, with experimental data represented as squares, showing the relation between the resonance frequencies (ω0 ) and the applied magnetizing
ﬁeld (H). In the low ﬁeld regime (I), the magnetization of the particles is
random and aligns along the anisotropy ﬁeld. In the case that chains or
clusters form inside the composite, the self-generating local magnetic ﬁeld
tends to cause the increase of FMR resonance frequencies. In the high ﬁeld
regime (III), where the magnetization of each particle is directed along the
external magnetizing ﬁeld, Kittel’s FMR theory can be applied to predict
the resonance absorption spectra. (The ﬁgure is from Publication VI)

Figure 3.17. The Kittel-LLG theory and Bruggemann effective medium model can
roughly describe the experimental data shown in Fig. 3.14b using the parameters in this table with the resonance condition fr = γ(Heﬀ +H  ), where
Heﬀ = 2K/Ms . The ﬁtting was done by using H  = H when H is above 2.5
kOe. At lower magnetizing ﬁeld, H  is larger than H, implying that the observation does not agree well with the non-interacting particle FMR mode.
Other parameters are set as follows: Ms = 64 emu/g, TB = 400 K, and
d = 16 nm.
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Observing the cobalt composite with a transmission electron microscope
(TEM), we found that -cobalt nanoparticles were not well separated, see
Fig. 3.11. Large amount of clusters were formed. In each cluster, the
magnetic dipole interactions between particles generates a distribution of
local magnetic ﬁeld. This local ﬁeld is not explicitly written in Eq. (3.30).
So, it is not surprising to see that the theory does not agree well with the
experiment in the small ﬁeld (I) regime.
In Fig. 3.15, we demonstrated that the LLG-Kittel theory and the effective medium model can be used to predict the high-ﬁeld regime of the permeability spectra. The data ﬁtting was done in frequency domain. Next,
we present the analysis by plotting the permeability data in the magnetizing ﬁeld domain. Only four sets of data that show nearly-symmetric
curves are plotted here in Fig. 3.18 to show the FMR peaks. The ﬁgure
shows that the 9.58-GHz curve which peaks around 2.25 kOe is less symmetric (non-lorentzian) compared to the spectra at 10.55, 11.56 and 12.53
GHz, that have resonant peaks at higher magnetizing ﬁelds. The asymmetry comes directly from the non-LLG/Kittel spectra in the frequency
domain at ﬁelds smaller than 1.5 kOe as already discussed (see Fig. 3.15).
Although the ﬁeld-dependence of absorption shown in Fig. 3.18 is not
symmetric, i.e. cannot be associated perfectly with the single-particle (LLGKittel) model, they are sufﬁcient to provide a proof of the linear relation
at resonances between the microwave frequency and the magnetizing ﬁeld
(see the inset graph of Fig. 3.18). Both the main graph and the inset in
Fig. 3.18 present the spectra of the composite sample, but the diagram
in Fig. 3.16 shows the spectra of cobalt particles. Within the validity
of effective medium model, composites exhibit resonant peaks at higher
frequencies compared to the constituent particles.
The relation between f and H also shows that the resonance frequency
does not reduce to zero at zero magnetizing ﬁeld. This ﬁnding suggests
the validity of Kittel’s formula for uniaxial spherical particles with an
anisotropy ﬁeld, i.e. ω = γ(H + Ha ) = γ(H + 2K/Ms ). Ideally, if the resonance can be predicted by the Kittel’s and LLG’s equations, the slope of
the fr − H graph for a cobalt particle should be equal to γ/ (1 + α2 ), that
is approximately 2.8025/ (1 + 0.372 ) = 2.6283 GHz/kOe. But the graph
shows an average slope of 1.97 GHz/kOe, which is 23 % smaller than the
theoretical value, suggesting that the permeability of the cobalt composite cannot be well described by the single-particle (non-interacting) FMR
theory. This may be caused by the random orientation of the anisotropy
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ﬁeld, particle-size distribution, or particle-particle interaction. We shall
investigate the effect of particle size in the next subsection.

Figure 3.18. The imaginary part of magnetic permeability as a function of the applied
magnetic ﬁeld H. Each color represents the peak at one microwave frequency in the external ﬁeld domain. The measurement shows that the resonance shifts towards a higher magnetic ﬁeld when the microwave frequency
is increased. The inset picture shows the linear dependence between the
resonance frequency fr of the composite and the external magnetic ﬁeld H.
(The ﬁgure is from Publication VI)

The effect of particle morphology
Next, the effect of particle size/shape on the microwave absorption properties is discussed. Composites are made from -cobalt nanoparticles. These
particles were synthesized in the year 2010. The TEM images of the particles within these composites are shown in Figs. 3.19 and 3.20. The composites were fabricated by dissolving amounts of polystyrene in the solvent containing nanoparticles. The evaporation of the solvent then yields
solid composite materials. The composite materials were then molded
at elevated temperature (150 o C) to make circular pellets for microwave
measurements. Each pellet has the outer diameter of 6.96 mm and the
thickness of 4.00 mm. To create a center hole with the diameter of 3 mm,
each pellet is drilled mechanically.
The permeability spectra of 2010-composites, see Fig. 3.21, show that
the smallest nanoparticles of sample-A (5 nm) exhibit nearly vanishing
magnetic response in this frequency range, while the nanoparticles of
sample-B, that have relatively larger particle diameters, exhibit a weak
magnetic loss absorption peak around 4 GHz. Sample-C is a representation of monodispersed particles. Comparing nearly-monodispersed parti-
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Figure 3.19. The TEM images of -cobalt nanoparticles composites (Set 2010). a) SampleA contains nanoparticles with the average diameter of 5 nm, but chains of
bigger particles (≈10nm) are also observed. b) Sample-B contains nanoparticles with the average diamter of 8 nm, c) Sample-C contains nanoparticles
with the average diameter of 11 nm, and d) Sample-D contains bigger facetparticles with the average size of 27 nm. Note that the TEM images on the
right column with 10 nm scale bar are the images of particles in the original solution before the making of composite materials. (The ﬁgures are from
Publication VI)

cles (sample-C) with bigger facet particles with an average diameter of 27
nm, we found that the facet particles (Sample-D) exhibit a smaller absorption at and around 1 GHz. The unusually high magnetic loss in sample-C
can be caused by the formation of superlattices inside the composite.

Monodispersed -cobalt nanoparticles
Chemical synthesis allows the production of nearly monodispersed -cobalt
nanoparticles. The composite materials made by mixing the monodis-
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Figure 3.20. Left: a pellet of sample-C composite for microwave measurements. Right:
the TEM image of particle clusters inside the sample-C composite.

Figure 3.21. The relative magnetic permeability of -Co composites (Set 2010): A, B, C
and D samples. (The ﬁgures are from Publication VI)

persed particles and insulating matrix have been studied. Some results
are reported in Publication VI. In that paper, a composite of monodispersed -cobalt nanoparticles with an average diameter of 14 nm exhibits
broad magnetic absorption within the frequency range between 1 and 10
GHz, with a peak around 3 GHz, see Fig. 3.22. It was also found that
increasing the volume fraction not only increases the magnitude of μr ,
but also shifts the resonant peak towards lower frequencies. This ob-

56

Nanostructured Materials under Microwave Radiation

servation agrees with the prediction by the Bruggeman effective medium
model (Fig. 3.23). However, the spectra, particularly the real part of permeability, were not well described by the model.

Figure 3.22. The magnetic permeability of two composites made from 14-nm monodispersed -cobalt particles with different volume fraction. (The ﬁgures are
from Publication VI)

Figure 3.23. The predicted magnetic permeability of the composite made from 14-nm
monodispersed -cobalt particles based on the Bruggeman and MaxwellGarnett effective medium model. (The ﬁgures are from Publication VI)

Figure 3.24 shows the atomic force microscopic (AFM) and magnetic
force microscopic (MFM) images of an area on this composite. In addition to the visible magnetic particles/clusters in the MFM image, we
also observe that, within the area of 100 nm2 , the magnetization direction/magnitude is not homogeneous. Different magnetization regions may
correspond to the formation of big clusters or pseudolattice inside the composites. The clustering can occur either during the synthesis process or
during the hot-plate molding of the toroidal samples.
Next, we will present a study on another set of monodispersed -cobalt
nanoparticles. The average size of the particles in this set is 11.7 nm.
Figure 3.25 shows the transmission electron microscopy pictures of the
nanoparticles.
Figure 3.26b shows the zero-ﬁeld cooled/ﬁeld cooled (ZFC/FC) curve of
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Figure 3.24. The AFM and MFM images of the composite made from the 14-nm monodispersed -cobalt particles. (Unpublished data)

Figure 3.25. Transmission electron microscopic images of monodispersed -cobalt
nanoparticles (Set 2012). The average particle diameter is 11.7 ± 0.7 nm.
(Unpublished data)

the 11.7-nm monodispersed -cobalt nanoparticle composite. The measurement was done by ﬁrstly cooling a small piece of a sample to 2 K
without an external magnetic ﬁeld for a ZFC measurement. At the end,
the sample was frozen with no net magnetization, due to the random magnetization at room temperature. Next, a small ﬁeld (100 Oe) was applied,
and the magnetization (M ) of the sample was measured at different temperatures from 2 to 400 K. As the temperature increases, more particles
undergo a transition from the ferromagnetic (blocked) to the paramagnetic phase, and align with the applied ﬁeld. The magnetization reached
a maximum when the blocking temperature was reached. The blocking
temperature is the temperature for which thermal excitation occurs. In
other words, the thermal energy causes ﬂuctuation between the parallel
and antiparallel magnetization states with respect to the anisotropy axis.
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Figure 3.26. The magnetic response of a -cobalt nanoparticle composite (Set 2012) measured by a SQUID magnetometer. a) The magnetization versus the applied
magnetic ﬁeld at 300 K showing the saturation magnetization of about 77
emu/g. The inset picture is the result of another section from the same
sample. b) The ZFC-FC curve of the same sample showing the blocking
temperature above room temperature. (From publication VI)

As temperature was further increased, the ﬂuctuations caused the magnetization to orient randomly, resulting in a decrease of the magnetization
at a higher temperature.
At microwave frequencies between 0.1 and 10 GHz, the composites of
the monodispersed particles exhibit magnetic resonant absorption which
peaks between 2 and 3 GHz, see Fig. 3.27. Increasing the volume fraction causes the peak to shift towards lower frequencies. This effect was
also observed in other samples, as reported in Publications V and VI. The
permittivity spectra show that the dielectric response is less dispersive.
The imaginary permittivity is nearly zero over the whole frequency range,
such that the microwave absorption must be caused only by the strong
magnetic coupling between the ﬁeld and the magnetic particles at ferromagnetic resonance. Figure 3.28 shows the same data in logarithmic
scale. Some samples from the “sample set 2012” have also been characterized by the short-circuit line method (Publication V). The results agree
well with the measured results obtained by the transmission/reﬂection
method presented in this section.

3.5.3

Conclusions

Compared with the polydispersed fcc-Co nanoparticle composite, a composite of polydispersed -Co nanoparticles (with the diameter in the order
of 10 nm) exhibits ferromagnetic resonance at lower frequencies: 12 GHz
for fcc-Co and 4 GHz for -Co. At a low volume fraction, the polydispersed
fcc-Co composite and the polydispersed -Co composite have nearly the
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Figure 3.27. The relative permittivity r = r −ir and relative permeability μr = μr −iμr
of -cobalt nanoparticle composites (Set 2012) at different volume fractions.
(Unpublished data)

Figure 3.28. The relative permittivity r = r −ir and relative permeability μr = μr −iμr
of -cobalt nanoparticle composites (Set 2012) at different volume fractions
in logarithmic scale. (Unpublished data)

same magnetic response (μr ≈ 1.4) at the frequencies between 1 and 2
GHz. Without external magnetizing ﬁeld, both monodispersed and polydispersed -Co composites have broad ferromagnetic resonance peak in
frequency domain.
With the currently available synthesis methods, magnetic nanoparticles usually aggregate in the form of clusters, chains and superlattices.
The aggregation can be found in all of the composite materials. This
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self-organization of magnetic nanoparticles generally reduces the free energy of the system. But, in terms of magnetic energy, the aggregation of
nanoparticles can result in the increase of anisotropy, i.e. an increase of
the effective anisotropic ﬁeld. So, when these nanoparticle clusters are observed under microwave radiation, they therefore respond as if they are
subjected to an external (local) magnetizing ﬁeld. This natural process
may be a reason why some observations of cobalt nanoparticles under
microwave radiation show a magnetic loss absorption peak at frequencies much higher than expected by the non-interacting uniaxial particle
model.

3.6

Carbon nanotubes

Technologically, both magnetic and non-magnetic materials are useful for
the design and development of microwave applications. As non-magnetic
materials, carbon nanotubes are among the most versatile nanomaterials.
Due to the remarkable electronic [96], thermal [97] and mechanical [98,
99, 100], electrical [96] properties, carbon nanotubes may be applied to
fabricate lighter-weight devices with applications ranging from consumer
electronics to space science.
For scientiﬁc purposes, arc discharge [101, 102], chemical vapor deposition [103] 3 , laser ablation [104] and controlled ﬂame environment [105]
are widely-used techniques for the production of single-walled and multiwalled carbon nanotubes.
The observations of nanotubes with an electron microscope dates back
to only half a century ago. However, a recent study shows that a 17th century sword made from Damascus steel contains carbon nanotubes [106].
This discovery provides evidence that human beings have been using carbon nanotubes since ancient times. A single-wall carbon nanotube is a
ﬂexible cylindrical tube formed from a single sheet of hexagonal network
of carbon atoms, see Fig. 3.29. The electronic structure and the associated
electrical properties of a single-wall carbon nanotube is determined by the
chiral vector as shown diagramatically in Fig. 3.29.
Theoretical and experimental studies on the electronic structures of carbon nanotubes demonstrate that armchair (n = m) nanotubes have energy
3 By using a catalytic vapor phase deposition of carbon, Radushkevich and

Lukyanovich found in 1952 that carbon ﬁlaments could be hollow and have a
nanometer-size diameter.
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Figure 3.29. Diagram showing how different types of single-walled carbon nanotubes
(SWCNT) can be constructed from a graphene sheet. The chirality and the
tube diameter are uniquely speciﬁed by the chiral vector Ch = na1 + ma2 ,
where n, m are integers and a1 , a2 are the unit vectors of graphite, and Ch
connects two edges of the rectangular graphitic sheet (dark color region). An
armchair SWCNT is formed when n = m, while a zigzag SWCNT is formed
when m = 0.

bands crossing the Fermi level and are therefore metallic, while chiral
(n = m) and zigzag (m = 0) can be either metallic or semiconducting depending on the chiral angle [107, 108, 109]. It has been shown that when
n − m = 3l, where l is an integer, the tubes are metallic; in other cases
(n − m = 3l), the tubes are semiconducting with an energy gap (depending on the diameter) of the order of 0.5 eV. The chiral angle is deﬁned as
the angle between Ch and the zigzag θ (or armchair φ) direction. If the
chiral angle is deﬁned as the angle between Ch and the zigzag, then a
√
zigzag tube will have the chiral angle θ = 0o , θ = arctan − 3m/(2n + m).
Similarly, if the chiral angle is deﬁned as the angle between Ch and the
armchair, then an armchair tube will have the chiral angle φ = 0o .
In this section, the experimental investigations of some carbon nanotube
materials are presented. The objectives are a) to characterize the dielectric properties of carbon nanotube composites, and b) to test the scattering
and absorption properties of carbon nanotube yarns.
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3.6.1

Single-walled carbon nanotube composites

Composites made by mixing single-walled carbon nanotubes (mixed chirality) and dielectric matrix were studied at microwave frequencies. The
dielectric permittivity spectra of the composites at frequencies between 7
and 11 GHz are shown graphically in Fig. 3.30. The measurements were
done by using a transmission/reﬂection technique (see Appendix B). The
permittivity spectra were retrieved by using a reference-plane invariant
algorithm presented in Publication I.

Figure 3.30. The microwave dielectric constant (relative permittivity r = r − ir ) of
composite materials made by mixing single-walled carbon nanotubes (mixed
chirality) with dielectric matrix. (Unpublished data)

3.6.2

Carbon nanotube yarn

In this subsection, yarns of multiwall carbon nanotube are studied, and
found to behave like metallic grids with large anisotropic properties.
Due to the electronic structure of multiwall carbon nanotubes (MCNT)
[110], a sheet of aligned MCNT yarns [111] has very high electrical conductivity (DC) along the yarn axis (Fig. 3.31). The asymmetry of the
MCNT sheet also causes anisotropy effects at microwave frequencies. Fig.
3.32 demonstrates how the anisotropic properties of the MCNT yarns are
measured using a rectangular waveguide. The results of the transmission
and reﬂection measurements show that the absorbance is higher when
the MCNTs are perpendicular to the direction of the propagating electric ﬁeld, see Fig. 3.33. At frequencies from 8.0 to 9.0 GHz, the incident
electric ﬁeld that aligned with the CNT yarn will be absorbed with the
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absorbance (1 − |S11 |2 − |S21 |2 ) of about 0.1, while the absorbance of the
perpendicular ﬁeld is approximately 0.5. This ﬁnding is actually similar

Figure 3.31. The scanning electron microscopy images of multiwall carbon nanotube
yarn, made from multiwall carbon nanotubes aligned mainly in one direction (yarn axis); each tube has the length of about 1.5 mm.

Figure 3.32. The rectangular waveguide used to measure the anisotropic properties of
MCNT yarns.

to the case of metallic grid; the surface impedance of the grid depends
strongly on the direction of the incident ﬁeld. In order to have a higher
absorption in a structure, we should design the structure to reﬂect less
power. Ideally, a near unity absorbance can be achieved when the structure has zero reﬂection and zero transmission. This condition is difﬁcult
to obtain in practice, so in many cases a good absorber is designed ﬁrst to
match the impedance of the vacuum, in order to obtain the highest power
from the incident ﬁeld. A theoretical study of unity absorbance layers is
presented and discussed in more details in Publication II.
With a resonant cavity, see Fig. 3.34, small samples can be accurately
characterized. In the following, the cavity is designed and fabricated with
a sample insertion hole in the middle of the top surface. The description
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Figure 3.33. Microwave anisotropic properties of the MCNT yarn at frequencies between
8 and 9 GHz. (Unpublished data)

Figure 3.34. The resonant cavity used for testing small samples of MCNT yarns.

of the resonant modes can be found in Appendix A. Figure 3.35 shows the
measured results when a small rectangular sheet of MCNT yarn is placed
in the middle of the rectangular cavity in the way that the MCNT points
in the same direction as the electric ﬁeld. The absorbance of the parallel
ﬁeld can be as high as 0.7, at and around the resonance frequency of the
cavity. It is also seen that the larger the sample, the higher the reﬂection.
As a result, a larger sample does not absorb that much power.
Figure 3.36 shows the reﬂection S11 and absorbance spectra from the
resonant cavity when ﬁlled with various types of materials. Comparing
with a copper wire and a smaller piece of MCNT yarn leads to increased
reﬂection, but the shift of resonant frequency is smaller due to the smaller
perturbation of the resonant cavity mode. We have found experimentally
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Figure 3.35. Microwave analysis for a rectangular sheet of MCNT yarn with the length
of 10 mm and width of various lengths. The transmission (S21) and reﬂection (S11) through a resonant cavity when a small piece of MCNT yarn is
inserted; the yarn axis points in the same direction with the electric ﬁeld.
The absorbance is calculated from the relation A = 1 − |S11 |2 − |S21 |2 . (Unpublished data)

that when the same MCNT yarn is attached to an end of a copper wire
and the combined sample is inserted back into the cavity, unusually large
reﬂection occurs.

3.6.3

Conclusions

Similar to macroscopic materials, anisotropy determines the coupling mechanisms between a nanostructured material and a microwave radiation
under an observation. Classically, the interaction can be due to either
magnetic or electric coupling between the ﬁeld and the material. In nonmagnetic materials, such as carbon nanotubes, anisotropy allows the materials to interact strongly only with the electric ﬁeld with the polarization
parallel to the tube axis. Because of this nature, a piece of a multi-walled
carbon nanotube yarn is less visible (low scattering and reﬂection) at microwave frequencies when the yarn axis is perpendicular to the ﬁeld. But
when the yarn axis is rotated so that it is parallel to the ﬁeld, the nanotube yarn becomes clearly visible with large observable scattering. This
anisotropic nature of the scattering process therefore highlights a similar-
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Figure 3.36. The reﬂection (S11 ) and absorbance spectra for a resonant cavity with different inserted samples. The reﬂection from the cavity is larger when a small
piece of MCNT yarn is inserted, as compared to the case of a bigger piece of
copper wire. For the big copper wire, the electric ﬁeld is highly perturbed,
and there is a larger shift in the resonant frequency of the cavity. If we
attach the same pieces of MCNT yarn at one end of the copper wire, the
reﬂection becomes signiﬁcantly larger. (Unpublished data)

ity between macroscopic and the nanoscopic materials. However, in the
study of carbon nanotube yarn at microwave frequencies, an unexpected
phenomenon was also observed. It was found that only a short (L

λ)

carbon nanotube yarn (with the diameter in the order of 100 μm) can be
used together with other metallic materials to create a composite material
with remarkable microwave properties. As we have shown here, a copper
wire with its axis parallel to the microwave electric ﬁeld can couple and
generate scattering many times stronger than usual when the end of the
wire is connected with a tiny piece of carbon nanotube yarn.
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4. Main Results and Conclusions

The development of future nanoscale devices requires not only precise
knowledge of the material properties, but also innovative ways to fabricate structures at mesoscopic scales. In my thesis, I have demonstrated
two novel fabrication concepts based on ion-induced inelastic strain engineering. The ﬁrst concept involves the use of the well-established focused
ion-beam technology. The concept has been demonstrated experimentally
by fabricating various non-trivial 3D structures, including cubic structures, at nanometer scales. The second concept is a new hybrid nanofabrication technique. The main idea is to induce inelastic strain by using
low-energy ions generated during a reactive plasma etching process. This
technique was applied to assemble self-folding structures with various
radii of curvature using a single ion etching process.
Regarding the microwave properties of nanomaterials, experimental investigations show that a composite material made of a mixture of dielectric material and -cobalt nanoparticles with sizes between 7 nm and 20
nm exhibits ferromagnetic resonant absorption which peaks at around 2
to 4 GHz. At high magnetizing ﬁelds (above 1.5 kOe), the ferromagnetic
resonance approximately follows Kittel’s FMR theory. The resonance peak
at high ﬁeld values can be described by combining the Landau-LifshitzGilbert equation with the effective medium model. At lower ﬁeld values,
the resonance occurs at higher frequencies compared to the prediction
by Kittel’s single-particle FMR model. The shift of the resonance is hypothesized to be due to the local magnetizing ﬁeld that arises from the
interaction of particles inside particle clusters. Transmission electron microscope images show that the particles inside the composite aggregate in
the form of chains and superlattices.
For carbon nanotube materials, experimental results show that the interaction between the CNT yarns and microwave radiation depends strongly
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on the polarization (yarn axis). Inserting a thin piece of carbon nanotube
yarn (L ≈ λ/2, w

100 μm) inside a microwave cavity and measuring

the reﬂected and transmitted signals, we ﬁnd that the combined system
(the CNT yarn and the cavity) exhibits high reﬂection when the yarn is
parallel to the ﬁeld in the resonant cavity. A very high reﬂection signal occurs if one attaches a small (L

λ/2, w

100 μm) piece of CNT

yarn to a thin metal wire (Lmetal ≈ λ/2) and inserts this combination into
the cavity. The ﬁnding suggests that structures exhibiting ultra high reﬂection (shielding) may be fabricated by combining metallic wires with
multi-walled carbon nanotube yarns.
Nanoscale materials have many promising and useful applications in
science and technology, but there are also some environmental and ecological concerns about the use of these materials. Therefore, mass-production
of nanostructured materials would require further research and development to make sure that the new materials are biologically and ecologically
compatible.
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A. Appendix: Microwave Theory and
Techniques

This appendix discusses microwave theory and techniques in the context
of classical electrodynamic theory. It is not aimed to cover the whole
research area, but rather to present some basic concepts for the understanding of experimental methods used in Chapter 3. (The author’s contributions to the knowledge of microwave techniques are summarized in
Publication I and V.)

A.1

Microwaves

Electromagnetic waves in the range of microwave frequencies have wavelengths ranging from 1 m to 1 mm, corresponding to frequencies between
300 MHz and 300 GHz. At the quantum limit microwave energy is transferred to/from a materials in discrete amounts, called ‘photons’. Microwave
photons have an energy ranges between 1.24 μeV (at 300 MHz) and 1.24
meV (at 300 GHz). For a mobile phone operating at 1 GHz, a corresponding microwave photon would have an energy of about 1.26×10−24 J or 7.86
μeV.

A.1.1

Microwave power units

The decibel (dB) is a logarithmic unit that expresses the magnitude of a
physical quantity relative to a reference level. Since the unit quantiﬁes
the ratio of two quantities having the same units, it is a dimensionless
unit. In the microwave literatures, dBm (dBmW) is referenced to one
milliwatt (mW), x dBm = 10 log10 P/P0 , where P is the measured power
and P0 = 1 mW is the reference power. For example, 1 mW = 0 dBm, 10
mW = 10 dBm, and 100 mW = 20 dBm.
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A.2

Measurement Techniques

The interaction between the magnetic nanocomposites and the transmitted microwave can be described classically in terms of material constitutive parameters, i.e. the complex permittivity r , and the complex permeability μr . The imaginary parts of the constitutive parameters determine
how large the radiation energy is absorbed.
This section discusses the measurement methods for the determination of constitutive parameters at microwave frequencies. Generally, microwave measurement techniques can be classiﬁed as resonant or nonresonant. The study of magnetic resonant phenomena was conventionally
done with resonant methods. However, the advancement of microwave
instrumentation has allowed also the study of resonant phenomena in
frequency domain using non-resonant methods. Non-resonant methods
can involve the measurement of transmission/reﬂection or reﬂection only.

A.2.1

Transmission/reﬂection methods

Non-resonant techniques such as the transmission/reﬂection method provides a way to observe magnetic resonance phenomena under zero magnetizing ﬁeld. Material properties at microwave frequencies are widely characterized by the transmission and reﬂection measurement. The refractive
index, n, and the permittivity, , are examples of the properties that have
been measured with these techniques. A well-known technique which
provide both permittivity and permeability, μ, in one measurement is the
transmission/reﬂection (TR) method introduced by Nicholson-Ross [112]
and Weir [113]. This technique has a technical problem involving the
transformation of S-parameter measurements from the calibration reference planes to the surfaces of the material. To solve it, Baker-Jarvis and
co-workers proposed a set of reference-plane independent equations for
the determination of complex permittivity [114]. They derived ﬁve scattering equations that are invariant to the positions of reference planes.
Since many measurement methods are designed for characterizing nonmagnetic materials, the permeability of the material being tested is usually assumed to be 1 in the calculation algorithms [114]-[115].
In general, it would be useful to extract all of the electromagnetic parameters of a material being tested. Fig. A.1 shows the relation between
four fundamental physical constants and the corresponding electromagnetic parameters, which can be measured by transmission/reﬂection tech-
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nique. In case of a non-magnetic material, the refractive index relates to

Figure A.1. Fundamental physical constants and electromagnetic parameters. It is sufﬁcient to measure either n and z or  and μ, because when a pair of parameters
is known one can always calculate the other pair.

only the permittivity. But the refractive index of a magnetic material is
√
also dependent on the permeability, n = μ. In the following, the mathematical descriptions of the scattering parameters will be discussed. The
aim is to ﬁnd a reference-plane invariant algorithm for the determination
of complex refractive index and wave impedance. When the index of re
√
fraction n = n + n = μ and the wave impedance z = μ are known,
the permittivity and permeability can then be determined.

Transverse electromagnetic waves
The foundation of classical electromagnetic theory was ﬁrmly established
when J. C. Maxwell modiﬁed the Ampere’s law (an electric current produces a magnetic ﬁeld) with an additional assumption that a changing
electric ﬁeld also produces a magnetic ﬁeld in a similar way to how a
changing magnetic ﬁeld produces an electric ﬁeld, and combined his modiﬁed law with the other electrostatic and magnetostatic laws to create the
most-important equation of the 19th century - the equation that predicts
the existence of electromagnetic waves that travel with the speed of light
c = 1/μ [116]. Maxwell’s prediction was conﬁrmed experimentally using
a set of simple generator and reciever by H. Hertz in 1887.1
1 Hertz’s electromagnetic ﬁeld generator was made from a battery and a simple

LC circuit. He also separated the electrical line between the capacitor and the
inductor with a small air gap. This air gap between two well-polished brass
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According to Faraday and Ampere’s laws (Maxwell’s curl equations) [117,
118],
dH
dt
dE
,
∇×H =J +
dt
∇ × E = −μ

(A.1)
(A.2)

where μ = μ0 μr is the magnetic permeability and  = 0 r is the permittivity. If we assume that 1) the transmission line is source-free (J = 0),
isotropic and homogeneous, 2) EM waves propagate along z-axis with
ejωt dependence, and 3) there are only transverse electromagnetic (TEM)
waves propagating within the line (Ez = Hz = 0), we will ﬁnd that the
transverse ﬁeld component Eρ (or Hφ ) is governed by
∂ 2 Eρ
+ ω 2 μEρ = 0.
∂z 2

(A.3)

This means that there is a sinusoidal electric ﬁeld in the transverse direction. The mathematical expression of the ﬁeld is given by Eq. (A.4).
Mathematically, a sinusoidal wave of electric ﬁeld E travelling along
the z-direction within a transmission line can be described in terms of the
angular frequency ω and the proportional constant γ as follows:
Eρ (z, t) = C + ejωt−γz + C − ejωt+γz ,

(A.4)

√
where γ = jω μ and t is time. Like other plane waves, the ﬁrst term
on the r.h.s. of (A.4) represents a wave propagating in the +z direction,
while the second term is the one propagating in the opposite direction.
For simplicity, we will, from now, describe all the ﬁelds using their phasor
forms. This means the time-dependent factor ejωt will be suppressed. For
example, the phasor form of (A.4) is
Eρ (z) = C + e−γz + C − eγz .

(A.5)

The propagation of TEM waves in homogeneous waveguides can be described in terms of plane waves. If the line is ﬁlled partly with a piece
of material, a fraction of the incident wave will get reﬂected at the ﬁrst
and also at the second interface. In practice, unknown reﬂection can also
occur, for examples, at a defect of a waveguide or at a joint between a
waveguide and an adapter.
knobs was expected to generate sparks during the electrical generation. Hertz
reasoned that, if Maxwell were correct, electromagnetic waves would be created
during these sparks. To detect the transmitted waves, Hertz placed a simple
receiver (a looped wire with both of its end separated by a tiny gap) a few meters
away from the generator. He found that whenever there were sparks at the
generator, there were also sparks generated at the gap of the metal-loop receiver.
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In the case that the reﬂection and absorption of the waveguide can be
eliminated, we can use the reﬂection and transmission signal to determine material constitutive parameters. Recall that the constitutive relations can be written:
D = E,

(A.6)

H = B/μ.

(A.7)

and

In general, the electric permittivity  and the magnetic permeability
μ are not constants, but rather functions of frequency. At a chosen frequency, a material is said to be non-magnetic, if its permeability is equal
to μ0 , i.e. with μr = μ/μ0 = 1. When expressing the material properties
in terms of the intrinsic electromagnetic parameters, like  and μ, their
magnetic properties can also be described in terms of electric permittivity
 = and magnetic permeability μ, The wave impedance z and the refractive index n of the material inserted inside the waveguide. Here, we will
focus our analysis on the transmission and reﬂection at the interface between a material under test and the air within a transmission line. The
schematic illustration of this model system is shown in Figure A.2. The
wave impedance z and the refractive index n of the material inserted inside the waveguide.

Figure A.2. Diagram of transmission line segment containing material under test. The
arrows represent the transmitted and reﬂected signals through the transmission line.

Within region I and III, the electric ﬁelds propagate through air, so they
are governed by

ω
√
γ0 = jω μ0 0 = j .
c

(A.8)
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While, in region II, this characteristic parameter changes to
√
√
√
γ = jω μ = jω μ0 μr 0 r = γ0 μr r ,

(A.9)

where μr and r are the relative permeability and permittivity of the material under test.
By using notations as in ﬁgure A.2, we can write the mathematical expressions for the incident and reﬂected waves within each region as
= a1 e−γ0 z + b1 eγ0 z ,

EI

= b3 e−γ0

EII
EIII

= b2 e

√

−γ0 z

μr  r z

(A.10)

+ a 3 e γ0

+ a2 e

γ0 z

√

μr  r z

(A.11)

,

(A.12)

.

The amplitudes (ai , bi ) of each wave components can be determined by
solving (A.10-A.12) with the following boundary conditions:
EI |z=L1

= EII |z=L1 ,

(A.13)

EII |z=L1 +L = EIII |z=L1 +L .

(A.14)

and
1 ∂EI
|z=L1 =
μ0 ∂z
1 ∂EII
|z=L1 +L =
μ0 μr ∂z

1 ∂EII
|z=L1 ,
μ0 μr ∂z
1 ∂EIII
|z=L1 +L .
μ0 ∂z

(A.15)
(A.16)

Solving (A.10) - (A.12) with (A.13) - (A.16), we obtain
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and
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Combining (A.17) and (A.18), we obtain the relation between the magnitudes of the incident, reﬂected, and transmitted signals:
⎛
⎜
⎜
⎜
⎝

⎞

b1

b2
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which shows that the scattering (S  ) matrix relates the incoming waves
toward the sample to the corresponding outgoing waves.
The elements of a scattering matrix are conventionally called S-parameters.
Recall that S-parameters can be written, see Eq. (3.7) - (3.9), in terms of
the propagation factor
P = e−γ0

√

 r μr L

,

(A.20)

and the reﬂection coefﬁcient
Γ=

1−
1+




r
μr
r
μr

.

(A.21)

In principle, if S-parameters are known, the electromagnetic parameters can be determined. Fig. A.3 shows the calculation algorithms, as
a comparison, between the Nicolson-Ross-Weir (NRW) method and the
reference-plane invariant algorithm (Publication I). In the RPI algorithm,
neither Γ nor P are given in terms of L1 and L2 .

Figure A.3. The Nicholson-Ross-Weir (NRW) algorithm and the reference-plane invariant (RPI) algorithm for the determination of electromagnetic parameters.

The complex permittivity r and the complex permeability μr can be an√
alytically calculated when both the complex refractive index n = μ and
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the wave impedance z =

μ/ are known. Since z = (1 + Γ)/(1 − Γ),

we can describe Γ using Eq. (3.13). This means the wave impedance can
also be determined without specifying the reference-plane position. The
measurements of S-parameters and group delays can be done by using a
vector network analyzer.
The measurements of S-parameters and group delays are conducted,
for example, by using a vector network analyzer. After a calibration, the
o and τ o . Then a samempty transmission line was measured to obtain S21
g

ple is inserted into the transmission line, and the measurement is repeated again. The source of errors can be eliminated by calibration. In
the case when a perfect calibration is not possible due to technical problems, the phase errors can be reduced by averaging over different sample
positions. Generally, the measurement uncertainties for the transmission/reﬂection are lower at higher frequencies.

A.2.2

The reﬂection method

A reﬂection measurement can be realized with either a short-circuit or
a loaded transmission line. A systematic study of a short-circuit method
is presented in Publication V. The idea is to express the electromagnetic
parameters of the material in terms of the reﬂected signal, i.e. S11 , and
determine the parameters by either a numerical technique (using an optimization or root-searching algorithm) or by an analytical calculation
similar to the NRW method. Fig. A.4 shows a diagram describing how
a toroidal sample is inserted inside a short-circuit coaxial transmission
line. The numerical method used for this type of measurement setup is
presented in Publication V.

Figure A.4. Diagram showing the experimental setup for a short-circuit method: a sample is inserted inside a coaxial line near the short end. In case that the
sample can be placed next to the short-circuit, ha can be set to zero in the
calculation algorithm.
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A.2.3

Resonant cavity

A rectangular resonant cavity as shown in Fig. A.5 can be used to test
anisotropic materials. With cavity parameters as given, the cavity is operated with the transverse electric ﬁeld (TEmnl ) modes, with m = 1 and
n = 0. The resonant frequencies fr can be determined by


c
fr =
2



m
a

2

+

 2
n

b

+

 2
l

d

(A.22)

,

where c is the microwave velocity, a is the width of the cavity, b is the
height of the cavity. Table A.6 shows the prediction of the ﬁrst six resonant peaks of the rectangular cavity by Eq. (A.22).

In the case that

Figure A.5. Using a rectangular cavity WR340 with the length of 170 mm, the cavity
exhibits resonances at1.95, 2.48 and 3.17 GHz.

Figure A.6. The resonant frequencies of a rectangular cavity WR340 operated with the
transverse electric ﬁeld modes TEmnl .

the cavity is used to characterize a dielectric material, the experiment
must be done with the 101, 103, and 105 TEM modes, where the electric
ﬁeld is maximum at the center (sample insertion) position. For magnetic
materials, the 102, 104, and 106 modes are used instead.
With circular coupling aperture at the end of the cavity, the measurement with a vector network analyzer shows that the cavity exhibits resonances at frequencies close to the predicted values, see Fig. A.7.

79

Appendix: Microwave Theory and Techniques

Figure A.7. The measured resonant frequencies of the rectangular cavity WR340.
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B. Appendix: Instrumentation in
Nanoscience

This chapter describes the basic physical principles of some instruments
used for the fabrication and the characterization of materials at nanoscales.

B.1

SEM

The scanning electron microscope (SEM) is an imaging tool used for magnifying structures with dimensions below the diffraction limit of standard
optical microscopes. The operation of an SEM begins with the scanning of
a focused electron beam over the sample surface. Due to the interaction of
these electrons with the atoms in the material, some particles (electrons,
photons) are emitted from the surface. They are then received by a detector, and processed into an image. The brightness of each pixel in the
image represents the intensity of the signal received from the corresponding point of the sample surface.
Typically, the scanning electron beam can interact with the sample via
various mechanisms. Different mechanisms induce the emission of different particles, see Table B.1.
Positions

Emitted Particles

Remarks

Surface

Auger electrons

Low energy

Close to surface

Secondary electrons

Low energy

Deeper in sample

Backscattered electrons

Low energy

Deepest in sample

X-ray photons

Table B.1. Particles generated by electron beams interacting with materials.

Although various kinds of signals can be detected and converted into
images, a standard scanning electron microscope may have only one secondary electron detector. Normally, secondary electrons have low ener-
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gies. They are mostly emitted from points near the surface (approximately
10 nm). The contrast of secondary electron images depends mainly on the
tilt angle and topography of the specimen surface.
In an optical microscope, radiation from a source is focused through
lenses onto the sample. In the case of an SEM, the electrons are ‘focused’
by electromagnetic lenses instead. An electromagnetic lens is comprised
of a coil and a conducting cover, see Fig. B.1. By applying a current to the
coils, a magnetic ﬁeld is created. The electrons which come out in a spray
pattern will then follow helical trajectories through the lens, and ﬁnally
converge at the focal point. The advantage of the electromagnetic lens is
that by varying the current through the coil, the focal length of the lens
can be varied.

Figure B.1. The diagram of an electromagnetic lens in a scanning electron microscope

In an SEM, a number of electromagnetic lens are used to control the
beam. If the magnetic ﬁeld produced by a lens is not axially symmetrical, the refractive power will be different in the two mutually orthogonal
planes. As a result, the electron beam will appear as an ellipse. This
phenomenon is called astigmatism. If there is astigmatism in the objective lens, the SEM image will blur in one direction even at the in-focus
condition.
The resolution of the SEM is high compared to an optical microscope
because electrons have much shorter wavelengths compared to the wavelength of the visible light. From quantum mechanics, we know that particle wavelength is given by
λ = h/p = h/ 2meVb ≈ 1.2/ Vb
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So, for EBL which operates at 30 kV, the wavelength of electron is approximately 0.007 nm. Although the wavelength of the electron is so short, it
is still impossible to go beyond a critical resolution limit. This limit is
caused by the signal to noise ratio. If we use a too small spot size, the
current may be too low to induce enough secondary electron signals. This
lowers the signal to noise ratio and also lowers the image quality. So, in
order to produce a good quality image, one needs to compensate between
the high resolution and the sharpness of the image.
Besides its high resolution, the SEM has a large depth of ﬁeld (focus).
This is because the SEM has a smaller aperture and a larger distance
between the objective lens and the sample. The large depth of ﬁeld makes
the SEM a very useful tool in various ﬁelds. Biologists use SEM to observe
tiny objects ranging from invisible viruses to tiny insects. Microelectronic
industries use it for quality control process and failure analysis.
Nowadays, commercial SEMs have been developed so that they are much
easier to use. However, the ease of use does not imply that a good-quality
photo can be easily obtained. Many factors can affect the image quality.
One factor comes from the users themselves. The users will not get a good
result if they do not prepare the sample properly for the imaging. To obtain a satisfactory SEM image, the sample preparation should be done to
guarantee that 1) the surface of the sample is clean enough, 2) the shape
of the sample will not change during the exposure and 3) there will be no
charge accumulated on the sample during the exposure. If the sample is
non-conductive, we need to coat it with a thin layer of conductive material. This is an important step because charging on the sample surface
can lead to many errors in the observation.

B.2

FIB

The focused ion beam (FIB) processing presented in this thesis was done
with Ga+ ions at 30 keV using an SEM/FIB dual beam microscope Helios
Nanolab 600, see Fig. B.2. The ion source is gallium liquid metal. The
resolution of the FIB is 5 nm when the microscope is set at the coincident
working distance at 30 kV.
The FIB microscope is commonly used for imaging and sputtering. For
imaging, the operation of the FIB is similar to that of an SEM. Usually, a FIB column consists of two lenses (a condenser and objective lens),
apertures (to select the beam diameter and current), deﬂection plates (to
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Figure B.2. a) Schematic illustration of the dual beam microscope b) SEM/FIB dual beam
microscope.

sweep the beam), stigmation poles (to restore spherical beam proﬁle), and
a beam blanker [119]. The focusing and deﬂection of ions within an FIB
system are done with electrostatic components. (Note that the FIB has a
much lower charge/mass ratio, so if the focusing or deﬂection of ions were
done with electromagnetic components, the size of the lens must be very
large relative to the electromagnetic lens of an SEM.)
The results of an FIB processing depends on the ion-solid interaction.
In general, when an ion collides with a solid sample, its kinetic energy is
transferred to the solid via a series of collisions. The energy relaxation
(energy and momentum transfer) involves various types of scattering (interaction) events resulting in both the electronic energy loss (excitation of
electrons within the solid) and the nuclear energy loss (atoms are knocked
out of their original positions). Both the electronic and the nuclear relaxations result in the emission of secondary electrons and the electromagnetic radiation. At 30 keV, a Ga+ ion causes a series of binary linear
collisions. These collisions result in the creations of vacancy pairs in the
crystalline solid.
In practice, the results of FIB processing depends not only on the the
incidence angle of the ion beam, but also on the type and geometry of the
solid sample: crystal orientation, atomic mass, surface geometry, etc. For
example, similar to the operation of an SEM, an FIB user is supposed to
take into account the higher emission of the secondary electrons near an
edge of the imaging structure.
The damage of a crystalline solid due to an ion beam process can be estimated if the stopping and range of ions are known. The calculation of
the stopping and range of ions can be done, for example, by assuming that
the ion and an atom inside the solid interact through the screen Coulomb
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collision and the electronic exchange-correlation. The interaction between
the ion and the solid induces various physical phenomena: electronic excitation, displacement of lattice atoms, and production of phonons.
Using the SRIM software [66], we can simulate the stopping and range
of energetic ions into matter. Figure B.3 shows simulated collision cascades in an Al thin ﬁlm due to 30 keV Ga+ ion implantation. The simulations are done for a ﬁxed-boundary Al ﬁlm with the thickness of 50 nm.
The simulation also shows that the Ga+ ions can generate the ionization
and phonon near the front surface of the ﬁlm, see Fig. B.4

Figure B.3. SRIM simulation of collision cascades within a ﬁxed Al ﬁlm, generated by a)
two hundreds Ga+ ions and b) ﬁve hundreds Ga+ ions at 30 keV.

B.3

AFM/MFM

An atomic force microscope (AFM) generally consists of a cantilever (probe
tip), a laser, a photodetector, feedback electronics, and a positioning system (piezoelectric unit), see Fig. B.5. An AFM cantilever is usually made
from silicon or silicon nitride. In the case of magnetic force microscopy,
the tip of the probe is made by (or coated with) magnetic elements.
In this thesis, the AFM/MFM measurements were done by using a Veeco
Dimension 5000 scanning probe microscope. Fig. B.6 shows a scanning
electron microscopic image of an MFM probe (Bruker MESP-LC) made
from 0.01 - 0.025 Ω cm Antimony (n) doped Si, coated with Co/Cr on the
front side and Co/Cr on the back side. The average radius of the tip 35
nm.
The operation of an AFM starts by controlling the tip, and bringing it
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Figure B.4. SRIM simulation of the ionization and phonon generated after a ﬁxed Al ﬁlm
is impinged by two hundreds Ga+ ions at 30 keV.

down to a working distance (depending on the operation mode), which
is usually in the proximity of a sample surface. The laser light used for

86

Appendix: Instrumentation in Nanoscience

Figure B.5. A schematic illustration of an AFM/MFM microscope.

Figure B.6. The scanning electron microscope images of an MFM tip.

the detection is then focused and aligned on the upper surface (top) of
the probe tip. The alignment is usually done so that the reﬂected light is
absorbed at the center of the light detector.
In the non-contact mode, the probe tip is lower to a position above the
sample surface. The deﬂection of the cantilever is then driven and detected. This processing provides the information about the oscillating frequency of the cantilever. The information also includes the force which
can be modelled based on Hooke’s law. Scanning the probe tip over the
sample surface causes a shift of the frequency. Both the distance between
the tip and the surface and the surface chemical composition can affect
the results. The resolution of an AFM depends strongly on the diameter
of the probe tip.
In the case of MFM, the cantilever scans the same area (line scanning)
twice. The ﬁrst scan is done in a regular mode (AFM mode) to collect
the topological (height) image of the surface. The second scan is done
at a lifted distance to detect the magnetic force. The magnetic image is
processed by using the information from both scans.
Fig. B.7 shows the AFM/MFM images of a reference sample (a mag-
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Figure B.7. The AFM/MFM images of a magnetic memory.

netic storage medium). The AFM image demonstrates that the reference
sample is made of magnetic particles, while the MFM image provides an
evidence that the sample has been magnetized equally along the vertical
axis and periodically along the horizontal axis.
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