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Abstract 

This dissertation presents the study on novel magnetic nanoparticles (NPs) with unique 

structure-property relationship. Iron based magnetic NPs for this study have been synthesized using 

nanocluster deposition system by soft and energetic landing on the surface of silicon substrates, and 

studied with respect to their nanostructures, morphologies, sizes, shapes and magnetic and electric 

properties for two different projects: (i) advanced nano-sensor and monitoring of radiation detection 

for nuclear energy applications at high temperature, and (ii) advanced magnetic nanomaterials for 

ultrahigh frequency electronics.  

In order to test the NPs compatibility for nuclear radiation detection and monitoring at high 

temperature, the iron-based NPs prepared using nanocluster deposition techniques by soft landing on 

silicon substrates were heat treated in argon, oxygen and vacuum environment up to 800 0C. The 

structure-property relationship pre- and post- heat treatment of the NPs have been studied. The NPs 

have shown stable morphology, shapes, phase and structure even up to 800 0C in vacuum 

environment. The results from the high temperature test and previous in-situ radiation tests are very 

promising for the application of the NPs as a radiation sensing material for monitoring radiation 

fluxes in the high temperature core of the nuclear reactors  

A new CMOS-integration compatible soft magnet is developed by applying energetic impact 

of Fe/Fe3O4 core-shell nanoparticles onto tilted Si substrates for ultrahigh frequency applications. At 

room temperature, the in-plane uniaxial anisotropy is induced and tuned, which is interpreted by the 

uniaxial shape anisotropy of the ellipsoidal nanoparticles and the nanoparticle assembly alignment. 

Meanwhile, excellent magnetic softness and large resistivity are obtained in the nanocomposites at 5 

kV. The good and adjustable uniaxial anisotropy and magnetic softness have been obtained with the 

large resistivities demonstrating excellent potential for high-frequency performance in miniaturized 

electronic devices for next generation (5G and 6G) wireless network. 
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Chapter 1: Introduction to Nuclear Energy and Nanotechnology 

1.1. Nuclear Energy Challenges 

It has been estimated by the International Energy Agency that world energy consumption will 

grow by 56% by the end of 2040.1 Although fossil fuels and natural gas continue to supply most of 

the world’s energy, emission and pollution from these energy sources stand as a major threat to the 

environment. Moreover, in a few hundred years the world’s supply of oil, coal and natural gas will 

likely run out.2 Renewable energy3,4 and nuclear power5,6 are the world's fastest-growing energy 

sources, each increasing by 2.5 percent per year, and are considered to be the major sources of energy 

for the near future. Renewable energy comes from resources such as sunlight, wind, rain, tides, and 

geothermal heat, which are naturally replenished. However, nuclear energy is attracting revived 

interest as a potential alternate for electric power generation, as nuclear power is considered to be one 

of the most efficient, economical, productive and carbon-emission-free power sources.7 Today, 13-

14% of the electricity used worldwide is generated by nuclear power.2 In the United States of 

America, 20% of all electricity is provided by nuclear power. The International Atomic Energy 

Agency (IAEA) predicted that by 2030 the nuclear power capacity could double.2,7 However, there 

are challenges involved in all stages of the nuclear fuel cycle, including nuclear fuel extraction and 

fabrication, fission product capturing, creating robust reactor materials, radiation sensing and 

monitoring, radioactive waste separation and spent nuclear fuel reprocessing.  Storage of nuclear 

waste is an environmental issue, hence storage and reprocessing of spent nuclear fuel is essential.8,9  

Reprocessing of spent nuclear fuel can be an economically viable option as it reduces high radioactive 

load in nuclear waste repositories.10 In addition, during fuel burn-up the formation of fission products 

and production of radiation-induced defects pose operational risks. The key to solving this issue lies 

in extracting, synthesizing and fabricating advanced nuclear fuels with controlled nano-scale structure 

so that the nuclear waste generation, reprocessing and radiation-induced material degradation can be 

reduced. During the course of nuclear technological evolution, history has witnessed numerous 
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accidents due to material degradation,11 some more severe than those registered in the other non-

nuclear power plants.12 In light of the recent Fukushima Daiichi power plant disaster in Japan (March 

2012) and other similar events, a huge responsibility is laid upon scientific communities to quicken 

their progress, which demand the utmost safety in future generation nuclear power plants to avoid 

such disaster. Due to such events, public confidence in nuclear power has decreased, which 

underscores the importance of meeting the highest standards of safety in the operation of existing 

nuclear power plants and in new designs of advanced nuclear reactors. At the present time, most of 

the existing reactors are reaching their operational lifetime and the demand for technologies that will 

sustain the safety of current reactors is critical, including advanced monitoring systems that can 

quantify the “state of health” of structural materials in the current reactor fleet and predict their 

residual safe operating life. Such monitoring systems can be integrated into advanced reactors and 

new builds for inspectability and safety enhancement.  

It is clear that improvements are needed for all stages and areas of the nuclear fuel cycle, 

from nuclear fuel fabrication to used fuel reprocessing, and a slight improvement in each of these 

areas will certainly contribute to the advancement of performance and safety in nuclear energy 

systems. In its Research and Development Roadmap - Report to Congress dated April 2010, the 

Department of Energy’s (DOE) Office of Nuclear Energy clearly identified four research and 

development objectives, among which include, “Developing technologies and other solutions that can 

improve the reliability, sustain the safety, and extend the life of current nuclear reactors,” “Develop 

Improvements in the Affordability of New Reactors,” and “Develop Sustainable Nuclear Fuel 

Cycles” and “Understand and Minimize the Risks of Nuclear Proliferation and Terrorism.”13 

Scientific communities around the world are working towards achieving these objectives and 

demands in various ways,  including via Nuclear Nano-Technology (NNT), which is an efficient tool 

and candidate for achieving the goal of utmost safety and performance. NNT deals with the use of 

latest engineered-nanomaterials on improving the nuclear power performances and safety in all areas 
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of nuclear energy production to bring new generations of nuclear power units. A significant 

contribution in the NNT areas would result in the development of new capabilities that could be 

useful to nuclear energy, which can help to build devices to support the development of sustainable 

nuclear fuel cycles, to control their effects and implementations in nuclear power. 

1.2. Nuclear Nano-Technology 

The ongoing research in the field of NNT based on the areas in nuclear energy are focused on 

nano-technology engineered fuels, nanomaterials for fission product capturing, nanotechnology aided 

reactor materials, nano nuclear waste separation and nanotechnology enabled radiation sensors, 

detectors and monitors. The engineered nanoparticles, nanoscale materials, properties, or processes 

are used to enhance mechanical, chemical, physical, or thermo-hydraulic properties and performance 

in nuclear energy systems. 

NNT addresses the issue of performance and safety from various angles and works in 

different areas to achieve it. Nanotechnology enabled sensors and/or in-service monitors can directly 

monitor the properties of a material under extreme conditions, such as radiation, temperature and 

pressure.  Real time investigations of material properties and mechanical response along with 

corrosion, neutron flux, stress/strain or even chemistry with nominal effect on system performance by 

significant modification in shape, size, structures and morphology could be utilized for enhanced 

sensitivity and performance of the nanomaterials. Nanotechnology-based detectors can discriminate 

between different types of radiations, such as neutron and gamma and have improved response for 

sensing fissile materials even with very low radiation fluxes. A literature review in chapter 2 deals 

with the structure and property changes of nanomaterials due to irradiation.   

1.3. Magnetic Nanoparticles for Radiation Sensing Application 

Magnetic nanoparticles (NPs) are a class of nanoparticles that can be manipulated using 

magnetic fields. Such particles commonly consist of magnetic materials, often iron, nickel, and 

cobalt. While nanoparticles are the particles that have sizes smaller than 1 micrometer (typically 1 -
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100 nanometer). The basic magnetic property of a magnetic material is demonstrated below as the 

magnetization (M) of a material vs applied field (H).  

 

Figure 1.1 Basic magnetic properties  

The magnetic properties of NPs are determined by many factors, including the chemical 

composition, the type and the degree of defectiveness of the crystal lattice, the particle size and shape, 

the morphology, the interaction of the particle with the surrounding matrix and the neighboring 

particles. By changing the NP size, shape, composition, and structure, magnetic characteristics of a 

material can be controlled based on them.  

Most recently magnetic NPs have been the focus of irradiation studies for their application as 

a radiation sensor, detectors and monitors.14–16 The irradiation induces defects, which are directly or 

indirectly connected to the atomic level changes. As a result, the electrical and magnetic properties of 

a magnetic NPs are sensitive under irradiation. Thus, magnetic NPs are the best choice to study the 

irradiation induced effects at the atomic level for their application as a radiation sensing device, 

which helps to understand the interfacial behavior and nanoscale interactions under the extreme 

conditions. The previous results have shown that magnetic NPs are very promising to monitor the 

radiation fluxes in the nuclear reactors. However, there are lack of knowledge about the response of 
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the magnetic NPs at high-temperature to monitor the fluxes at the high temperature core of nuclear 

reactors. This research specifically provides the detailed assessment of interfaces between particles, 

clusters, crystallites sizes, and particle matrices for Fe-based magnetic NPs at high-temperature. This 

assessment will be helpful in the future for designing advanced nanodetectors. Applications of such 

detection and monitoring devices could reduce threats to national security as well as provide 

integrated health monitoring for next generation nuclear reactors.  

1.4. Research Scope 

As discussed earlier, there are big safety issues and compatible material challenges in the 

nuclear power operations. Thus, it is very important to test reactor fuels, structural materials, and 

radiation sensing material to see their compatibility for their application in nuclear plants to avoid 

undesirable incidents to happen. This research mainly focuses on the study of Fe-based magnetic 

nanoparticles at high-temperature for their application as a radiation sensing material in high-

temperature core of the nuclear reactor. This research is based on the hypothesis that, “Fe-based 

magnetic nanoparticles could help us to understand the temperature induced modifications in 

nanomaterials in a better way or stable materials for nuclear energy applications at high temperature.”  

The main goal of this research is to understand the temperature induced structural and 

magnetic property changes, and to develop a fundamental understanding of temperature induced 

modification in the properties of the granular magnetic films. This research work has been carried out 

through the following objectives: 

• To test the response of Fe-based magnetic nanoparticle at high temperature in the 

different medium. 

• To understand temperature induced nanostructure evolution mechanisms, evolution 

kinetics, and nanostructure-property relationships. 
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• To assess the stability and sensitivity of nanomaterials to heat for designing sensors 

and monitors for safe, and secure nuclear operation. 

The results obtained from this study could be useful in the future to generate data for scientific 

assessments in prediction of the material performance in high temperature environments in the core of 

the nuclear reactor. The prior work in this area has observed significant challenges associated with 

extreme local heating of the sensing material, such as actinide-bearing oxide coated films, including 

melting and potentially vaporization, which add risk to the deployment of such films in fission 

chamber.17 The Fe-based magnetic nanomaterials chosen in this research avoid such challenges due to 

the absence of fissionable material.  
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Chapter 2: Literature Review on Radiation Nanodetectors and Monitors 

Khanal, L. R.; Sundararajan, J. A.; Qiang, Y. Advanced Nanomaterials for Nuclear Energy and 

Nanotechnology. Energy Technology, 1901070. https://doi.org/10.1002/ente.201901070. 

2.1. Introduction  

Radiation is a process by which energy produced in the form of waves or particles by a body 

propagates through space or through a material medium, essentially to be absorbed by another body. 

Radiation interacts with matter following the fundamental interactions of our nature, primarily 

through the electromagnetic (for charged particles and photons) and strong (for hadrons) interactions. 

Radiation can be broadly classified into two types: ionizing radiation and non-ionizing radiation. In 

ionizing radiation, the energy carriers interact with a physical medium to produce ion pairs, for 

example, α, β, X, γ-radiation, neutron, proton, pion, muon, etc. These ion pairs are invisible to 

humans such that their detection requires a suitable monitoring instrument. Although neutrons are 

neutral particles, they do not ionize directly. Instead, they produce ions through secondary 

mechanisms. In non-ionizing radiation, the energy carriers do not produce ion pairs in a physical 

medium, i.e. soft ultra-violet, infra-red, visible light, microwave, radio-frequency, etc. Ionization can 

be caused only through charged particles through Columbic interactions (Electromagnetic 

Interaction). Neutrons are harder than charged particles to detect directly. Furthermore, their paths of 

motion are not affected much by electric and magnetic fields. Hence, neutrons produce ions through 

secondary mechanisms, which are then detected. Neutrons react with matter through  

I. Elastic scattering producing a recoiling nucleus 

II. Inelastic scattering producing an excited nucleus, or absorption with transmutation of the 

resulting nucleus.  

Most detection approaches rely on detecting the various reaction products. Inelastic scattering 

includes the absorptive reactions and activation processes. Low energy neutrons (thermal neutrons) 
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are typically detected indirectly through absorptive reactions. Ideal absorber materials used have high 

cross sections for absorption of neutrons and include helium-3, lithium-6, boron-10, and uranium-

235. These react by emission of high energy ionized particles, the ionization track of which can be 

detected by various methods. In activation processes, neutrons may be detected when they react with 

absorbers in a radiative capture, spallation or similar reaction, producing reaction products that then 

decay at some later time, releasing beta particles or gammas which are then detected. In elastic 

scattering reactions, neutrons transfer energy to the nucleus of material, creating ions, which are then 

detected. 

Nano-technology enabled sensors and/or in-service monitors can directly monitor for 

radiation, temperature, pressure, in situ diagnostics of material properties and mechanical response, 

corrosion, neutron flux, stress/strain or even chemistry with little effect on system performance with 

significantly reduced size and weight and increased sensitivity, performance, and functionality. 

Nanotechnology-based detectors can discriminate between neutron and gamma radiation and/or have 

enhanced sensitivity for the detection of fissile materials with very low neutron activation fluxes. 

J. W. Murphy et al.1  investigated the optimal thickness of a semiconductor diode for thin-

film solid state thermal neutron detectors. They investigated a coplanar diode/converter geometry to 

determine the minimum semiconductor thickness needed to achieve maximum neutron detection 

efficiency. They kept the semiconductor thickness to a minimum, and gamma rejection as high as 

possible. In this way, detector performance is optimized for different thin-film semiconductor 

materials. Based on their simulations, they were able to provide a range of diode thicknesses and 

materials to design an optimal neutron. Diamond and ZnO renders1 are the greatest stopping power 

for charged particles, typically requiring only half the thickness of Si to achieve maximum intrinsic 

thermal neutron detection efficiency. They found that Si possesses the best gamma rejection 

capability for a given thickness, even greater than that of diamond. 
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E. Tupitsyn et al.2 reported the use of single crystals of semiconductor-grade lithium indium 

selenide (LiInSe2) for detecting neutron irradiation. Nuclear radiation devices were fabricated, and 

alpha particle detection was observed.  This suggests that this material could be a candidate for 

neutron detection application. The crystal showed a high bulk resistivity suitable for nuclear radiation 

detection. Photocurrent is well pronounced at 445 nm and suggests an ideal generation rate and 

mobility of the charge carriers. The response showed by the LiInSe2 crystal to alpha particle radiation 

makes them potential candidate for neutron detection. In depth study for the improvement of crystal 

quality and defect structure may improve alpha particle detection significantly. 

2.2. Electrical Conductivity for Radiation Sensing 

Jiang et al,3 in 2014, reported an in-situ study on the structural evolution in Fe-based 

nanocluster films under Si2+ and He+ ion irradiation using an advanced helium ion microscope. The 

films consist of loosely interconnected crystalline nanoclusters of magnetite or iron-magnetite (Fe-

Fe3O4) core-shells synthesized by the state-of-the-art cluster deposition technique.4,5 The 

nanostructure is observed to undergo a dramatic change under ion-beam irradiation, featuring grain 

growth, phase transition, particle aggregation, and formation of a nanowire-like network and nano-

pores. Major structural evolution is discovered to be activated by elastic nuclear collisions, while both 

electronic and thermal processes may play some roles once the evolution starts. The electrical 

resistance of the Fe-Fe3O4 films measured in situ by Van-der Pauw four probe method exhibits a 

super-exponential decay with radiation dose as shown in Figure 2.1. It was reported that the very 

sensitive electrical resistance under ion irradiation is the result of the significant change in the 

nanostructures and morphologies of the film. Further, we performed high temperature testing on the 

iron/iron-oxide core-shell nanoclusters prepared in a similar method to simulate the high-temperature 

core of the reactor plant and observed stable core-shell structure of the nanoclusters in vacuum 

environment accompanied by the particle size growth.6 However, the nanoclusters lost their core-shell 

structure in the argon and oxygen environments due to the transport of the Fe-core and the oxygen 
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interstitial based on the Cabrera-Mott model.7–9 Since the core of the nuclear reactor is a vacuum, the 

report suggests that the material possesses an intrinsic merit for development of an advanced online 

monitor for neutron radiation with high-sensitivity detection in- and out-core of the reactor plant, and 

long-term applicability, which enhances safety measures in many nuclear operations. 

 

Figure 2.1 Electrical resistance of a Fe-Fe3O4 core-shell nanocluster film on surface oxidized Si 

measured in situ using Van der Pauw method as a function of ion fluence during 5.5 MeV Si2+ ion 

irradiation at nominal RT. A super exponential decay behavior of the resistance is observed3 

2.3. Magnetic Properties of Nanomaterials for Radiation Sensing 

Detecting radiation based on magnetic properties has gained more attention recently and it 

could be a good non-destructive testing technique.  Recent research in the field of radiation-induced 

magnetic property changes on nanomaterials has produced fruitful results for the scientific 

community. The results and data vary based on the type of irradiation and type of materials irradiated. 

Most prominently, the exposure to heavy ion irradiation, like that from Helium ions, Silicon ions and 

Argon ions on a variety of targets ranging from nanocomposites to granular films, has helped us to 

understand the underlying truths behind irradiation-induced property changes in nanomaterials to 
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some extent. Among these results, some of the most notable changes in nanomaterials due to 

irradiation are enhancement of ferromagnetic behavior, enhanced magnetization, enhanced 

anisotropy, grain size growth, domain growth, oxide layer thickening, alteration of electronic 

configuration, migration of defect, and changes in crystal structure. This section presents a brief 

review of articles, which deal with these astonishing changes in magnetic properties of nanomaterials 

due to radiation exposure.   

2.3.1. Barkhausen Noise 

The Barkhausen effect, discovered by German physicist Heinrich Barkhausen in 1919, is the 

noise in the magnetic output of a ferromagnet when the magnetizing force applied to the magnet is 

changed. It is a series of sudden changes in the size and orientation of ferromagnetic domains, or 

microscopic clusters of aligned atomic magnets (spins), that occurs during a continuous process of 

magnetization or demagnetization. It confirms the existence of ferromagnetic domains, which 

previously had been postulated theoretically.  

D. G. Park et al.10 reported that the coercive force of B-H hysteresis loop showed a moderate 

change up to a neutron dose of 1014 n/cm2 and increased by 15.4% for a 1016 n/cm2 dose sample when 

compared with unirradiated one, associated with the domain wall motion obstructed by increased 

defects. However, the amplitude of Barkhausen noise reflecting the wall motion decreased slowly up 

to 1014 n/cm2 irradiation, accompanied by a rapid decrease of 37.5% at 1016 n/cm2. This suggests that 

the Barkhausen noise is more responsive to the damage of neutron irradiation than conventional 

magnetic properties, such as maximum induction, coercive force and remanence. 

2.3.2. Enhancement of Ferromagnetism 

W. Jiang et al.11 reported that the Fe3O4 nanocluster granular films, which were initially 

superparamagnetic, became ferromagnetic  following Si2+ ion irradiation of fluence 1016 ions/cm2. It 

was reported that a significant increase in the grain size and a dramatic change in the nanostructure 

were observed. These films represent a new class of semi-disordered magnetite materials for study, 
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which could lead to important applications of this type of materials in various areas, including 

radiation detection and monitoring.  Ašmontas et al.12 reported the use of semiconductor 

nanostructures for microwave and terahertz radiation. They investigated the properties of the planar 

diodes fabricated on the base of selectively doped AlGaAs/GaAs structures. It was inferred that 

homogeneous distribution of impurities doped in the AlGaAs layer can be used to detect microwave 

radiation in wide frequency range and by fine tuning the doping, the voltage sensitivity of the planar 

diode could be modulated to almost 10 times. 

The transition from diamagnetic or paramagnetic state to ferromagnetic state due to 

irradiation is one of the most fascinating behaviors in nanostructured materials. Although irradiation 

is well known to cause various undesirable changes in magnetic nanostructures, radiation-induced 

ferromagnetic behavior is an interesting phenomenon, which opens a new door for many applications. 

P. Esquinazi et al.13  in their article “Induced magnetic ordering by proton irradiation in graphite” 

reported the enhancement of ferromagnetic behavior in micro-sized Highly-Ordered Pyrolytic 

Graphite (HOPG) upon proton irradiation on different spots of the sample with incident energy 2.25 

MeV, with a radiation dose of 0.99 pC/μm2 to 0.3 nC/μm2 and a charge of 2.93 μC to 600 μC. Figure 

12 (a) shows the hysteresis loop measured between +10 KOe to -10 KOe at room temperature for 

increased irradiation.  

It was observed that the ferromagnetic behavior and magnetization not only increased with 

increasing irradiation-enhanced magnetic ordering, but also decreased over prolonged irradiation 

exposure because of magnetic disordering. This suggests that prolonged irradiation can decrease 

ferromagnetic behavior and magnetization. Although the number of points is too small to deduce a 

relationship between saturation moment (ms) and implanted charge (Ct), the available results indicate 

a linear relationship of the type ms α (Ct) 1/2. No significant changes in ferromagnetic loops were 

inferred when the hysteresis loops were measured at different temperatures (5 K, 300 K and 380 K), 
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which conveys the fact that the Curie temperature of the irradiated sample should be high above 400 

K.  

S. Talapatra et al,14 in 2005, reported the enhancement of ferromagnetic behavior due to the 

irradiation of N and C ions in nano-sized diamonds (ND). 15N and 12C ions with implant energy of 

100 KeV were irradiated on ND particles at difference doses ranging from 1012 to 5 × 1016 ions/cm2, 

as a result of which the N and C ions were implanted in the ND matrix, which was the ultimate cause 

for the enhanced ferromagnetic behavior in the pristine ND sample, which is diamagnetic by nature.  

 

Figure 2.2 Hysteresis loops of 15N implanted nano diamonds irradiated at different fluence. The 

subset shows the ferromagnetic behavior of sample at low dose of irradiation. 14 

Figure 2.2. shows the hysteresis loop from the 15N implanted NDs for various doses. Though 

at lower doses the increase in the magnetic saturation is not very pronounced, the data shows 

evidence that all the implanted samples exhibit ferromagnetic behavior.  The subset in Figure 2.2. 

shows the established ferromagnetic behavior at low dose radiation. It was found that a higher value 

of the saturation magnetization is inferred under 15N irradiation than the 12C irradiation, which could 

be due to the extensive defect generation, due to the formation of C-N bond and interaction between 

them.  
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This sort of enhanced ferromagnetic behavior was also observed in a recent investigation by 

Sundararajan et al.15 Core-shell (CS) Fe-Fe3O4/Fe3N nanocluster films were prepared using a 

nanocluster deposition system and the grazing incidence X-ray diffraction (GIXRD) confirmed the 

presence of Fe3O4 phase in the shell of unirradiated CS film with iron nitride phase undetected due to 

its amorphous state or small size. Hysteresis loops of the CS Fe-Fe3O4/Fe3N NC film, unirradiated 

(as-prepared) and irradiated to 1015 and 1016 ions/cm2 are shown in Figure 2.3.  The CS Fe-

Fe3O4/Fe3N film has a relatively high saturation magnetization (MS) of 50 emu/g due to the Fe core, a 

coercivity (HC) of 220 Oe and a remanence of 5 emu/g. The CS Fe-Fe film retained its Fe core and its 

ferromagnetic properties even after irradiation up to 1015 ions/cm2 and 1016 ion/cm2. At the fluence of 

1015 ions/cm2, the formation of anti-ferromagnetic FeO causes the MS to drop but not that much 

because of the simultaneous crystallization of ferromagnetic Fe3N. Prolonged irradiation up to 1016 

ions/cm2 led to grain grown and aggregation of particles contributing to the increase of MS and HC. In 

addition to that, the formation of Fe4N phase at 1016 ion/cm2 stands as the major reason behind the 

increase of MS, since Fe4N compound naturally has a very high saturation magnetization (184 emu/g) 

close to that of Fe. 
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Figure 2.3 Magnetic hysteresis loops for the core-shell Fe-Fe3O4/Fe3N NC film, unirradiated (as-

prepared) and irradiated to 1015 and 1016 ions/cm2. The inset shows a magnified view near zero 

fields.15  

Although in this CS nanoparticle film, a reduction of Fe3O4 to FeO and crystallization of iron 

nitride or growth of Fe3N occur after 5.5 MeV Si2+ ion irradiation with retention of ferromagnetic 

nature, similar reduction behavior was not observed in other films of Fe3O4, FeO+Fe3N or 

Fe3O4+FeO+Fe3N. The reduction is attributed to the presence of the nanocrystalline Fe core that 

possibly serves as a catalyst. The core-shell Fe-Fe3O4/Fe3N film retained its Fe core and its 

ferromagnetic nature even after irradiation. Helium Ion Microscopy (HIM) study shows cluster 

aggregation in the films, resulting in surface smoothening and material densification. This study helps 

in understanding the actual mechanisms and the contributing factors for the radiation-induces 

magnetic property changes in nanomaterials. 

2.3.3. Impact on size, shape and anisotropy 

It is interesting to see that irradiation exposure not only alters the magnetic behavior of the 

samples but also has a huge impact on the size, shape and anisotropy of the nanoparticle under 

irradiation. Particle size and shape plays a vital role in elaborating the coercivity, anisotropy and 

magnetic interactions. In 2004, C.D. Orleans et al.16 reported particle size growth and prolate 
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deformation in Co nanoparticles implanted in SiO2 matrix due to the irradiation of 160 KeV Iodine 

(127I) ions to a fluence ranging from 1011 to 1014 ions/cm2. When irradiated with 127I ions and fluence 

from 1011 to 1013 ions/cm2, the Co nanoparticles showed an increase in coercivity (i.e. increase in 

particle size) with no change in anisotropy with respect to parallel and perpendicular axes (i.e. no 

deformation or change of particle shape). The TEM images obtained supported this fact for an 

increase in particle size with no deformation with increasing radiation fluence. But radiation fluence 

beyond 1013 ions/cm2 caused the particles to deform and produce a prolate shape by elongating in the 

direction parallel to the incident beam, thereby showing anisotropic behavior with respect to parallel 

and perpendicular axes, which was confirmed from the TEM images.  

As stated in the literature, the reason for this size growth and elongation is due to the two 

main processes of ‘Fragmentation’ and ‘Deformation’. The fragmentation process is influenced by 

‘Ostwald Ripening’, in which the nanoparticle aggregates break and recombine with neighboring 

aggregates to form larger nanoparticles. The deformation process is influenced by the elongation of 

nanoparticles along the irradiating ion track after reaching a critical radius in the nanoparticles. This 

behavior calls for an intuitive assumption that particle size growth is not always the case with 

increasing radiation, but there exists a critical size limit beyond which the particles stop growing and 

begin to deform with no change in volume, showing anisotropic behavior in the nanoparticles. The 

deformation process was believed to have been created by the localized temperature increase and 

localized melting due to a thermal spike, which happened rapidly, on the order of pico (10-12) and 

nano (10-9) seconds. This sort of induced anisotropic behavior due to irradiation was also reported by 

J.P. Nozieres et al17 in 1998 when YCo2 targets were irradiated with Uranium (U) ions with stopping 

power (55 KeV/nm) at a total fluence of 1012 ions/cm2. The hard axis anisotropy was found to double 

the times of easy axis anisotropy after irradiation. Though there are many other contributing factors to 

the enhancement of anisotropy in nanostructures, increase in particle size and shape has been proven 

to be a prime factor to enhance anisotropy. The research by W. Jiang et. al.11 also deals with the 
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increase in particle size and increase in domain wall size due to irradiation in magnetite granular 

films. On the contrary, irradiation exposure was found to reduce particle size as reported by L.G 

Jacobsohn et al.18 and J. Ferre et al.   They quoted the decrease in coercivity as evidence for this 

behavior and reported that reduced particle size was due to the process of ‘Inverse Ostwald 

Ripening’. However, more work is needed to investigate this effect. 

2.3.4. Enhancement of Magnetization 

Though enhancement of saturation magnetization (Ms) in nanostructures goes along with 

enhancement of ferromagnetism, increase in saturation magnetization is a unique behavior because it 

deals more specifically with magnetic moments due to magnetic ordering and magnetic nanoparticle 

interaction. In confirmation of the above-mentioned fact, the ferromagnetic samples when exposed to 

irradiation have been found to show improvement in magnetization. Surprisingly, as discussed earlier, 

even diamagnetic and paramagnetic samples, after gaining ferromagnetic behavior due to primary 

irradiation, continued to show improvement in saturation magnetization due to secondary irradiation 

until they reached a certain critical level. P. K. Kulriya et al20 reported the enhanced magnetic 

saturation of Pd nanoparticles embedded in a carbon matrix when irradiated by Au ions with an 

energy of 120 MeV at fluence of 5 × 1013 ions/cm2. A large enhancement of about 20 times in the 

saturation magnetization was observed in the irradiated sample in comparison to the pristine sample 

when the hysteresis loops were measured in a Super Conducting Quantum Interference Device 

(SQUID) magnetometer.  

A detailed study with X-ray Magnetic Circular Dichroism (XMCD) in the irradiated samples 

revealed that the increase in lattice strain, increase in defect density, modification in lattice structure 

due to large electronic energy loss, and ionization of atoms due to inelastic collision between incident 

ions and electrons were the main reasons behind the fascinating Ms increase in the irradiated samples. 

In 2010, C. Gavade et al.21 experienced the enhancement of magnetization when NiO embedded in 
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Polymethyl Methacrylate (PMMA) matrices were irradiated with 50 MeV Li+3 ions at a fluence of 5 × 

1012 ions/cm2. The Field Cooled and Zero Field Cooled (FC-ZFC) measurements carried out in the 

temperature range 10 K - 320 K at 0.05 T applied field for pristine and irradiated sample showed 25% 

increase in magnetization. The creation of free radicals was reported to be the reason behind the 

increase in Ms of the sample. A study conducted by the group using Fourier Transform Infrared 

(FTIR) spectroscopy and Atomic Force Microscope (AFM) revealed that the interaction between 

particles, surface roughness, and magnetic interactions played a vital role in enhancing the saturation 

magnetization of the sample. 

2.3.5. Influence on Curie temperature 

The Curie temperature (Tc) or Curie point is the temperature at which a ferromagnetic or a 

ferrimagnetic material becomes paramagnetic upon heating and the effect is reversible. As reported 

by J. Ferre et al.19, radiation exposure on Pt/Co/Pt ultrathin films was proved to reduce the Curie 

temperature near to room temperature, which originally was above 400 K. 

Pt(3.4nm)/Co(0.5nm)/Pt(6.5nm) sandwiched ultrathin films exposed to 30 KeV He+ ions with fluence 

between 2 × 1014 to 2 × 1016 ions/cm2 showed a huge decrease in coercivity. The Magneto Optical 

Kerr Effect (MOKE) hysteresis loops on samples irradiated with 30 KeV He+ ions at fluence 1016 

ions/cm2 for different temperatures showed a clear magnetic transition occurring somewhere between 

322 K and 342 K.  

From the shape of the curve, the remnant magnetization and the coercivity values, it becomes 

very clear that a ferromagnetic to paramagnetic transition occurs with respect to increase in 

temperature. The data point shows more specifically that the Curie temperature is exactly at 336 K 

even though the Curie temperature of the original sample was well above 400 K. This conveys the 

fact that increased radiation could bring the Tc to room temperature or even below room temperature, 

which is a fascinating behavior in ferromagnetic materials due to irradiation. 
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2.4. Oxide Layer Thickening on Nanoparticle 

In many cases of radiation sensing, the sample involved ends up getting completely damaged 

while sacrificing the material’s integrity directly or indirectly for sensing radiation. Another elegant 

way to sense radiation without sacrificing the overall integrity of the nanomaterials is through 

tracking the phase changes that occur on the oxide shells of core-shell nanoparticles. The benefit of 

having an oxide shell is to promote the effect of grain boundaries and interface, which naturally tends 

to protect the core as discussed earlier. Therefore, just tracking the changes of the oxide shell alone 

while most of the core remain unchanged is a unique way to sense radiation. Oxide layer thickening 

or continuous oxidation of the core-shell nanoparticles and pure nanoparticle under irradiation have 

been reported by a number of researchers. In all these cases, irrespective of the type of materials, 

oxide layer thickening was caused either due to the influence of temperature or due to the exposure to 

irradiation. Jaffari et al.22 reported the continuous oxidation of NiFe2O4 nanoparticles in the 

atmosphere and formation of a void at the center due to temperature increase. The mechanism behind 

the temperature-induced oxidation was explained to be due to the Kirkendall effect.23 Heilmann et al24 

reported the oxidation of indium particles embedded in a plasma-polymer thin film matrix due to 

electron beam irradiation. Thermal annealing of the samples was believed to be the reason behind the 

oxidation of In to In2O3. Literatures25,26  reported that the thickening of oxide layers core-shell iron 

nanoparticle could be due to the electron beam radiation-induced defect mediated mass transport 

process. We reported the formation of voids in iron nanoparticles due to continuous oxidation and 

discussed in detail the structural and electronic properties of iron oxides.27–29      Even though a huge 

number of observations on oxide layer thickening has been reported, the peculiar process that puzzled 

the scientific community for decades is the mechanism behind the  thickening of the oxide layer of 

core-shell nanoparticles in TEM and Scanning Electron Microscopy (SEM) environments, where they 

are constantly exposed to electron beam (E-beam) irradiation. Detailed explanations of the 

mechanism of oxidation due to electron beam irradiation and its possibilities were missing from the 
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literature. Investigations done in our lab as a part of this research paved a way for cracking the 

mechanism behind oxide layer thickening. Through the investigation, it was proven that continuous 

growth of oxide layers in core shell nanoparticles is plausible under continuous exposure of E-beam 

irradiation through the defect-mediated mass transport process. Based on the experimental fact and 

the theory of radiation defects, we have made clear that the most dominating processes in the 

thickening of the oxide layer are the vacancy/void formation and atom/vacancy diffusion enhanced by 

localized high temperature increase. As in the case of electron beam lithography, the process of 

‘dissociative electron attachment’ enables the breaking of chemical bonds, which in turn helps the 

surface oxidation of the nanoparticles. The water molecules and hydrocarbons that stick to the surface 

of the TEM grids also play a vital role for the availability of oxygen in a high vacuum TEM 

environment. The electron beam radiation on core shell nanoparticles, as in the case of TEM 

measurement, not only increases the oxide layer thickness but also increases the overall size of the 

nanoparticles, apparently resulting in property change. Depending on the intensity of the electron 

beam and the radiation environment, the rate of oxide layer thickening will vary and will continue to 

grow by undergoing the electron beam-induced defect-mediated mass transport process.  

2.5. Conclusion 

The creation of various novel nanostructured materials for Nuclear Nano-Technology (NNT) comes 

from the tremendous basic research that is an essential need for future advanced nuclear energy 

systems. This literature review highlights studies providing new understanding of radiation detectors 

and monitors from nanostructures and behaviors of nano-devices and novel nanomaterials. The new 

insights of nanodevices can be incorporated for designing and fabricating radiation detection and 

sensing devices utilizing nanotechnology. The major contribution of radiation tolerance comes from 

interfaces and grain boundaries in the nanomaterials. These ranges of approaches will help to 

understand structure-property relationships from new perspectives in nuclear radiation detections. The 

understanding can be incorporated in future works to design nanomaterials for radiation sensing and 
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detection applications in nuclear reactor plants for the safe and enhanced production of nuclear 

energy. Overall, we are able to conclude that nanomaterials and nanotechnologies have potential 

applications as radiation nanosensors for secure nuclear energy technology. Undoubtedly, they will 

play critical roles in future generation advanced nuclear energy systems. However, the research of 

nanomaterials and nanotechnologies in the field of nuclear energy has just been started. Further 

research and testing are still a critical need to avoid various scientific hindrances. Escalating further 

research work with in-depth understanding is the most we can do for now to utilize the advantages 

derived from the nanomaterials and nanotechnologies in the upcoming generation of nuclear reactors.
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Chapter 3: Synthesis and Characterization of The Granular Films 

3.1. Nanocluster Deposition System 

The origin of the cluster source aggregation system dates back to 1990s when Dr. H. 

Haberland, Dr. You Qiang and other co-workers developed the techniques of combining the 

magnetron sputtering with gas-aggregation to form a stable cluster beam with a high degree of 

ionization.1–4 After this initial finding, the technique has been adopted in many laboratories 

worldwide. Dr. You Qiang, being one of the contributors for the initial design, later improved the 

design and established the third-generation nanocluster source-deposition system.  The description of 

the system and cluster preparation techniques can also be found in the published literatures.5–7  

This third-generation nanocluster source-deposition system has three main chambers: the 

aggregation chamber, reaction chamber and deposition chamber. Inside the aggregation chamber is 

the cluster source, or the sputtering gun, which works on the principle of high-pressure magnetron 

sputtering. On sputtering, the target present in the sputtering gun releases metal atoms, which 

aggregate together in chilled-water-cooled aggregation chamber, to form the nanoclusters (NCs). The 

reaction chamber enables NCs to react with the gases. Also, the reaction chamber is connected to the 

load lock chamber, which helps in loading and unloading the substrates, on which the NCs safely 

land. The NCs can either be collected in the load lock chamber or the deposition chamber. The 

advantage of the deposition chamber is that a negative voltage can be applied to the silicon substrate. 

This voltage accelerates the deposition of the NCs and the charged clusters can be energetically 

landed on the substrate and deformed to prolate shape, which in turn could exhibit anisotropic 

behavior.  

Five different gases, namely Argon, Helium, Nitrogen, Oxygen and Hydrogen can be 

supplied into the aggregation and reaction chamber at a time for the benefit of sputtering and reaction 

with NCs. Argon, Helium, Oxygen and Nitrogen are the most commonly used gases in the cluster 
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source deposition system. Of these gases, Argon and Helium gases serve the purpose of sputtering 

and aggregation inside the aggregation chamber. Oxygen and Nitrogen can be supplied either into the 

aggregation chamber to form the fully oxidized or fully nitride NCs or into the reaction chamber to 

form the core shell NCs. The system produces high purity NCs with even size distribution, which can 

be controlled by the argon/helium gas ratio, pressure inside the aggregation chamber, temperature 

inside aggregation chamber and aggregation distance. The major factor for the preparation of high 

purity NCs is that all the chambers are maintained at high vacuum (10-7 Torr) by three Turbo 

Molecular Pumps-Mechanical pump systems, which constantly create a vacuum, and the gases 

utilized for sputtering and reactions have ultra-high purity (99.995%). Every chamber is equipped 

with two pressure gauges, namely low vacuum pressure gauges and high vacuum pressure gauges, 

which accurately read the pressure inside the chambers. The gas flow rates into the chambers are 

controlled by an MKS mass flow controller, which can control the flow from 1 sccm to 1000 sccm for 

Helium and Argon gases. For the Oxygen and Nitrogen gas flow, an MKS mass flow controller was 

used to control the flow from 1 to 200 sccm. A schematic representation of the third generation NC 

deposition system is shown in Figure 2.1. 

 

Figure 3.1 Schematic representation of the third-generation nanocluster deposition system. 
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As shown in the Fig. 3.1, the sputtering gun is located on the inside of the aggregation 

chamber. Metallic targets of 3 inches in diameter (76.2 cm) and ~0.3 cm thick with high purity of 5N 

(99.999%) sit on the circular edge of the gun surface under which two concentric magnets of opposite 

poles are placed in order to help to direct the path of sputtering. The Argon gas is supplied through 

the gun into the aggregation chamber. The Helium gas is supplied through an opening at the bottom 

of the aggregation chamber, which embraces the inside surface layer of the aggregation chamber. The 

system is cooled by chilled water (5 °C) and Ethylene Glycol cooler (-7 °C), which prevents 

overheating of the gun and chamber during sputtering. Each target has a lifetime of around 4 hrs, with 

good sputtering rate productivity up to 2 hrs. Also, the aggregation chamber is connected with a big 

Turbo Molecular Pump, which constantly creates high vacuum. Though the aggregation chamber and 

the external chamber have a valve connecting them to each other that can be opened to suck the gases 

from the aggregation chamber, it remains closed during sputtering in order to maintain constant 

pressure for cluster formation inside aggregation chamber and to create a pressure difference between 

inside aggregation chamber to the deposition chamber. The pressure difference causes the clusters to 

travel across the chambers and be deposited in a substrate in the deposition chamber. There is a small 

opening at the end of the aggregation chamber that can be varied in diameter to increase and decrease 

the pressure inside the aggregation chamber. Changing the diameter influences on the cluster size. 

When the pressure is high, it enables more clusters to aggregate, to form bigger size cluster.  Also, 

there is a skimmer located just before the reaction chamber, which helps to filter out the smaller 

clusters and focuses the larger clusters towards the substrate.  

The reaction chamber can either be used for the supplying gas to react with the clusters or can 

be used to collect the clusters in the substrate. The load lock chamber connected to the reaction 

chamber can be isolated with a valve, which serves the purpose of loading and unloading the samples. 

The load lock chamber is also connected with a TMP backed up with a mechanical pump. As 

mentioned earlier, the deposition chamber and the reaction chamber serve the purpose of collecting 
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the clusters. There is no difference in the clusters collected in either of the chambers, except for a 

negative voltage that can be applied to the substrate in the deposition chamber. This negative voltage 

accelerates the travelling clusters from the aggregation chamber, which gets deposited to the substrate 

at high energy, thus deforming the cluster shape from spherical shape to elliptical or prolate shape 

(football shape) and enhancing anisotropic behavior in the deposited clusters. The TMP located at the 

deposition chamber helps to create vacuum in both the reaction and deposition chambers.  

3.2. Working Principle 

The cluster source has a DC magnetron sputtering gun with a high purity target sitting on the 

end to which high power (up to 250 W of DC power) is supplied. When the noble gas Argon is 

supplied to the aggregation chamber and comes into the vicinity of the electric field generated by the 

gun, it gets ionized. The ionized Ar gases are attracted to the target by the DC bias while the 

permanent magnet beneath the target surface creates a magnetic field that guides the ions, by Lorentz 

force, to hit the target with a huge impact. This impact is capable of ejecting the target atoms from the 

surface, thus the process called sputtering occurs. The highly energetic Ar+ impact continues as the 

new neutral Ar atoms come in and the sputtering process continues to eject huge number of target 

atoms. As these atoms travel along the aggregation chamber, they aggregate with the influence of 

pressure, temperature, impact of Helium atoms and the distance travelled in the aggregation chamber. 

The Helium atoms helps in the formation of mono dispersed (uniform cluster size) NCs, because the 

energy is transferred from hot metal atoms to the cold Helium gas, which enables the smooth and 

uniform growth of clusters. Hence, one of the main factors influencing the cluster growth is the 

Argon to Helium ratio, the factor which has the greatest influence over the cluster size. The higher the 

ratio, the greater is the cluster size and the smaller is the mono dispersion. The lower the ratio, the 

smaller is the cluster size and the greater is the size distribution. The other factors influencing the 

cluster size are the power supplied, the aggregation chamber temperature, aggregation distance and 
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the pressure maintained inside the aggregation chamber. The working pressure maintained in the 

aggregation chamber is normally 1 torr and the pressure at the deposition chamber is 10-4 torr. This 

pressure difference causes the clusters to travel the distance into deposition chamber and become 

deposited onto the substrate, forming a thin granular film. The thickness of granular film is dependent 

on the deposition time and varies from nano meter to micrometer based on the duration of deposition. 

The thickness is almost constant throughout the layer.  

3.3. Synthesis of Granular Films 

The gas-phase clusters to be deposited on a silicon substrate were generated in a magnetron 

plasma gas aggregation cluster source. The magnetron discharge was operated in a chili water cooled 

aggregation tube. A stream of pure argon gas was introduced through a ring structure close to the 

surface of an iron target with 99.9% purity to maintain the discharge. Other stream of Helium was fed 

as a buffer gas through a gas inlet near the magnetron discharge head. Clusters were formed from the 

atoms sputtered from the target. During this process, clusters in the discharge-generated plasma 

acquired high kinetic energies and collided with the neutrals in the gas, causing the formation of very 

reactive species. The clusters were swept by the gas stream out of the aggregation tube into vacuum 

through a nozzle. Then they continued to pass through a skimmer into a comparatively high vacuum 

deposition chamber. To form a core-shell structure, a small amount of oxygen was introduced into the 

deposition chamber for controlled oxidation of cluster. Before depositing on the substrate, the cluster 

transfers into core-shell like structure and avoid the further oxidation after exposing to environment.  

A deposition rate of 1 Å/ s, was obtained with a discharge power of 200 W. The details of sputtering 

conditions are discussed in further chapters as per the requirement of cluster type, size, and material. 

In this research, granular films of Fe based NPs were created on a silicon substrate of size 

1cm × 1 cm size silicon substrate with uniform thickness. In this case, the target was mounted on the 

sputtering gun inside the aggregation chamber as cathode. The Fe atoms are allowed to sputter using 
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200 W DC power source. To obtain a fully oxidized Fe NP granular films, oxygen gas was introduced 

into the aggregation chamber to enable instance oxidation of Fe atoms. The oxidized Fe NPs were 

then aggregated together through low temperature (~ -7 °C to) form fully oxidized iron nanocluster 

(magnetite) and are deposited on to the silicon substrate. However, to obtain core-shell NP films were 

created by allowing wither the oxygen gas and/or the nitrogen gas to react with Fe nanoclusters in the 

reaction chamber.  

3.4. Synthesis of Ellipsoidal Granular Films 

The nanocomposite Fe/Fe3O4 cluster films were synthesized at room temperature, by obliquely 

impacting the energetic Fe/Fe3O4 nanoclusters onto the (110) Si substrates, using a combination of 

magnetron sputtering and gas-aggregation techniques as explained in the above section. The 

monodispersed Fe nanoclusters firstly congregated in an aggregation chamber from the Fe atoms, which 

were sputtered from a 3-inch Fe target with a power of 200 W and collided with a flow of Ar and He 

gas atoms. Meanwhile, the aggregation chamber was cooled down to -7 oC by the chilled water. With 

residing in the plasma with a high density of ions and electrons, ～30% and ～40% of the Fe 

nanoclusters were positively and negatively charged, respectively. Then the Fe nanocluster ions were 

driven by the differential pumping to pass through a reaction chamber, where a flow of 10 sccm O2 was 

introduced to oxidize the surface layer of the nanoclusters. Finally, the negatively ionized Fe/Fe3O4 

core-shell nanoclusteres were accelerated by an electric field to impinge onto the tilted Si substrate, to 

which potentials from 0 to 10 kV were applied. The substrate was held approximately 30o with respect 

to the incident clusters beam. The positive bias voltage was selected to prevent the implantation of rare 

gas ions into the nanocomposites and repel the positively charged nanoclusters, with the neutral ones 

softly landing on the substrate holder. Before the nanocomposites deposition, all the chambers were 

evacuated to background pressures better than 1×10-7 Torr. 
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Figure 3.2 Schematic of synthesis of ellipsoidal nanocomposite 

3.5. Heat-Treatment of Granular Films 

The granular films synthesized on the silicon substrates by using nanocluster deposition 

system were then heat treated at different temperature using tube furnace (Figure 4.2). The granular 

films were heat-treated in different environments based on the requirement of this project and the 

detail of the heat-treatment conditions like temperature, environments and rate of the heating are 

discussed in respective chapters.  

 

Figure 3.3 Photograph of the tube furnace used for the heat-treatment of granular films 
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3.6. Characterization of Granular Films 

Characterizations were conducted on the granular films pre- and post-heat treatment in order 

to understand the temperature-induced structural evolution mechanism, morphology, phase, shape and 

size, and structure-property relationships. The characterizations mainly focused on magnetic 

properties, surface property, structural analysis, elemental analysis and cluster size features. Some of 

the tools used for the characterization purposes are X-ray Diffraction (XRD), which provides the 

information regarding phase and average crystallite size of the films, Vibrating Sample Magnetometer 

(VSM) to measure the magnetic properties, and Energy Dispersive X-ray Spectroscopy (EDS), which 

provides the elemental information of the granular films. These characterization techniques are 

discussed in detail in the following sections.  

3.6.1. X-Ray Diffraction (XRD) 

X-ray diffraction techniques (XRD) utilized the dual wave/particle nature of X-rays to 

understand information about the phase and structure of crystalline materials. A primary use of the 

techniques is the identification and characterization of compounds based on their diffraction pattern.  

The dominant effect that occurs when an incident beam of monochromatic x-rays interacts with a 

target material is scattering of those X-rays from atoms within the target material. The scattering is 

elastic scattering of x-rays from the electron clouds of the individual atoms in the system. In a 

crystalline material, the scattered X-rays undergo constructive and destructive interreference. This is 

the process of diffraction. The diffraction of X-rays by crystal is described by Bragg’s law, 

2
������ = ��, where 
�� is the interplanar spacing of the (hkl) planes, � is the angle of incidence, 

� is an integer, and � is the wavelength of the incident X-ray in our experiments. The directions of 

possible diffractions depend on the kind and arrangement of atoms in the crystal structure. The 

measurements are based on observing the scattered intensity of an X-ray beam hitting a sample as 

function of incident and scattered angle, polarization and wavelength or energy (Figure 4.1). The 
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XRD measurement yields the atomic structure of materials and it is a non-destructive analytical 

technique, which reveals information about the crystallographic structure, chemical composition, and 

physical properties of materials and thin films.8–10 In this research, the XRD measurement were 

carried out using Siemens D5000 Powder X-ray Diffractometer with Solex solid-state detection 

system and CuKα line (1.54 Å). The symmetric scan ranged from 2θ = 5° - 90° with a step size of 

0.05° and a dwell time of 5s at each step was employed to study the crystallographic phase.  

X-ray peak broadening also provides a quick estimate of the average crystallite size in 

polycrystalline materials and powders. The cluster size � can be deduced from the XRD line 

broadening according to the Scherrer formula: 

� = �.��
� ����                                                                  (4.1) 

where � is line broading or the full width half magnitude (FWHM) in radian, � is the XRD peak 

position. 

 

Figure 3.4 Schematic of X-ray Diffractometer 

3.6.2. Scanning Electron Microscope 

A scanning electron microscope (SEM) is a type of electron microscope that produces images 

of a sample by scanning it with a focused beam of electrons. The electrons interact with atoms in the 
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sample, producing various signals that can be detected and that contain information about the 

sample's surface topography and composition. The electron beam is generally scanned in a raster-scan 

pattern, and the beam's position is combined with the detected signal to produce an image. SEM can 

achieve resolution better than 1 nanometer. Specimens can be observed in high vacuum, in low 

vacuum, in wet conditions (in environmental SEM), and at a wide range of cryogenic or elevated 

temperatures. The schematic of SEM is shown in Figure 4.4. The most common mode of detection is 

by secondary electrons emitted by atoms excited by the electron beam. On a flat surface, the plume of 

secondary electrons is mostly contained by the sample, but on a tilted surface, the plume is partially 

exposed, and more electrons are emitted. By scanning the sample and detecting the secondary 

electrons, an image displaying the topography of the surface is created. 

 

Figure 3.5 Schematic of Scanning Electron Microscope 
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3.6.3. Transmission Electron Microscope 

Transmission electron microscope (TEM) is analogous to an optical microscopy: the photons 

are replaced by high energy electrons and the glass lenses by electromagnetic lenses as shown in 

Figure 4.6. In TEM microscopy technique an electron beam is transmitted through an ultra-thin 

electron-transparent sample, interacting with the sample and forming an image detected by a sensor 

such as a CCD camera and an enlarged image is formed using a set of magnetic lenses. The highly 

energetic incident electrons interact with the atoms in the sample producing characteristic radiation 

and particles providing information for materials characterization. Information is obtained from both 

deflected and non-deflected transmitted electrons. Backscattered and secondary electrons, and emitted 

photons. According to Rayleigh’s criterion, the resolution W of the optical system is given by the 

following equation: W = 0.6λ/NA, where NA is the numerical aperture and λ is the wavelength. 

Therefore, the much smaller wavelength of electrons allows a resolution of about 0.2 nm to be 

achieved. The particle shape, size distribution, faceting and crystallinity can be obtained using TEM. 

Here, electron microscopy experiments were conducted on a JEOL 1200 TEM, operating at 120 kV. 

The samples were prepared by drying the solvent of the MNPs' dispersion onto a 200 mesh copper 

grid with a carbon coated Formvar film. 
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Figure 3.6 Schematic of Transmission Electron Microscope 

3.6.4. Energy Dispersive X-Ray Spectroscopy 

Energy-Dispersive X-ray Spectroscopy (EDX or EDS) is also called energy dispersive X-ray 

analysis (EDXA). EDX is a standard procedure for identifying and quantifying elemental composition 

of specimen areas as small as a few cubic micrometers. The characteristic X-rays are produced when 

a material is bombarded with electrons in an electron beam instrument, such as transmission electron 

microscopy (TEM) or scanning electron microscope (TEM). A brief description of the generation of 

characteristic X-rays is as follows. First the incoming electrons from TEM or SEM knock inner shell 

electrons out of atoms in the sample. In order to return the atom to its normal state, an electron from 

an outer atomic shell drops into the vacancy in the inner shell. This drop results in the loss of a 
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specific amount of energy, namely, the difference in energy between the vacant shell and the shell 

contributing the electron. The energy is given up in the form of electromagnetic radiation x-rays. 

Since energy levels in all elements are different, element-specific or characteristic, x-rays are 

generated. The emitted x-rays are indicative of the element that produced them. The EDX x-ray 

detector measures the number of emitted x-rays versus their energy. The energy of the x-ray is 

characteristic of the element from which the x-ray was emitted. A spectrum of the energy versus 

relative counts of the detected x-rays is obtained and evaluated for qualitative and quantitative 

determinations of the elements present in the sampled volume.  

 

 

Figure 3.7 Schematic showing the principle of EDX 

3.6.5. Vibrating Sample Magnetometer (VSM) 

Magentic properties were characterized using a DMS 1660 VSM where each pre-weighted 

sample is placed inside an external magnetic field to get magnetized at room temperature. A 

hysteresis loop was acquired by applying a scanning magnetic field of 13500 Oe to -13500 Oe. The 
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vibrating sample magnetometer (VSM) was developed in 1956 by S Foner and Van Oosterhart. In a 

VSM a sample is vibrated in the vicinity of a set of pick-up coils. According to Faraday’s laws of 

magnetic induction, the flux change caused by the moving magnetic sample causes an induction 

voltage across the terminals of the pickup coils which is proportional to the magnetization of the 

sample V(t) = Cd(fi)/dt, where fi(t) represents the changing flux in the pick-up coils caused by the 

moving magnetic sample. With the calibration, this voltage is proportional to the magnetic moment of 

the sample. A brief description of VSM is given as follows. The pick-up coils are situated between 

the pole pieces around the sample (Figure 4.8). Both the signals produced by the permanent magnet 

vibrating in the pick-up coils and the signal induced in the sample pick-up coils are fed directly into a 

lock-in amplifier. The permanent magnet signal is used as the reference signal input. The system is 

calibrated using a single crystal nickel disc whose saturation magnetization is well documented. 

 

Figure 3.8 Schematic of Vibrating Sample Magnetometer 

If a material is placed within a uniform magnetic field, a magnetic moment will be induced in 

the sample. In a VSM, a sample is positioned within suitable placed sample, coils, and is made to 

undergo sinusoidal motion, i.e., mechanically vibrated. The resulting magnetic flux changes induce a 
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voltage in the sample coils that is proportional to the magnetic moment of the sample. The applied 

filed may be produced by an electromagnet or superconducting coils.  

3.6.6. Atomic Force Microscopy 

An atomic force microscopy (AFM) is a type of scanning probe microscopy that forms image 

of surfaces using a physical probe that scans the specimen. The AFM uses a cantilever with a very 

sharp tip to scan over a sample surface. As the tip approaches the surface, the close range, attractive 

force between the surface and the tip cause the cantilever to deflect towards the surface. However, as 

the cantilever is brought even closer to the surface, such that the tip makes contact with it, 

increasingly repulsive force takes over and causes the cantilever to deflect away from the surface.  

 

Figure 3.9.  (Left) Force-distance curve for AFM, and (Right) block diagram of AFM showing beam 

deflection and detection. 

A laser beam is used to detect cantilever deflection towards or away from the surface. By 

reflecting an incident beam off the flat top of the cantilever, any cantilever deflect will cause slight 

change in the direction of the reflected beam (see Figure 3). A position sensitive photodiode (PSPD) 

can be used to track these changes. Thus, if an AFM tips passes over a raised surface feature, the 

resulting cantilever deflection (and the subsequent change in the direction of reflected beam) is 

recorded by the PSPD. 
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Chapter 4: High-Temperature Investigation on Morphology, Phase and Size of 

Iron/Iron-Oxide Core-Shell Nanoclusters for Radiation Nanodetector 

Khanal, L. R.; Williams, T.; Qiang, Y. High-Temperature Investigation on Morphology, Phase and 

Size of Iron/Iron-Oxide Core–Shell Nanoclusters for Radiation Nanodetector. J. Phys. D: Appl. Phys. 

2018, 51 (25), 255302. https://doi.org/10.1088/1361-6463/aac47e. 

4.1. Abstract: 

Iron/iron-oxide (Fe-Fe3O4) core-shell nanoclusters (NCs) synthesized by cluster deposition 

technique were subjected to study the high temperature structural and morphological behavior. 

Annealing effects have been investigated up to 800 °C in vacuum, oxygen and argon environments.  

The ~18 nm average size of the as prepared NCs increases slowly on temperature up to 500 °C in all 

the three environments. The size increases abruptly in argon environment but slow in vacuum and 

oxygen when annealed at 800 °C. The x-ray diffraction (XRD) studies have shown that the iron core 

remains in the core-shell NCs only when they were annealed in the vacuum. A dramatic change in the 

surface morphology, an island like structure and/or a network like pattern, was observed at the 

elevated temperature. The as prepared and annealed samples were analyzed using XRD, scanning 

electron microscopy and imageJ software for a close inspection of the temperature aroused properties. 

This work presents the temperature induced size growth mechanism, oxidation kinetics and phase 

transformation of the NCs accompanied by cluster aggregation, particle coalescence, and diffusion. 

4.2. Introduction 

In the recent years, numerous studies have been conducted to investigate the nanoparticle 

(nanoclusters called in this paper) behaviors, such as magnetic, electrical, mechanical, structural 

properties for obtaining novel functional nanomaterials. Nanostructured materials have shown 

improved properties over bulk materials, allowing them to be used extensively in the various field.1–4 

Magnetic nanoparticles have already been discovered for their applications in biomedicine, magnetic 
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resonant imaging, data storage, magnetic separation, waste water treatment, nuclear waste treatment.5–

11 Recently, nuclear scientists have drawn their interests to apply the magnetic nanoparticles for 

nuclear radiation sensing and monitoring systems to be used in the high-temperature core of the 

upcoming generation IV nuclear reactor for enhanced performance and safety. It was previously 

reported that the iron/iron-oxide (Fe-Fe3O4) core-shell nanoclusters (NCs) with Fe3O4 as shell and Fe 

as core have very sensitive changes of electrical conductivity under ion irradiation even at extremely 

low dose ion flux regime with the minimal effect of the temperature up to 200 °C.12 Figure 4.1 

illustrates the normalized in-situ electrical resistance measurement of the NCs with the Si2+ ion fluence 

at room temperature and 200 °C measured by Van der-Pauw four-probe method. Since the commercial 

detectors available in the market have poor sensitivity at low dose fluxes and also cannot retain their 

properties at high temperature even at the working flux regime, this opens the new area of research for 

the Fe based nanoclusters to serve as a radiation nanodetector. However, it requires further 

investigation on the properties of the NCs at high temperature and under neutron irradiation as well 

since the core of the reactor has two parameters that may affect the magnetic and electrical properties 

of the NCs: heat (up to 500 °C) and radiation. 
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Figure 4.1. In-situ electrical resistance (normalized) of a Fe-Fe3O4 NCs under Si2+ ion irradiation 

at room temperature (RT) and 200 °C by Van der-Pauw four-probe methods12 

Recently, there have been several reports on the magnetic, electrical conductivity, and 

structural study of Fe-Fe3O4 core-shell NCs in relation to the size of the particles and/or ion 

irradiation12–16 but there are lack of knowledge on the high-temperature effects. Our previous report 

has shown that the change in electrical conductivity of the NCs is the result of change in the 

microstructure and grain size under ion irradiation.12 Thus, for the intended application, mechanism of 

the change in surface morphology, nanostructure evolution, and size distribution of the NCs at high-

temperature should be understood.  

In this study, we present the high temperature annealing effects on the size, surface 

morphology and phase of the NCs. The Fe NCs for the investigation were prepared by nanocluster 

deposition system that combines magnetron sputtering with gas condensation technique. An oxide 

shell of Fe3O4 was obtained by controlled oxidation before collecting on the surface of Si-substrates. 

The NCs were then annealed at different temperature up to 800 °C in three different environments: 
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oxygen (O2), argon (Ar), and vacuum (Vac.). Surface morphology, nanostructure, phase 

transformation and size distribution of the NCs are reported along with the close examination of the 

relationship between the size growth mechanism and nanostructural evolution of the NCs at the 

elevated temperature.  

4.3. Experimental Details 

The Fe-Fe3O4 core-shell NCs for this study were prepared by the state-of-the-art cluster 

deposition system. The detail description of the fabrication of the NCs by this method is described in 

previous papers11,13 and briefly summarized here as well. Fe nanoclusters were obtained from a Fe-

target as cathode mounted on a sputtering gun inside the aggregation chamber. The DC power (200 

W) applied to the gun allowed the Ar gas in the aggregation chamber to be ionized. The energetic Ar+ 

ions knocked out the Fe-atoms from the target. The Fe-atoms were then slowed down due to three-

body collisions between Fe, Argon (Ar) and Helium (He) in the aggregation chamber. Due to a low 

temperature (-7 °C) maintained in the aggregation chamber, the Fe-atoms aggregated together, and the 

pure Fe NCs were formed.  The pressure difference allows the NCs to travel towards the reaction 

chamber where the zero-valent iron (Fe0) reacts with a small amount of oxygen (~3 sccm) at room 

temperature. The oxygen oxidized the outer layer of the iron clusters and a core-shell like structure 

with Fe as a core and iron oxide (Fe3O4) as a shell is formed. The evidences of core-shell structure of 

the obtained NCs were presented in our previous works via electron energy loss spectroscopy (EELS) 

mapping and transmission electron microscopy images (TEM).13,15,17  It was also reported that the 

thickness of the oxide layer formed on the surface of the Fe  NC ranges from 2 to 3 nm.13 The core-

shell Fe-Fe3O4 NCs were then gently deposited with thermal energy on the surfaces of 10 mm × 10 

mm Si-substrates in the deposition chamber in the form of NC granular films with a thickness about 1 

µm as shown in the Fig. 2 (a2). The as-prepared granular films on the Si substrates were then annealed 

in a Lindberg mini furnace at 100 °C, 300 °C, 500 °C, and 800 °C in Vac., Ar, and O2. The NCs 
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heated up at the rate of 25 °C/min, remain 1 hour at maximum temperature, and then allowed to cool 

down to room temperature naturally. The cooling time period however was slower in Vac. (~ by 1 

hour more) than in the gaseous medium to cool down themselves from 800 °C. The purpose of 

selection of vacuum is to simulate the temperature environment in the core of the nuclear reactor, O2 is 

to study behavior in air or in an open environment, and inert Ar gas is for the possible protective 

environment for the NCs at high temperature. The phase transformation and crystal structure, surface 

morphology and size distribution of the NC films were studied pre- and post-annealing by using 

Siemens D5000 Powder X-ray Diffractometer with Solex solid-state detection system and CuKα line 

(1.54 Å), JEOL JSM scanning electron microscope (SEM) and JEOL JEM 2010 TEM, and ImageJ 

software, respectively.  

4.4. Result and Discussions 

The SEM images are shown in Figure 4.2. (a1) and (a2) are the top and cross-sectional views 

of the as prepared NC films at room temperature. The SEM images (b, c and d) are for the annealed 

NCs in Vac., Ar, and O2, respectively. The numbers 1-4 in b, c, &d represent the annealing 

temperatures 100 °C, 300 °C, 500 °C, and 800 °C, respectively. No significant change in surface 

morphologies has been observed when the NCs were annealed at 100 °C and 300 °C in all the three 

environments as depicted in Figures 2b-d with numbers 1 & 2. When the NCs were annealed at 500 

°C, a small change in morphology has been observed in all three environments.  The nanostructures of 

the loosely aggregated as prepared NCs have been found to change significantly with the concurrent 

formation of a network like structure accompanied by nano-pores when annealed at 800 °C in O2 as 

shown in Figure 4.2 (d4). When the NC was annealed in Ar at 800 °C, a continuous film like 

morphology along with the nano-pores of average size ~200 nm has been found as depicted in Figure 

4.2 (c4). The NCs when annealed at 800 °C in Vac., the particles aggregated together, and island-like 

structures have been observed as shown in Figure 4.2 (b4). 
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Figure 4.2 SEM images of the NCs before annealing (a1-top view & a2-cross sectional view) and 

after annealing (b-Vac., c- Ar & d-O2 environments). The points 1-4 in b, c, d represent the annealing 

temperatures 100 °C, 300°C, 500 °C and 800 °C respectively. 
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Figure 4.3 Schematic illustration of the particle coalescence and size growth mechanism in three 

different environments with increasing the temperature. 

The mechanism of the island-like structure formation and dramatic change in the morphology 

at 800 °C accompanied by a network like structures is the result of the agglomeration and the 

coalescence of the particles at high-temperature. The schematic representation of the process is shown 

in Figure 4.3. It is plausible that the increasing temperature promotes particles aggregation, which 

leads to form the island-like structures. With the increasing temperature and/or annealing time the 

particles get high energy, which allows the particles to come closer to each other and merge together 

to give rise to a larger particle. The smaller particles with a larger surface to volume ratio are more 

likely to dissolve into larger particles on increasing temperature, which results the larger one getting 

bigger and smaller one getting smaller and eventually disappears. The larger particles get 

interconnected to each other resulting in a nanowire-like network accompanied by nano-pores as 
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depicted in Figure 4.2 (d4). Continuous film along with the nano-sized pores has also been observed in 

Ar because of the coalescence of the particles in the proximities leaving the  

larger space behind. The SEM images (b4), (c4) and (d4) in Figure 4.2 provide evidences for the 

dramatic change in morphology in the gaseous environments than in the vacuum. The convective  

transfer of heat to the NCs by heavy gas molecules (Ar) at the elevated temperature could have played 

a key role in the significant change in the morphology of the granular films.   

 

Figure 4.4 X-ray diffraction results for the NCs before and after annealing at different conditions. 

Figure 4.4 shows the XRD results of the NCs pre- and post-annealing in Vac., Ar, and O2 

environments at 500 °C and 800 °C while the XRD results for the temperature below 300 0C are very 

similar like that of as deposited samples. The XRD pattern shows the Fe in the core of the NCs 
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disappear completely when they are annealed at 500 °C and 800 °C in Ar and O2 environment. 

However, the NCs retain the Fe core even when they are annealed at 800 °C in the vacuum and no 

phase transformation in the NCs was observed. An evidence of mix phase of Fe2O3 and Fe3O4 has 

been observed on annealing the NCs in Ar and O2. Rioult et al18 also presented mix phase of pure α-

Fe2O3 corundum structure and Fe3O4 spinel structure on annealing pure spinel structure of Fe3O4.  The 

presence of Fe2O3 and the loss of Fe-core in Fe-Fe3O4 core-shell NCs up on annealing in oxygen 

environment is the result of diffusion of Fe and O2 through the oxide layer and oxidation of the Fe 

atoms. 

The temperature-induced motion of an atom in a lattice can be understood by a microscopic 

description of the diffusion and can be expressed as19 

� = (!
")�$Γ           (4.1) 

Where � = &' is the jump distance (with A, diffusion mechanism constant and & = 0.839 for 

Fe3O4
20, lattice constant) and Γ = ,-./ is the jump frequency with z, the number of nearest neighbor 

sites (twelve for fcc), -., the probability that a given neighboring site is vacant (1/12 for fcc) and ω, 

the frequency with which an atom jumps to a particular site. The jump frequency / = 012∆45/78 with 

ν, Debye frequency (~1013 s-1), 9:, Gibbs free energy, ;, Boltzmann constant (8.617×10-5 eV/K), and 

< in kelvin.  We know that the jumps of defects and atoms are due to the thermal vibration of very 

high frequency. The frequency of atom jumps is the order of magnitude ~108 s-1 at 700 °C i.e. once in 

every 105 vibrations, a thermal fluctuation is large enough for an atom to overcome the energy barrier 

separating it from the next stable position.19 Hence, at 800 °C the Fe and O atoms get sufficient 

thermal energy to vibrate at their lattice sites and overcome the barrier to diffuse. Metal oxide being an 

ionic compound, the diffusion involves the transport of both the ions and the electrons.21 The transport 

mechanism of metal and oxygen ions along with the electrons and holes is illustrated in the Figure 5a. 

The Fe ions diffuse toward the surface through the oxide layer as illustrated by schematic in Figure 5b. 
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The diffusion and oxidation phenomena of the Fe is based on the Cabrera-Mott model 22–24, which 

suggests that the phenomena is supported by the tunneling of the electron from the metal to the surface 

through the oxide layer and ionization of the absorbed surface oxygen inducing an electric field. The 

electric field promotes the outward transport of metal ions. The Fe ions reaching to the surface get 

oxidized thus giving rise to outward growth of oxide layer when annealed in O2. The oxygen 

interstitial formed by the diffusion of the O2 ion from the surface through the oxide layer diffuse 

further into the core, allowing the formation of iron oxides at the core-shell interface. The interstitial 

jump distance, � = &' (with A= 1/2 for interstitial)19 of Fe/O can be estimated as 0.42 Å, which 

provides the credibility of the diffusion of the interstitials atoms through the oxide layer. The position 

of oxidation to take place (at the oxide layer and/or surface) depends up on the mobility of the ions. 

The larger value of mobility of Fe ions results the oxidation at the oxide-gas interface and the larger 

mobility of oxygen ions results the oxidation at the metal-oxide interface.  
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Figure 4.5 Schematic representation of (a) transport mechanism of ions and electrons through 

oxide layer and (b) evolution of complete oxidation of Fe in O2 environment. 

The retaining of the core-shell structure of the NCs even after annealing at high temperature in 

Vac. as has shown by XRD reveals an interesting point and advantage for nuclear radiation sensor. 

The presence of Fe even after annealing the NCs at high-temperature in vacuum is due to the reduction 

of the Fe3O4 to Fe at elevated temperature, under the lack of oxygen (~10-3 Torr). The reduced iron 

diffuses into the core and increases the Fe content in the particle. Lee et al.25 reported the reduction of 

metal oxide to metal is possible during vacuum annealing with an evidence of reduction of copper-

oxide to copper. In order to understand the reduction, the ratio of phase composition of Fe to Fe3O4 in 
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the as-prepared and Vac. annealed NCs are estimated from the intensities of Fe (110) and Fe3O4 (311) 

XRD peaks by using the following formula.26,27 

=>
=?

= @>
@?

            (4.2) 

Where AB and AC  represent the compositions of Fe and Fe3O4 in the samples and DB and DC are 

the peak intensities of Fe and Fe3O4, respectively. The estimated ratio of the compositions of Fe and 

Fe3O4 is summarized in Table 4.1.  

Table 4.1 Ratio of Fe to Fe3O4 composition at different conditions. 

Sample As-prepared Vac. 500 °C Vac. 800 °C 

Ratio 1.98 1.56 6.46 

 

The ratio of Fe to Fe3O4 phases in the as-prepared samples has been found to increase from 

1.98 to 6.46. This indicates that the reduction of the Fe3O4 to Fe is plausible. The reduction is 

attributed by the oxygen vacancy formation at high-temperature annealing. The decrease in ratio at 

500 °C than as-prepared NC suggests that the rate of growth of the oxide crystallites by coalescence of 

the NCs is more likely than the reduction of Fe3O4 to Fe. The increase in the ratio from 500 °C to 800 

°C indicates that the reduction from metal oxide to metals is enhanced beyond 500 °C. The slower 

cooling rate and the absence of convective thermal transfer could also have played a role to some 

extent to protect the core-shell structure during vacuum annealing.   

 Gossman et al.28 reported that the 99.95% pure Ar represents a high oxygen partial pressure of 

the order of 0.1 Torr. Thus, on annealing in Ar, the oxygen content is sufficient for the oxygen 

sensitive iron to get oxidized by transport of the ions as in O2 impurity.  In addition, as discussed 

earlier, the gas molecules at the elevated temperature involved for the morphology to look different, 

the thermal transfer by heavy gas molecules could have played a role to destroy the core-shell 
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structure of the NCs. In Ar, the full conversion of the metal to oxide phase could also be due to the 

complete destruction of the core-shell structure during annealing by diffusion or may be due to surface 

melting of the NCs at high-temperature and the metal gets oxidized when removing out of the heating 

chamber in air at room temperature. The destruction of the core-shell structure of the NCs may also be 

due to faster cooling rate from high-temperature to room temperature in gaseous medium when 

allowing them to cool naturally. 

 

Figure 4.6 Average sizes with error bars of the NCs annealed at different conditions. 

In order to study the size distribution of the NCs, ImageJ software was used to estimate the 

size of the pre- and post-annealed NCs at different temperatures from the SEM images. Figure 4.6 
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depicts the growth of the average size with the increasing temperature. The ~18 nm average size of the 

NCs has been found to increase slowly in all the three environments up to 500 °C.  The almost 

constant size growth in O2 environment from 300 °C to 500 °C may be due to the formation of voids 

by vacancy clustering caused by the difference in the diffusivities of Fe and oxygen ions through the 

oxide layer popularly known as Kirkendal voids29,30 and the shrinkage of the voids  by outward 

diffusion of the vacancy with increasing temperature.31,32 Nakamura et al.31 reported the transition 

temperature for the shrinkage of the voids during the oxidation of the iron nanoparticles as 400 °C, 

which makes our result plausible. The further increase in the size of the NCs on increasing the 

temperature is attributed to the cluster aggregation and coalescence of the clusters as illustrated by the 

schematic in Figure 4.3. At 800 °C, the average size of the particles has been found to grow slowly in 

Vac. and O2 however it increases abruptly in Ar as shown in Figure 4.6.  The faster cooling and 

convective thermal transfer by heavier Ar gas could have influenced further for the clusters 

aggregation resulting in larger size of the particles. The increasing size of the error bars with the rise in 

temperature indicates the growth is not uniform throughout the sample. During the coalescence, the 

larger particle is getting bigger and smaller particle is getting smaller, which makes the variation in 

sizes of the particle throughout the sample plausible.   

The average size of Fe crystals, E, of the as prepared and vacuum annealed at 800 °C was also 

estimated by using the Scherrer equation26  

E = =�
�����F

            (4.3) 

Where C=0.9 is a constant, �� is the Bragg angle, � is the X-ray wavelength (1.54 Å), and B is 

the full width at half maximum (FWHM). The average crystal size of Fe before and after annealing in 

Vac. were determined from the Fe (110) peak. The average ~12 nm size of the Fe core crystal has been 

found to increase to ~36 nm after annealing at 800 °C. The size growth of Fe crystal up on annealing 

at high-temperature could be the result of Ostwald ripening,33,34 i.e. the larger crystals increase their 
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sizes at the expense of the surrounding smaller crystals and/or amorphous particle as described earlier 

in the coalescence mechanism. In addition, the reduction of the Fe3O4 to Fe and diffusion of Fe into 

the core could have played a role to overall increase in the size of the core. 

 

Figure 4.7 NC TEM micrographs of (a) As-prepared, and (b) annealed at 8000C in vacuum 

In addition, for the confirmation of the size and the retaining of the core-shell structure, we 

have studied the NCs as-prepared and annealed at 800 0C in vacuum with TEM as illustrated in Figure 

7. The TEM micrograph (FIG. 7b) confirms the presence of the core-shell structure even after 

annealing in vacuum at 800 0C. Further, the micrograph is in well agreement with the size of the Fe 

core estimated from the XRD peaks. 

4.5. Conclusion 

Fe-Fe3O4 core-shell NCs prepared by state-of-the-art cluster deposition technique on annealing 

at high-temperature in Ar and O2 have been observed with the presence of a new phase Fe2O3, loss of 

Fe-core, dramatic changes in the microstructures with the enhanced porosities and increase in the 

average particle size. In contrary, the NCs have shown very stable crystal structure with the consistent 

size growth and a small change in the microstructures even at 800 °C in the vacuum environment. The 

particle aggregation and coalescence of the particles are responsible for the size growth of the NCs at 
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the elevated temperature. The stability of the core-shell structure of the NCs in vacuum is very useful to 

design a radiation detector for the real-time monitoring of the radiation fluxes in the high-temperature 

core of the upcoming generation IV nuclear reactor. However, further investigations under ion and/or 

fast neutron irradiation at high temperature are required for the development of a radiation nanodetector.  
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Chapter 5: Relationship between Nanostructure-Magnetic Property Induced by 

Temperature for Iron Oxide Nanoparticles in Vacuum, Ar and O2 Environments 

Khanal, L. R.; Ahmadzadeh, M.; McCloy, J. S.; Qiang, Y. Relationship between Nanostructure-

Magnetic Property Induced by Temperature for Iron Oxide Nanoparticles in Vacuum, Ar and O2 

Environments. Journal of Magnetism and Magnetic Materials 2020, 498, 166158. 

5.1. Abstract 

It is known that superparamagnetic magnetite (Fe3O4) nanoparticles (NPs) become 

ferromagnetic under Si2+ ion irradiation due to particle size growth and microstructure evolution; it has 

been proposed that this feature could be used for in situ high temperature (up to 500°C) radiation 

monitoring in the core of nuclear reactors.  Herein, magnetite NPs synthesized by a nanocluster 

deposition system are heated to 800°C in three different environments (argon, oxygen and vacuum), 

and nanostructure-magnetic property correlations are investigated by vibrating sample magnetometry, 

scanning electron microscopy, and X-ray diffraction. Magnetization of the NPs is increased due to the 

sintering and overall size growth by the agglomeration of the particles, while the morphology remains 

nearly unchanged up to 800°C, with the one anomaly that zerovalent Fe appeared due to the reduction 

of the Fe3O4 at 800°C in vacuum. In argon and oxygen at high-temperature, antiferromagnetic 

hematite is created, which causes a reduction of the magnetization, and abrupt growth of particle size 

above 500°C.  

5.2. Introduction 

Magnetic nanomaterials have obtained tremendous attention over the past few decades 

because of their interesting properties. Magnetic nanoparticles (NPs) have been promisingly used in 

biomedical applications1–3, magnetic recording media4,5, wastewater treatment6,7, nuclear waste 

treatment8,9 and catalytic applications.10,11 Our previous studies reported that the core-shell Fe-Fe3O4 

NP is a promising material for radiation sensing, as it demonstrates sensitive electrical conductivity 
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changes under ion irradiation.12 Further, the stable nanostructure and phase of the core-shell NP at 

high-temperature in vacuum suggests it could be used in nuclear reactor cores (up to 500°C) as a 

sensing material.13 In a separate study, a superparamagnetic porous granular film of magnetite (Fe3O4) 

with 3 nm nanocluster size showed ferromagnetic behavior due to the dramatic change in 

microstructure after ion irradiation at room temperature.14 These studies together suggested that 

magnetite granular films could be promising materials for radiation monitoring or advanced data 

storage in extreme environments, such as high temperature or pressure. The high temperature and 

pressure may give rise to change in bond lengths, angles, and coordination number at surfaces and 

interfaces of nanostructures, which can cause a significant alteration of magnetic properties of these 

materials.15–17 Thus, understanding the temperature-induced nanostructure-magnetic property 

relationship of granular films is very important for controlled tuning of magnetic behaviors and 

tailoring the advanced devices that need to perform in extreme conditions.  

Herein, we report the response of fully oxidized Fe3O4 NPs to temperature in the presence of 

different atmospheres, argon (Ar), oxygen (O2) and vacuum (Vac.). The model porous granular Fe3O4 

films for this study are prepared by a cluster deposition system that combines magnetron sputtering 

with a gas condensation technique through controlled oxidation of zerovalent iron NPs. 

5.3. Experimental Details 

The Fe3O4 NPs were prepared by a custom nanocluster deposition system. The detailed 

description of the fabrication of granular films by this method was described in previous papers13,14,18 

and briefly summarized here as well. Fe NPs were obtained from a Fe-target cathode mounted on a 

sputtering gun inside the aggregation chamber. The DC power (200 W) applied to the gun allowed the 

argon (Ar) gas in the aggregation chamber to be ionized. The energetic Ar+ ions knocked out the Fe-

atoms from the surface of the target. The iron atoms were allowed to fully oxidize by injecting oxygen 

gas (~3 standard cubic centimeters per minute) into the aggregation chamber to obtain Fe3O4 NPs. The 
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NPs were collected through low temperature (-7°C) condensation in the aggregation chamber. The 

pressure difference of 10-3 Torr between the aggregation chamber and the deposition chamber allows 

the NPs to travel towards the deposition chamber, where the NPs are collected on the surfaces of 10 

mm × 10 mm Si (100) substrate at room temperature (RT) in the form of granular films.  

The as-prepared granular films on the Si substrates were heat-treated in a Lindberg mini 

furnace at maximum temperatures of 100°C, 300°C, 500°C, or 800°C, in Vac., Ar, or O2. The NPs 

were heated at the 25°C/min, held for 1 hour at the maximum temperature, and then allowed to cool 

down naturally to RT with the furnace turned off. The cooling time period from 800°C was slower in 

Vac. (by ~ 1 hour) than in the gaseous media (Ar or O2). Vac. was tested to simulate the environment 

in the core of the nuclear reactor; O2 was tested to study behavior in air or in an open environment. 

Inert Ar gas was tested as a possible protective environment for the NPs at high temperature.  

The phase transformation and crystal structure, surface morphology, and size of the NPs, were 

studied pre- and post- heat-treatment, respectively, by an X-ray Diffractometer (XRD, Siemens 

D5000) with Solex solid-state detection system and CuKα line (1.54 Å), and a JEOL JSM scanning 

electron microscope (SEM) and ImageJ software. The investigation of the magnetic properties before 

and after heat treatment were observed by a vibrating sample magnetometer (VSM, PMC3900, 

Lakeshore Cryotronics, Westerville, OH) with maximum external applied field of ±15 kOe and field 

increment of 50 Oe. The sample surface was held parallel to the applied magnetic field during the 

measurement.  

5.4. Results and Discussion 

5.4.1. High-Temperature Study of Structure, Morphology and Particle Size of Fe3O4 NPs 
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Figure 5.1 X-ray diffraction results for the NPs before and after heat-treatment under different 

conditions. M and H are Magnetite and/or Maghemite, and Hematite phases, respectively.  

X-ray Diffraction (XRD).  

Figure 5.1 shows the XRD spectra of the NPs as-prepared and heat-treated at different 

conditions. The XRD patterns of the as-prepared NPs show an oxide of iron that can be identified as 

one or more of the following: spinel structure, i.e., magnetite (Fe3O4) or maghemite (γ-Fe2O3); and 

corundum structure hematite (α-Fe2O3). Since the XRD peak of the Fe3O4 (311), γ-Fe2O3 (311) and α-
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Fe2O3 (110) are very close to each other, it is very difficult to distinguish these phases from the XRD 

based on this peak alone.19 

The EDS spectrum shown in Figure 5.2 confirms that the as-prepared sample is composed 

only of the iron and oxygen. The silicon and carbon peaks in the image belong to the substrate and the 

carbon tape (used to stick the sample), respectively. Table 5.1 shows the atomic percentage of Fe and 

O in the as-prepared and heat-treated samples obtained from EDS, compared with that of the ideal 

Fe3O4 and Fe2O3. The atomic percentage of the Fe (43.2%) and oxygen (56.8%) in the as-prepared 

samples are close to the compositions of the ideal Fe3O4. Overall, the XRD and EDS data suggests that 

the as-prepared film is a typical inverse spinel magnetite. A similar previous work on the iron-oxide 

NPs also confirms the presence of a single-phase cubic magnetite in the as-prepared granular film.14 

On heat treatment of the NPs at 100°C and 300°C, no new phases are detected by XRD, 

regardless of heating environment (spectra not shown here). However, heat treatment at 500°C and 

800°C create new peaks corresponding to magnetite/maghemite and/or hematite phases. As discussed 

earlier, since the peaks Fe3O4 (311), γ-Fe2O3 (311) and α-Fe2O3 (110) are very close to each other, it is 

difficult to distinguish the exact phase from the peak at 2-theta = ~35°. The EDS data from Table 5.1 

shows that the oxygen composition in the as-prepared NPs increases from 56.8% to 67.5% in O2 and 

62.7% in Ar at 800°C, which confirms the oxidation of the Fe3O4 at 800°C. Thus, the reflections M 

(311)/H (110), M (440)/H (214) and M (422)/H (115) at 800°C in Ar and O2, as depicted in XRD 

spectra, are most likely α-Fe2O3.  

The mechanism of the distortion of the original inverse spinel phase and appearance of the 

corundum structure is followed by the migration of the iron ions to the surface and subsequent 

oxidation.20,21 The high temperature oxidation in Ar is due to the small traces of oxygen impurities 

present in the ultra-high pure Ar gas as reported in previous work [13]. Several other reports indicate 

that oxidation of the very reactive iron-based NP during heat treatment in Ar at high temperature is 
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possible.22,23 α-Fe2O3 is the most stable oxide, while Fe3O4 and γ-Fe2O3 are unstable beyond 350°C in 

ambient air environments.24,25 Thus, the presence of the α-Fe2O3 peaks on XRD pattern, for samples 

treated at 800°C in O2 and Ar, is plausible.  

Fe3O4 oxidizes to α-Fe2O3 via metastable γ-Fe2O3 .26 The M (511), M (400), and M (220) 

peaks have also been observed in Ar-800 (refers to Ar environment at 800°C) samples. These peaks 

cannot be Fe3O4 per the oxygen percentage from EDS data. The peaks must correspond to metastable 

γ-Fe2O3 formed during the oxidation process, which are not changed completely to α-Fe2O3 in the very 

low oxygen concentration environment. Oxidation of Fe3O4 progress increases with oxygen 

concentration.27 The absence of these peaks for samples treated in Ar ≤ 500°C is possibly due to 

smaller crystallite size, which could not be detected by XRD due to excessive broadening. The 

presence of these peaks in Ar-800 sample is due to the increase in crystallite size, such as is achieved 

through Ostwald ripening,28,29 where the crystallites increase their size at the expense of surrounding 

smaller crystallites and/or amorphous particles.  

The atomic percentage of oxygen in the Ar-500 sample (58.07 atomic%) is just slightly above 

that of the as-prepared sample as given by EDS in Table 5.1. Owing to very little change in atomic 

percentage of O in EDS data, most of the peaks in Ar-500 in XRD indicate Fe3O4 and/or γ-Fe2O3. It is 

likely that XRD peaks at 2-theta = ~35° and ~ 54°, which are close to all three iron oxide phases 

(Fe3O4, γ-Fe2O3 and α-Fe2O3) correspond to Fe3O4 and/or γ-Fe2O3. The slight increase in the oxygen 

percentage as given by EDS also indicates that the Fe3O4 should have started oxidizing at 500°C in Ar, 

and the presence of few α-Fe2O3 peaks are reasonable. At lower temperatures (100°C and 300°C) in 

Ar, the oxidation might have not been activated due to low oxygen concentration.  

The presence of α-Fe2O3 peaks and no additional Fe3O4 peaks in O2 samples treated at 500°C 

and 800°C indicate the complete conversion of the Fe3O4 to α-Fe2O3 due to oxidation. The EDS data in 
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Table 5.1 for oxygen treated samples at 500°C and 800°C shows the atomic percentage of oxygen in 

the sample is more than that of the as-prepared sample. The atomic percentage of the oxygen at 500°C 

becomes closer to that of the ideal Fe2O3, and even more at 800°C, thus confirming the complete 

oxidation of the Fe3O4 NPs at 500°C. Lehlooh et al. provided evidence for the complete conversion of 

Fe3O4 to α-Fe2O3 at 550°C in ambient air atmosphere.26 However, our work shows the complete 

conversion of Fe3O4 to α-Fe2O3 at 500°C; this is plausible because of the oxygen-rich atmosphere in 

our case. The oxidation of Fe3O4 in O2 may have started at room temperature, but the process is slow27 

and cannot lead to complete oxidation to α-Fe2O3 without elevated temperature. A previous work 

showed that when Fe3O4 fine particles were heated in air at different temperatures up to 300°C, 

samples progressively transformed to γ-Fe2O3.26 Thus, the absence of new XRD peaks for samples 

treated at 100°C and 300°C could be due to the indistinguishable signature of the conversion of the 

Fe3O4 to γ-Fe2O3 by XRD.  

After heat treating in vacuum at 500°C, the NPs present a few additional peaks {M (220), M 

(400), M (511) and M (440)} not present in as-prepared NPs. These peaks may correspond to either 

Fe3O4 or γ-Fe2O3. However, Table 5.1 shows that the atomic percentage of oxygen decreases slightly 

from that of the as-prepared NPs. This indicates that the peaks do not correspond to γ-Fe2O3. The 

smaller oxygen percentage is due to reduction of the Fe3O4 to metallic Fe at 500°C in Vac. However, 

we are not able to see any Fe peaks in XRD for these samples. The reduction could have just started at 

500°C, and the Fe crystallites are not large enough to be detected by XRD. Literature has reported that 

the reduction of metal oxide to metal is possible during vacuum heat treatment, with an evidence of 

reduction of copper-oxide to copper.30,31 The EDS data in Table 5.1 shows that the atomic percentage 

of the Fe at Vac. 800°C increases and that of the oxygen decreases significantly. This confirms the 

reduction of the Fe3O4 is significant at 800°C. XRD shows new Fe (110) and Fe (200) peaks at 2-theta 
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= 45° and 65°, which appears because of the reduction of Fe3O4 to Fe. The average size of the Fe 

crystallites is estimated by using the Scherer equation,32 and found to be ~ 6 nm.  

 

Figure 5.2 EDS spectrum of as prepared NPs 

Table 5.1 Data (atomic percentage) extracted from the EDS analysis of the iron oxide NPs at different 

conditions 

Element 
Ideal As-

prepared 

Vac.  O2  Ar 

Fe3O4 Fe2O3 500°C 800°C 500°C  800°C 500°C 800°C 

O (%) 57.14 60 56.8 55.44 46.4 60.8 67.5 58.07 62.7 

Fe (%) 42.86 40 43.2 44.56 53.6 39.2 32.5 41.93 37.3 

 

Scanning Electron Microscopy (SEM) 

The SEM images of the magnetite NPs as prepared (a) and after annealing in Vac. (b1-b3), O2 

(c1-c3), and Ar (d1-d3) environments are shown in the inset of Figure 5.3. The numbers 1-3 in b, c, 

and d represent the annealed magnetite NPs at 300°C, 500°C, and 800°C, respectively. No significant 

changes in surface morphologies have been observed when the NPs were heat treated up to 500°C in 
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any of the three environments. However, the nanostructures of the loosely aggregated as-prepared NPs 

have been found to change dramatically on heat treatment at 800°C in Ar environment, as shown in 

Figure 5.3 (inset d3). When the NPs were heat treated in O2 at 800°C, the morphology changes 

significantly, with the concurrent formation of a nanowire-like network pattern as shown in Figure 5.3 

(inset c3). It is plausible that the increasing temperature promotes particle convergence. With further 

increase in the temperature and/or heat treatment time, the particles acquire high thermal energy, 

which allows them to further approach and interconnect to give rise to a network-like structure as 

shown in Figure 5.3 (inset c3), or completely coalesce to give rise to larger particles (inset d3). The 

smaller particles with larger surface to volume ratio are more likely to combine into a larger particle 

on increasing temperature, which results in the larger particles getting larger, and smaller ones getting 

smaller and eventually disappearing. When the NPs are annealed at 800°C in Vac., the morphology 

does not show noticeable change, as depicted in Figure 5.3 (inset b3). The difference in the 

morphologies at 800°C in Vac. and gaseous mediums is possibly due to the slower cooling rate in Vac. 

The huge alteration of the morphology in the Ar environment could be due to the heat transfer to the 

NPs by heavy mass Ar gas molecules at elevated temperatures. 
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Figure 5.3 Average particle size with error bars of the NPs annealed at different conditions. The insets 

are the SEM images of the iron oxide NPs as-prepared (a) and annealed in Vacuum (b1-b3), Oxygen 

(c1-c3), and Argon (d1-d3) environments. The numbers 1-3 are annealed NPs at 300, 500 and 800 °C 

respectively. 

In order to study the size distribution of the NPs, ImageJ software was used to estimate the 

cluster size of the pre- and post- treated NPs at from the SEM images. Figure 5.3 depicts the growth of 

the average size with the increasing temperature. The ~16 nm average size of the NP has been found to 

increase slowly in all the three environments up to 500°C. The particle size then increases dramatically 

at 800°C to 96 nm (O2) or 148 nm (Ar). However, the trend of the slow growth in particle size remains 

consistent up to 800°C in Vac. and the size becomes 34 nm at 800°C. 
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The particle size growth with the temperature can be explained by (1) phase distortion of the 

original inverse spinel and migration of iron ions to the surface and subsequent oxidation,20,21 and (2) 

coalescence of the NPs with increasing the temperature and/or heating time. Heat-treated samples thus 

have a large size distribution as represented by the increasing size of the error bars with the increasing 

temperature. The particle growth in Vac. must be only due to the coalescence of the particle up to 

800°C. However, the particle size growth in O2 is due to both mechanisms, oxidation and coalescence. 

For the particle size growth up to 500°C in Ar, coalescence would have played a more significant role 

than oxidation, since the oxidation in Ar has been just started from 500°C as discussed previously. The 

particle size growth in O2, since the beginning, is more than that of the other two environments up to 

500°C because the oxidation of the Fe3O4 starts from RT in oxygen rich environments. The growths 

are similar in Ar and Vac. because the growth is mostly by coalescence of the particles in both cases. 

However, the particle size at 500°C in Ar is larger, since the oxidation has started at this temperature 

in Ar. The abrupt increase in the particle size beyond 500°C in Ar and O2 is because the oxidation 

mechanism is more prominent at this temperature in both environments. The thermal transformation 

by heavier Ar gas molecules could have influenced further for the clusters aggregation resulting in 

larger size of the particles than that in O2 at 800°C. The increasing size of the error bars (large size 

distribution) with the rise in temperature indicates the growth is not uniform throughout the sample. 

During the coalescence, the larger particles are getting bigger and the smaller particles are getting 

smaller, which results in a larger variation in sizes of the particles for the sample processed at higher 

temperatures.  

5.4.2. Magnetic Study from Vibrating Sample Magnetometer  

 Coercivity, Remanence and Magnetization 

Figure 5.5-5.7 show magnetization (M) versus magnetic field (H), i.e. hysteresis loop, 

measurements performed on the pre- and post-heat-treated granular films at different temperatures in 
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three different environments. The hysteresis loop of the as-prepared granular film, included in all the 

figures as a reference, shows almost superparamagnetic behavior with small values of magnetic 

remanence (~1 emu/g) and coercivity (10 Oe). At maximum applied field of ±15 kOe, the samples 

acquire maximum magnetization and all of them are nearly saturated, as shown in Figure 5.5(a). The 

magnetization increases in Vac. from ~27 emu/g at RT to ~65 emu/g at 800°C. It can also be seen that 

the magnetic remanence increases from 1 to 7 emu/g (as represented in Figure 5.4), and coercivity 

from 10 to 75 Oe (as shown in figure 5.5 (b)). The overall increase in magnetization of the annealed 

NPs in Vac. is followed by the sintering and particle size growth from 16 nm to 34 nm due to 

coalescence of the NPs at elevated temperature. Also, as discussed earlier and represented in Table 5.1 

and Figure 5.1, the NPs at high temperature (I 500°C) reduce to Fe in Vac. Since Fe has a greater 

magnetization, the larger value of the magnetization at higher temperature in Vac. is also due to the 

presence of the Fe crystallites in the film by reduction.  

 

Figure 5.4 Magnetic remanence of the NPs annealed at different conditions 
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Figure 5.5 (a) Hysteresis curve and (b) saturation magnetization vs. temperature of the annealed 

magnetite samples at different temperature in vac. atmosphere 

The hysteresis loops of the films before and after heat treatment in Ar are shown in Figure 5.6. 

The saturation magnetization first increases slowly up to 300°C from 27 to 44 emu/g. However, 

interestingly, the saturation magnetization decreases to 33 emu/g at 500°C and finally drops to 0.5 

emu/g at 800°C. The increase in magnetization of the film up to 300°C is due to the sintering and 

particle size growth due to the coalescence of the NPs as in Vac. As seen from the EDS data in Table 

5.1 and XRD in Figure 5.1, the Fe3O4 NPs start oxidizing at 500°C and α-Fe2O3 appears. α-Fe2O3 has 

canted antiferromagnetic behavior at room temperature with maximum magnetization ~0.4 emu/g, 

whereas Fe3O4 and γ-Fe2O3 are ferrimagnetic with saturation magnetization ~90 and ~80 emu/g, 

respectively.24 Thus, the decrease in saturation magnetization in Ar from 500°C is due to the slight 

oxidation of the Fe3O4 to α-Fe2O3 as given by EDS and XRD as discussed in the previous section. At 

800°C in Ar, Fe3O4 is almost completely oxidized to α-Fe2O3 and nearly saturated to the value close to 

the maximum magnetization of a bulk α-Fe2O3. The larger value (~1300 Oe) of the coercivity at 800°C 

is due to the conversion of the Fe3O4 to α-Fe2O3, since α-Fe2O3 has a very high coercivity (~ 1000 - 
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5500 Oe).33,34 The magnetic remanence for samples treated in Ar, however, increases up to 500°C to 7 

emu/g, unlike magnetic saturation, then drops to 0.4 emu/g at 800°C, as shown in Figure 5.4. 

The wasp-waisted (or constricted near zero field) hysteresis loop in Ar-800 (shown in top-left inset 

image in Figure 5.6 (a)) may be the result of (i) larger variation in the size distribution of the NPs at 

high temperature, as indicated by the larger error bars in Figure 5.3, arising from inhomogeneous 

particle growth and/ or sintering,35,36 and (ii) the presence of mixed phases of antiferromagnetic α-

Fe2O3 and a small component of ferrimagnetic Fe3O4/γ-Fe2O3, as indicated by XRD in Figure 5.1. Such 

a mixture with contrasting coercivities result in a combination of the magnetic parameters and 

tendency toward one or another constituent, producing distinctive wasp-waisted shapes.37,38 More 

contrast in the coercivities would result in the more wasp-waistedness. 

 

Figure 5.6 (a) Hysteresis curve and (b) saturation magnetization vs. temperature of the annealed 

magnetite samples at different temperature in Ar atmosphere. Lines in (b) are guides to the eye only. 

Figure 5.7 shows the hysteresis curve of the NPs as-prepared and heat-treated in oxygen. As 

seen in Figure 5.7(b), the saturation magnetization decreases exponentially with increasing 
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temperature and approaches the saturation magnetization of the bulk α-Fe2O3. As discussed in the 

previous section, the decrease in the saturation magnetization is due to the oxidation of the Fe3O4 to α-

Fe2O3. The remanence of the NPs also decreases gradually (shown in Figure 5.4), however, the 

coercivity increases with the increase in heat treatment temperature, as shown in Figure 5.7 (b). The 

decrease in remanence is also due to the oxidation of the NPs. The increase in coercivity with heat 

treatment temperature could have been caused by the oxidation of the NPs and the particle size growth 

at high temperature. The result is consistent with the result obtained by Krajewski et al.,34 who 

reported that oxidizing Fe NPs at high-temperature causes the Fe NPs to gradually lose their 

remanence and gain coercivity due to the presence of the α-Fe2O3 NPs. They claimed that thermally-

treated Fe NPs at high-temperature sinter and results in the formation of the larger particles composed 

of smaller particles as well. Consequently, the numerous defects, dislocations, and strains between the 

NPs are introduced to the obtained α-Fe2O3 aggregates, which in turn caused the enhancement of the 

coercivity. There are various other studies that support the notion that particle size growth enhances 

the coercivities of the α-Fe2O3.39–41 The smooth hysteresis curve (unlike the wasp-waisted in Ar 

800°C) even treated as high as 800°C in oxygen (as shown by top-left inset in figure 5.7(a)), is 

reasonable due to the presence of single phase α-Fe2O3 as supported by XRD in Figure 5.1.  
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Figure 5.7 (a) Hysteresis curve and (b) saturation magnetization vs. temperature of the annealed 

magnetite samples at different temperature in oxygen atmosphere. 

Maximum Energy Product 

The energy product of a magnet is associated with Hc and Mr/Ms and influences the shape of 

the demagnetization curve (flux density (B) vs H curve), essentially a measure of squareness of the 

hysteresis loop. The demagnetization curve generally implies the effect of exposure of low or high 

temperatures and /or magnetic fields.42 The effect is irreversible, i.e. the magnetization will not return 

to the original state even when the temperature or magnetic field return to the initial state. The energy 

product depends on the total area enclosed by the hysteresis loop and is affected by the change in Hc 

and Mr/Ms. 

In order to understand the largest possible magnetic energy that can be achieved in the NPs 

considering an idealized rectangular M(H) hysteresis loop, we estimated the possible ideal maximum 

energy product, |�. K|:LM, of the Fe3O4 NPs as-prepared and annealed in Ar, O2 and Vac. at different 

temperature using the following equations.43,44 First, the energy product is: 
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|� · K| =  −P� (Q� + K) ·  K         

 (5.1). 

Next, differentiating equation (1) with respect to K and equating to zero gives K =  −Ms/2t,  
Maximum energy product is found by substituting K =  −Ms/2, then,  

|� · K|:LM = −P� (Q� −  Q� 2⁄ ) · (−Q� 2⁄ ) = (1 4⁄ )P� Q�$    

 (5.2). 

The change in |� · K|:LM with temperature in different environments is represented in Figure 

5.8. It has been found that |� · K|:LM increases from 6 kJ/m3 to 36 kJ/m3 when temperature increases 

from RT to 800°C in Vac. The magnetite NPs at higher temperature become denser and improve 

magnetic orientations. However, in Ar environments the maximum energy product increases until 

300°C to a value of 16.5 kJ/m3 and then starts decreasing to 0.002 kJ/m3 at 800 °C. The increase in the 

first part is due to the increase in average particle size by sintering the NPs, and then the decrease in 

energy product is due to the gradual oxidation of the Fe3O4 at higher temperature. The significant drop 

in the value of the maximum energy product in O2 is due to the oxidation of the Fe3O4, which starts 

from RT. The larger value of HC (5600 Oe) and Mr/Ms (0.67) at 800°C in O2 environment further 

indicates α-Fe2O3, which is a canted antiferromagnet, a weakly magnetic, but hard (high coercivity) 

magnet material. 
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Figure 5.8 Maximum energy product, (BH)max, vs. temperature of the annealed magnetite NPs at 

different conditions. 

5.5. Conclusion 

Fe3O4 NPs synthesized by a cluster deposition technique followed by heat treatment at high-

temperature have been observed to oxidize completely (when treated in O2) or almost completely 

(when treated in Ar), which results in a significant decrease in the saturation magnetization. The 

oxidation in Ar starts at temperatures higher than 300°C, but in oxygen the oxidation starts when 

heating even at room temperature. There is dramatic change in the surface morphology and abrupt 

increase in the particle size due to coalescence and oxidation of the NPs at 800°C.  

However, when the NPs are annealed in vacuum, stable surface morphologies have been 

observed even at high-temperature. The saturation magnetization increases from 27 emu/g to 65 emu/g 

followed by the gradual growth of the particles due to coalescence and sintering at higher temperature. 

The NPs in vacuum at temperatures 500°C and above, interestingly, start to reduce due to the oxygen-

deficient environment, an effect that becomes significant at 800°C. Since the core of a nuclear reactor 

is vacuum, the evidence of a stable nanostructure with enhanced magnetization at the elevated 
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temperature in vacuum strengthens the possibility for suitability of these magnetite NPs as in-situ 

radiation sensor materials for next generation nuclear reactor, as well as for advanced data storage 

nanomaterials in harsh environments.  
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Chapter 6: Soft Magnetic Films 

6.1. Introduction 

Materials that can be easily magnetized and demagnetized are known as soft magnetic 

materials. The term “soft” refers to the classification employed as a function of coercive field K=, the 

magnetic field needed to demagnetize completely a ferro/ferri magnetic material. The threshold 

magnetic field for a magnetic material to characterize as a soft magnetic material is K= ≤ 10 V1.
1

 Soft 

magnetic materials are used to improves and/or channel the flux produced by an electric current. 

Relative permeability (PW , Xℎ1Z1 PW  =  � P�K⁄ ) is the main parameter to determine the measure of 

how readily the material responds to the applied field. Other parameters of interest are the coercivity, 

the saturation magnetization and electrical conductivity.   

 Over the past several decades, soft magnetic films have been intriguing research topics for 

applications in magnetic devices including transformers, inductors, inductive devices, magnetic 

write/read head and magnetic recording media. The increasing interest on soft magnetic films include 

(i) higher combined induction and permeabilities, and (ii) high temperature operable magnets, as well 

as many non-magnetic material issues such as mechanical properties, corrosion resistance, etc. 

However, the primary challenge in achieving such goals include film chemistry, structure, and 

essentially the ability to tune microstructural features.  

 It is crucial that the films used in soft magnetic applications must be improved in terms of 

their intrinsic and extrinsic magnetic properties. Here, the intrinsic properties means microstructure 

insensitive properties but depend on alloy chemistry and crystal structure, such as saturation 

magnetization, Curie temperature (temperature above which the material lose their permanent 

magnetic properties), the saturation magnetic induction, magnetocrystalline anisotropy (property of a 

ferromagnetic material which takes more energy to magnetize in a certain direction), and the 

magnetostrictive coefficients (fractional change in length as the magnetization increases from zero to 
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its saturation value). In a broader sense, magnetic anisotropy and magnetostriction can be considered 

as extrinsic for a two-phase material as they depend on microstructures. Magnetocrystalline anisotropy 

and magnetostriction, which are determining factors in which the magnetization vector can be rotated 

into the direction of the applied field, are also sensitively depend on the alloy chemistry. Many 

important soft magnetic alloy systems have zero crossings of the magnetocrystalline anisotropy, or 

magnetostriction coefficients which can be utilized in the development of premiere soft magnet 

materials. There has been a numerous work on the variation of intrinsic magnetic properties with alloy 

chemistry.1,2 However, new discoveries have been continued in this area.  It can be safely stated that 

more wide-open area in the development of soft magnetic materials for applications is the fundamental 

understanding and exploitation of microstructure's influence on the extrinsic magnetic properties. 

Important microstructural features include grain size, shape and orientation, defect concentrations, 

compositional inhomogeneities, magnetic domains and domain walls. The interaction of magnetic 

domain walls with microstructural hindrances to their motion is of particular importance to the 

understanding of soft magnetic properties. The important extrinsic magnetic properties in soft 

magnetic materials include the magnetic permeability and the coercivity, which typically have an 

inverse relationship. Remnant magnetization, squareness of the hysteresis loop and magnetic 

anisotropy (crystalline, shape or stress related) are also important in determining magnetic softness.3,4 

The technical properties of interest for soft magnetic materials are as follows (see figure 

below):  
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Figure 6.1 Schematic of a hysteresis curve for a soft magnetic material defining some technical 

magnetic parameters. 

1. High permeability: Permeability, P = � K = (1 + [)⁄  is the material's parameter which determines 

the magnetic flux density, B , that a material possess in response of a given applied field, K. In high 

permeability materials, we can produce very large changes in magnetic flux density in very small 

fields. 

2. Low hysteresis loss: Hysteresis loss is the energy consumed during the reversal of magnetization of 

a material between a field K and −K. The energy consumed in one cycle is \� = ∮ Q
� or the area 

covered by the hysteresis loop. The power loss of an AC device can be found by multiplying 

frequency by the hysteretic loss in one cycle. In addition, at high frequencies, eddy current losses are 

prominent that are determined by the material's resistivity, ^. Magnetic hysteresis is a useful attribute 
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of a permanent magnet material in which we wish to store a large metastable magnetization. On the 

other hand, soft magnets large class of applications requires small hysteresis losses per cycle for a 

large class of applications. These include inductors, low and high frequency transformers, alternating 

current machines, motors, generators and magnetic amplifiers. 

3. Large saturation and remnant magnetizations: A large saturation magnetization, Q�, and induction, 

��, are required for the soft magnetic applications. 

4. Low coercivity: Coercivity is ability of a magnetic material to resist an applied magnetic field 

without demagnetizing. Soft magnetic films should have as low coercivity as possible to enhance 

magnetic switching capability and reduce the hysteresis loss.   

5. High in-plane uniaxial anisotropy: Anisotropy refers to the direction dependent magnetic property 

of a material. Soft magnetic materials are recognized as the best material if they possess high tunable 

uniaxial anisotropy. 

5. High Curie temperature: The ability to use soft magnetic materials at elevated temperatures is 

closely dependent on the Curie temperature or magnetic ordering temperature of the material. 

6.2. Nanocrystalline Soft Magnetic Films 

The term “nanocrystalline” refers to those films that have majority of grain sizes in the typical 

range from 1 to 100 nm. Recently, nanocrystalline soft magnetic films have gained tremendous 

attention as the benefits of these films arise from their chemical and structural variations on a 

nanoscale which are important for tailoring excellent magnetic properties. Generally, soft 

ferromagnetic properties can be enhanced by tailoring the chemistry and microstructures. Advantages 

in tailoring the microstructures is due to the fact that a measure of the magnetic hardness (the 

coercivity, K=) is roughly inversely proportional to the grain size (�) for grain sizes lying between 100 

nm –1µm (where the grain size exceeds the domain (Bloch) wall thickness,
\). In such cases, grain 
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boundaries obstruct the domain wall motion, which makes fine-grained materials magnetically harder 

than large grain one. Recent developments in the study of magnetic coercivity mechanisms have 

shown that for the grain size, � < 100 �`,  K=  decreases rapidly with decreasing grain size.5,6 This 

can be understood by the fact that the domain wall with thickness dW  exceeds the grain size so that 

fluctuations in magnetic anisotropy on the grain size length scale are irrelevant to domain wall 

pinning. This characteristic indicates that nanocrystalline films have excellent potential as soft 

magnetic materials. Softness requires that nano-grains should be exchange coupled. Therefore, the 

processing of soft magnetic films must yield very refined microstructures in which the magnetic 

nanoparticles end up with exchange coupling.  

Nanocrystalline soft magnetic alloy films can be described in general as TL1-x(TE,M,NM)x 

where TL denotes a late (ferromagnetic) transition metal element, TE is an early transition metal 

element, M is a metalloid, and NM is a noble metal. This composition usually has x < 0.20 i.e. with as 

much late ferromagnetic transition metals (TL of Co, Ni, or Fe) as possible.2 The remaining early 

transition metals (TE = Zr, Nb, Hf, Ta, etc.) and metalloids (M = B, P, Si, etc.) are added to promote 

glass formation in the precursor. The noble metal elements (TN = Cu, Ag, Au, etc.) serve as nucleating 

agents for the ferromagnetic nanocrystalline phase. These alloys may be single phase (Type I) but are 

generally two-phase materials with a nanocrystalline ferromagnetic phase and a residual amorphous 

phase at the grain boundaries (Type II). The Type II nanocrystalline alloys might have general 

properties (1) relatively high resistivity (50 –80 mΩ cm), (2) low magnetocrystalline anisotropy, and 

(3) increased mechanical strength. These properties make the nanocrystalline alloys as excellent soft 

magnetic films. Fe–M–B–Cu (M = Zr, Nb, Hf) nanocrystalline alloy films have all been optimized to 

achieve small magnetostrictive coefficients as well as large permeabilities.7 More recently (Fe,Co)–

M–B–Cu (M = Nb, Hf, or Zr) nanocrystalline alloys, called HITPERM have shown attractive 

magnetic field inductions (1.6–2.1 T) accompanied by high permeabilities and high Curie 

temperatures.2  
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6.3. Soft Magnetic Films for High Frequency Applications 

Most recently, rapid improvement and miniaturization have been in progress in electronic 

equipment. One of the key devices for miniaturization of small-sized electronic apparatuses, such as 

the portable communication tools or portable audio systems, is the magnetic components. For that aim, 

development of micromagnetic devices using thin-film inductors or transformers operating at high 

frequency range is very important. In order to realize those improvements in magnetic devices and 

parts, soft magnetic films with excellent frequency characteristics are strongly required as their core 

materials. To produce a soft magnetic thin film with excellent response, the film must have not only 

high electrical resistivity, but also large saturation magnetization and appropriate in-plane uniaxial 

anisotropy field.  

Over the past few decades, the metal/insulator nanocomposite soft magnetic films have gained 

considerable attention. Nanocomposite metal/insulator granular films like Fe-M-O8,9 and Fe-M-N10,11 

(M=Al, Hf, Ta, Si etc.) have demonstrated excellent soft magnetic properties for their potential high 

frequency application. Soft magnetic films are critical for integration of passive components 

(inductors and transformers, etc.) onto silicon microchip, which is a major challenge in the urgent 

move towards miniaturization and improvement of next-generation microelectronic devices working 

in the radio frequency (RF) range.12,13 Due to the magnetic flux amplification, chip area can be 

reduced by eliminating unnecessary interconnects.12 This would allow for on-chip power conditioning 

and efficient power delivery in electronic systems.13,14 For the gigahertz frequency application, soft 

magnetic properties include large Qa, small K=, and high P, to increase the magnetic reversal 

capacity.15 Moreover, the electrical resistivity (^) should be sufficiently large to suppress eddy current 

loss16, which results in the ferromagnetic resonance (FMR) to be shifted towards higher frequencies. 

According to the FMR theory, tunable in-plane uniaxial anisotropy (K7) is also among the most 

desirable characteristics to balance the high P, and the large FMR frequency (bcde). Moreover, it is 

crucial that the fabrication of such films must be compatible with Si-based integration, where a 



 
 
 

 

97

restricted processing temperature is required to incorporate the underlying integrated circuits.17 

However, it is only when the ferromagnetic metal approaches the percolation volume fraction that the 

magnetic softness is obtained in these Fe-M-O and Fe-M-N soft magnetic nanocomposites, which 

severely deteriorates the resistivity. In particular, high-temperature magnetic post-annealing is usually 

necessary to induce in-plane uniaxial anisotropy in these nanocomposite films,9 which is apparently 

incompatible with the Si integrated designs for high frequency applications. 

  Nanocomposite soft magnetic films assembled by Fe/Fe3O4 core-shell nanoparticles18–22 may 

be the most suitable candidate for the desired high-frequency magnetic properties, via combining the 

high Q�18 of Fe core with the high ^ from both the semiconductive Fe3O4 shell and the nanoparticle 

stacking. Moreover, the magnetic native Fe3O4 acts as a medium for exchange coupling between the 

Fe nanoparticles23 and could thus strengthen the magnetic softness beyond the metal/non-magnetic 

insulator granular films.24,25 For materials vulnerable to high-temperature processes, the negatively 

charged nanocomposite can be accelerated to energetic nanoparticle impact by applying positive bias 

voltage onto the substrate. As a result, the shapes of the deposited nanoparticles can be changed from 

original spheroids to a general ellipsoid, which is expected at room temperature to induce in-plane 

uniaxial anisotropy in the nanocomposites assembled by the Fe/Fe3O4 core-shell nanoparticles. This 

assessment will help us to obtain good and adjustable uniaxial anisotropy and magnetic softness with 

the large resistivities. The excellent anisotropy, saturation magnetization and resistivity could produce 

high-frequency performance in miniaturized electronic devices.  

6.4. Research Scope and Limitations 

Wireless communication has been rapidly progressing towards commercialization of 5G and 

development of 6G. Since the frequency spectrum of 5G and 6G ranges from few hundred megahertz 

to tens gigahertz (GHz), development of ultrahigh frequency compatible magnetic nanomaterials is 

critical. Further, the rise of internet of things, and demands for lighter, faster, and smarter devices that 
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incorporate computing, communication, and sensing functionalities in highly miniaturized packages, 

integration of thin film magnetic core that has high saturation magnetization, uniaxial anisotropy, and 

high resistivity on an electronic circuit is very important.  

Owing to the increasing demands of soft magnetic nanocomposite for their potential 

applications as GHZ compatible materials in miniaturized electronic devices, this research mainly 

focuses on the development of soft magnetic nanocomposite from energetic Fe/Fe3O4 nanoparticle 

impact and investigate their structure-property relationships. The research mainly based on the 

hypothesis that, “Nanocomposite soft magnetic films assembled by energetic Fe/Fe3O4 nanoparticles 

impact could help us to create excellent uniaxial anisotropy, and contribute to the development of the 

high frequency soft magnetic materials for next generation wireless network.”  This project will 

address issues or challenges as listed below by specifically  

studying the magnetic, electric and structural properties based on the nanoparticles’ impact energy 

onto silicon subtrates. 

• Research of soft magnetic nanoparticles for high frequency application is still in their infancy.  

• Nanoparticles behavior under bias voltages have not been understood. 

• Bringing controlled uniaxial anisotropy property is a big challenge 

• Developing soft magnetic material for GHz application at room temperature is almost 

impossible. 

The objective of this research is to understand the structural, magnetic and electrical property changes 

of the soft magnetic nanocomposite films with the applied bias voltages on the silicon substrate at 

room temperature, in general, and to develop fundamental understanding of biased voltage based 

modification in the properties of the soft magnetic granular films and composites of iron and iron 

oxides, in particular. 
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• To tailor in-plane uniaxial anisotropy on the soft magnetic nanocomposite films assembled by 

energetic Fe/Fe3O4 nanoparticle impact. 

• To develop a fundamental understanding of the bias-voltage-based modification and the 

technique of bringing controlled property changes in the soft magnetic nanocomposite films. 

• To study the structural, magnetic and electrical property changes in nanomaterials under 

different bias voltages. 

• To assess the stability of nanocomposite for obtaining excellent softness for high frequency 

application.  

The results obtained from this investigation could be useful in the future to generate data for scientific 

assessments in prediction of the material performance for high frequency electronics and to 

recommend candidate composition for development of novel multifunctional materials. This research 

investigates several classes of magnetic materials (spherical magnetic nanoparticles to ellipsoidal soft 

magnetic nanocomposite films) as a high frequency soft magnetic films and elucidates mechanism for 

susceptibility of bias-voltage-based property changes. This research will possibly be able to answer 

some of the following specific scientific questions: How do particle shapes, density, and roughness 

change by energetic nanoparticle impact? What are the factors affecting the change in soft magnetic 

properties of a nanocomposite? What makes the nanocomposite to induce in-plane uniaxial 

anisotropy? These questions and more will be addressed by studying in detail from the experimental 

data obtained using Grazing-angle Incident X-ray diffraction (GIXRD), Vibrating Sample 

Magnetometer (VSM), Scanning Electron Microscope (SEM), Atomic Force Microscope (AFM), Four 

-probe Electrical conductivity Measurement Tool, and Network Analyzer. As mentioned before this 

research is ultimately focused on understanding the structural changes, variation in magnetic behavior 

and tailoring in-plane uniaxial anisotropy based on impact energy of nanoparticles.  
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Chapter 7: Soft Magnetic Nanocomposites Assembled by Energetic Fe/Fe3O4 

Nanoparticles at Room Temperature for 5G and 6G Wireless Communication 

7.1. Abstract 

A new CMOS-integration compatible soft magnet is developed by applying the energetic 

impact of Fe/Fe3O4 core-shell nanoparticles onto tilted Si substrates. At room temperature, the in-

plane uniaxial anisotropy is induced and tuned, which is interpreted by the uniaxial shape anisotropy 

of the ellipsoidal nanoparticles and the nanoparticle assembly alignment. Meanwhile, excellent 

magnetic softness and large resistivity are obtained in the nanocomposites. The most desirable 

properties of the samples are achieved at the potential of 5 kV, with in-plane anisotropy field larger 

than 13.5 kOe, saturation magnetization of 183.3 emu/g and electrical resistivity of 123 µΩ·cm. This 

shifts the ferromagnetic resonance frequency beyond 8.5 GHz. The adjustment of the permeability 

spectra with the large magnetic flux is demonstrated in the Fe/Fe3O4 nanocomposites, which hold 

prospects for controllable ultrahigh-frequency applications (such as 5G and 6G wireless 

communication) in next-generation microelectronic devices. 

7.2. Introduction 

Wireless communication has been rapidly progressing towards the commercialization of 5G in 

20201, and development of 6G in next 10 years. Since the frequency spectrum of 5G and 6G ranges 

from a few hundred megahertz to tens gigahertz, the development of ultrahigh frequency compatible 

materials is critical. Also, because of the rise of the Internet of Things (IoT), and demands for  lighter, 

faster and smarter devices that incorporate computing, communication, and sensing functionalities in 

highly miniaturized packages, integration of thin film soft magnetic cores with high saturation 

magnetization, uniaxial anisotropy, and high resistivity on an electronic circuit is very important.2 

Magnetic flux amplification of soft magnetic core can reduce chip area by eliminating 

unnecessary interconnects,3 allowing for on-chip power conditioning and efficient power delivery in 
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electronic systems.4,5 To shift the working frequency towards gigahertz, the films should possess high 

permeability (P) and high ferromagnetic resonance frequency (bcde), which requires large saturation 

magnetization (Q�).5–7 Further, small coercivity (K�) and large electrical resistivity (^)  are required 

to suppress magnetic hysteresis loss and eddy current loss, respectively.8,9 The tunable in-plane 

uniaxial anisotropy (K7) is necessary to balance the large bcde and the high P, since the K7increment 

enhances the bcde but weakens the P.3,10–12 Moreover,  such magnetically anisotropic films must be 

compatible with CMOS-based integration. However, a restricted processing temperature is required to 

incorporate the underlying integrated circuits.3,13 Nevertheless, few Si-process compatible soft 

magnets with the desired dynamic performance are readily available.3,14 Due to small resistivity and 

the high-temperature annealing needed for nanocrystallization, soft magnetic films based on 

permalloys15 and iron-rich Fe-Zr, Fe-Ta, Fe-Hf metal alloys.16,17 are inappropriate for gigahertz 

applications. Recently, metal/insulator granular films like Fe-M-O18–22 and Fe-M-N23–25 (M=Al, Hf, 

Ta, Si etc.) have demonstrated intriguing high-frequency magnetic properties. Magnetic softness is 

obtained when Fe volume fractions approach the percolation, but severely deteriorates the 

resistivity.8,20 In particular, high-temperature magnetic post-annealing is necessary to induce in-plane 

uniaxial anisotropy in these nanocomposite films,18,26–28 which is incompatible with the Si-integrated 

designs.  

In this work, we have developed nanocomposite soft magnetic films assembled by energetic 

impact of Fe/Fe3O4 core-shell nanoparticles29–33 on the surface of a tilted silicon substrate at room 

temperature (RT). Such nanocomposite may provide the desired high-frequency magnetic properties, 

via combining the high Q�29 of Fe core with the high ^ from both the semiconductive Fe3O4 shell and 

the nanoparticle stacking. The magnetic native Fe3O4 acts as a medium for exchange coupling 

between Fe nanoparticles34 and could thus strengthen the magnetic softness beyond the metal/non-

magnetic insulator granular films.18–20,23–25 For obtaining the soft magnetic nanomaterials, materials 

vulnerable to high-temperature processes, a process of energetic nanoparticle impact (ENI) has been 
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developed that is the  nanoparticles have been ionized in afterglow of discharge and then accelerated  

to impinge onto a tilted substrate by variable high voltage electric fields up to 10 kV.35 Theoretical 

simulation has predicted that the collision can prompt a downhill mass displacement36. Hereby, the 

shapes of impact nanoparticles change from original spheroids to general hemi-ellipsoids, which is 

expected to induce in-plane uniaxial anisotropy in the nanocomposites. The systematic study on the 

nanocomposites have shown good and adjustable uniaxial anisotropy and magnetic softness with 

large resistivities, demonstrating excellent potential for high frequency performance in miniaturized 

electronic devices for 5G and 6G wireless communications.  

7.3. Experimental Details 

7.3.1. Sample Fabrication 

The nanocomposite Fe/Fe3O4 nanoparticle films were synthesized at RT by energetically 

impacting Fe/Fe3O4 nanoparticles onto oblique (110) Si substrates, using a third-generation 

nanoparticel source that combines magnetron sputtering with gas-aggregation techniques.29,33,35,36 The 

monodispersed Fe nanoparticles were firstly generated in an aggregation chamber from the Fe atoms 

by sputtering from a 3-inch Fe target with a power of 200 W. The atoms were then collided with a 

mixed flow of Ar (400 sccm) and He (90 sccm) gas atoms. Meanwhile, the aggregation chamber was 

cooled down to -7 oC by circulating ethylene glycol. Due to the high density of ions and electrons in 

the plasma, ～40% and ～30% of the Fe nanoparticles were negatively and positively charged, 

respectively.35,37 The Fe nanoparticle ions were then driven by the differential pumping to pass 

through the reaction chamber, where a constant flow of 10 sccm O2 was introduced to form Fe/Fe3O4 

core-shell nanoparticles. The negatively charged Fe/Fe3O4 nanoparticles were then accelerated by an 

electric field to impinge onto the tilted Si substrate, to which potentials from 0 to 10 kV were applied. 

The substrate was held at 30o with respect to the incident particle beam. The positive bias voltage was 

selected to prevent the implantation of rare gas ions (Ar+) into the nanocomposites and repel the 
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positively charged nanoparticles, with the neutral ones softly landing on the substrate holder.37 Before 

the nanocomposites deposition, all the chambers were evacuated to background pressures better than 

1×10-7 Torr. 

 

Figure 7.1(a) schematic representation of the synthesis process for the Fe/Fe3O4 core-shell 

nanoparticle-assembled nanocomposite, and (b) snapshots from molecular dynamics simulation of 

energetic Fe nanoparticle impact on Si, clearly showing the evolution of the hemi-ellipsoidal 

nanocomposite from the spherical one. 

Figure 7.1(a) represents a schematic of the experiment to show the formation of the hemi-

ellipsoidal nanoparticle from a spherical nanoparticle. During the aggregation process approximately 

40 % and 30 % of nanoparticles pick up negative and positive charge respectively due to the electron 

and ions in the plasma inside the aggregation chamber.37  The negatively charged nanoparticles are then 

directed towards positively biased (from 0-10 kV) substrate held at 30º with respect to the incident 

beam. The neutral particles are unaffected by the bias voltage and landed softly as usual on the substrate 

holder. The positively charged particles are repelled away from the substrate as shown in figure 7.1 (a). 
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7.3.2. MD Simulation 

Figure 7.1(b) shows snapshots of the evolution of an elliptical particle from a molecular 

dynamic simulation (MD). The MD simulation has been conducted using a method similar as reported 

in previous literatures36,37, which shows that the aspect ratio of Fe nanoparticles can be controlled by 

oblique impact of the particle. The collected nanoparticles on the surface of the substrate are general 

hemi-ellipsoids with semi major axes & > g > h. The long axis & (easy axis) are parallel to the surface 

of the substrate plane. The axis g is parallel to the substrate plane and perpendicular to the easy axis. 

The axis h (hard axis) is perpendicular to the substrate plane. As reported previously, the ration h &⁄  

and g &⁄  are approximately 1/6 and 1/3 respectively for the case of 15 kV bias voltage.37 

7.3.3. Structural Characterization 

The crystallographic structures and crystallite size of the nanocomposites were analyzed by 

means of grazing-incidence x-ray diffraction (GIXRD) using the Philips X’Pert multi-purpose 

diffractometer (MPD), operating at 45 kV and 40 mA with a fixed Cu anode. The morphologies of the 

individual nanoparticles were observed, by performing atomic force microscopy (AFM) with a Veeco 

di CP-II system on the samples deposited on the Si wafers for 25 s. 

7.3.4. Magnetic Characterization 

Magnetic measurements were carried out at RT using a vibrating sample magnetometer 

(VSM), with the external magnetic field (K) applied from -13.5 to 13.5 kOe. The out-of-plane angular 

remanence (AR) was measured by rotating the sample from perpendicular to parallel with respect to 

the external field. Thus, the remanence (QW) was derived with the angle between K and the normal of 

the film plane. For the in-plane AR measurements, the sample was rotated around the substrate 

normal with K parallel to the film plane. In this case, QW was extracted as a function of the angle of K 

with respect to the easy-axis of the nanocomposite. Thereafter, the magnetic hysteresis loops were 
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measured with K applied along the in-plane easy axis, in-plane hard axis and the hard axis of the 

sample, which were determined by the angular remanence measurements.  

7.3.5. Electrical Characterization 

The electrical resistivities of the nanocomposite films were obtained from standard four-

probe measurements at RT. The frequency dependence of permeability spectra up to 8.5 GHz were 

measured using an Agilent E5071C network analyzer, based on a shorted microstrip transmission-line 

perturbation method.38 Before the measurement, a standard OSL (open, short, load) one-port 

calibration was firstly made. Then an APE (automatic port extension) function was used to extend the 

calibration plane to where the strip line was connected to the connector. In doing so, a short-circuited 

SMA (Sub Miniature version A) connector of the same type as in the test fixture was measured. The 

set-up is shown in Figure 7.2 below. 

 

Figure 7.2 Set up for high Frequency permeability measurement using a shorted transmission-line 

perturbation method 

7.4. Results and Discussions 

7.4.1. Structural Analysis 

The structure and phase of nanocomposite films prepared by oblique ECI have been studied 

using grazing-incidence x-ray diffraction (GIXRD). The background subtracted spectra are shown in 
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Figure 7.3 for various bias voltages. The diffraction pattern suggests the formation of Fe/Fe3O4 core-

shell structures, which is consistent with previous observations.32,34–36 Transmission electron 

microscopy observations are unavailable since the high energy impact damages carbon films on Cu 

grids. Figure 7.3 clearly shows that the proportions of the nanocomposite phases vary markedly with 

the applied bias voltages. Free drift nanoparticles (bias voltage = 0 V) that land softly are fully 

oxidized under the O2 flow of 10 sccm, as suggested by the diffraction pattern in Figure 7.3 (a) 

showing emergence of a single phase of Fe3O4. An increase in the bias to 2.5 kV leads to the 

appearance of Fe (110) peak in addition to the Fe3O4 (311) and (440), as presented in Figure 7.3 (b). 

The weak peak from Fe3O4 (400) overlaps with the peak from Fe (110). Furthermore, the peak area 

ratio of Fe to Fe3O4 reaches maximum at the bias of 5 kV (see Figure 7.3 (c)), with the shell oxidized 

by exposure to atmosphere. Then the Fe/Fe3O4 peak area ratio slightly decreases as the potential 

continues to rise to 10 kV, as shown in Figure 7.3 (d). Using the “adiabatic” method, the weight 

fractions of Fe cores ( FeW ) and Fe3O4 shells (
43OFeW ) can be calculated as  
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where FeI  and 
43OFeI  are the strongest diffraction intensity of Fe and Fe3O4, respectively. 

43OFe

FeK  is the ratio of the RIR (reference intensity ratio) for Fe3O4 to Fe, which is obtained from the 

ICDD (International Centre for Diffraction Data) database. For a gas-phase Fe nanoparticle, the 

weight ratio of Fe3O4 to Fe is expected to decrease with the decrease of drift time (oxidation time) in 

the oxygen environment. The higher the bias voltage, the shorter the drift time is, and thus, the 

smaller fraction of Fe3O4 is, prior to full oxidation of the particles. The weight fraction of Fe3O4 

(\cijkl) decreases from 100% at 0 kV to 86% at 2.5 kV. At 5 kV, \cijkl reaches a minimum of 

27% with the weight fraction of Fe (\ci) being a maximum of 73%. Upon elevating the potential to 
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10 kV, \cijkl rises and FeW  decreases slightly to 33% and 67%, respectively. The broadening of the 

diffraction peaks is a result of small grain size. According to the Scherrer formula, both the average 

thickness of the crystalline Fe3O4 shells and the average size of the crystalline Fe cores for bias of 5 

kV have been estimated to be 3 ± 1 nm. It should be noted that for the sample prepared at 2.5 kV, 

GIXRD was performed at different placement orientations (0° and 90°). The results from the two 

measurements are found to be identical (data not shown), indicating that the deposited film does not 

have a preferred structural orientation. Thus, the above estimation of the weight percentages based on 

the standard RIR values should be valid for these powder-like polycrystalline films.  

 

Figure 7.3 Background subtracted GIXRD patterns for the Fe/Fe3O4 nanocomposites prepared with 

the potentials of (a) 0 kV, (b) 2.5 kV, (c) 5 kV and (d) 10 kV. (a), (b) and (d) are at 10 sccm O2 and 

(c) are without O2 flow. 
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To assess the effects of ECI on the shapes of the Fe/Fe3O4 core-shell nanoparticles, two-

dimensional (2D) AFM measurements are performed on selected single particle at different bias 

voltages, as shown in Figure 7.4. As seen in Figure 7.4 (a), the Fe3O4 nanoparticle is almost round on 

the substrate plane, implying that it retains the initial spherical shape with no potential applied.29–32 As 

illustrated in Figure 7.4 (b-d), the increasing potential from 2.5 to 10 kV induces the Fe/Fe3O4 

nanoparticles to become in-plane elliptical, indicating the induction of general hemi-ellipsoids from 

original spheroids by applying the potential to the tilted substrate. Moreover, height profiles are 

extracted from the AFM images, which show the principal axis ratios 
m
L and 

�
L of the hemi-ellipsoidal 

Fe/Fe3O4 nanoparticles. Here &, g, and h represent the long, intermediate and short axes of the hemi-

ellipsoid, respectively. It is derived from Figure 7.4 (b-d) that 
m
L is 0.85 at the potential of 2.5 kV, 

which declines from 0.78 to 0.72 as the potential increases from 5 to 10 kV. Meanwhile, 
�
L also 

exhibits the monotonic reduction from 0.21 to 0.15 with the bias voltages going up from 2.5 to 10 kV. 

Therefore, it is obvious that enhancing the oblique bombardment of the Fe/Fe3O4 core-shell 

nanoparticles drives them to be more ellipsoidal.  

 

Figure 7.4 Two-dimensional AFM images of the Fe/Fe3O4 nanocomposites prepared at the potentials 

of (a) 0 kV, (b) 2.5 kV, (c) 5 kV and (d) 10 kV, with the same scan sizes of 60 �` × 60 �`. 
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Three-dimensional (3D) AFM observations further confirm that the Fe/Fe3O4 core-shell 

nanoparticles take on the hemi-ellipsoidal shapes by applying the potential from 0 to 10 kV to the 

inclined Si substrate. The morphology analysis for a typical example prepared at 5 kV is exhibited in 

Figure 7.5 As seen in Figure 7.5 (a), the 3D AFM image clearly shows the hemi-ellipsoidal nature of 

the energetically deposited nanoparticle. Both the long a  and the intermediate g axes are parallel to 

the plane of the Si substrate, while the short c  axis is perpendicular to the plane. Figure 7.5 (b) and 

(c) represent the nanoparticle height profiles along a  and b  axes respectively. It is illustrated that 

& > g > h with & = 30.6 nm, g = 23.8 nm, and h = 5.8 nm. Moreover, the height plot does not 

appear perfectly symmetric in the a  axis. This may arise from the asymmetric spreading-out of the 

particle collision pressure on the substrate slope direction, which asymmetrically moves the downhill 

mass and causes its asymmetric distribution along the & axis.36 

 

 

Figure 7.5(a) Three-dimensional AFM images for the Fe/Fe3O4 nanocomposite prepared at the 

potential of 5 kV, with its height profiles along (b) & axis and (c) g axis, respectively. 

 Energetic nanoparticle impact (ENI) also exerts pronounced effects on the morphology 

evolution of the Fe/Fe3O4 nanocomposites. This can be seen from their plane-view Sem images in the 
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insets of Figure 7.6. Without the applied bias voltage, the softly landed film contains inhomogenous 

aggregation of Fe/Fe3O4 nanoparticles, which porously stack on the Si substrate. As the potential rises 

from 2.5 to 10 kV, the Fe/Fe3O4 nanoparticle assemblies display increasingly dense and compact 

structures with improved surface smoothness. These results agree with the weakened RMS (root mean 

square) roughness from 20.0 to 1.4 nm with increasing the potential from 0 to 10 kV obtained from the 

AFM measurements. Similarly, TiN coatings deposited by ENI also exhibit the declining surface 

roughness.39 It is well established by the MD simulations that ENI can supply activation energy to 

enhance the surface diffusion and the lateral particle expansions.40,41 As a result, the high parts of the 

nanoparticles are transferred to fill the valleys, which suppresses the spatial fluctuation and thus reduces 

the nanocomposites surface roughness.42 This increased packing-density by ENI tends to improve the 

magnetic softness and is also observed in the Fe and Fe-Co energetic nanoparticle assemblies.25,37,43 

 

Figure 7.6 RMS (root mean square) roughness of the Fe-Fe3O4 nanocomposite at different bias 

voltages showing increased smoothness with the increasing bias voltages. The insets are scanning 

electron micrographs showing decreasing porosity with the increasing bias voltages. 
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7.4.2. Magnetic Properties 

Based on the above structure characterizations, the Fe/Fe3O4 nanocomposite film can be 

regarded as an assembly of the hemi-ellipsoidal nanoparticles with the principal axes & > g > h, 

which is schematically sketched in Figure 7.7. For a general ellipsoid which is uniformly magnetized, 

the demagnetization energy density ( DE ) is represented as44 

pq = !
$ P�Q�$(rLcos$vL + rmcos$vm + r�cos$v�),      7.2) 

where Q� is the ellipsoid’s saturation magnetization and P� the vacuum permeability. cosvL,  cosvm 

and cosv� are the direction cosines of Q� relative to &, g, and h axes, respectively. rL, rm, and r� are 

the demagnetization factors for &, gand h axes, respectively. 

Since 1coscoscos 222 =++ cba ααα , the demagnetization energy density ( DE ) of a general 

ellipsoid can be calculated as44 
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, 0>fH  and 0>A , which suggests that DE  is 

minimized along the a  axis. For )0,
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, 0>fH  while 0<A , indicating the 

maximization of DE in the c  axis. Since 0<fH  for )
2

,0,
2

(),,( 222 ππ
ααα =cba

, DE  does not 

reach extremum along the b  axis. Accordingly, a  and c  axes are the only easy and hard axes of the 

ellipsoidal Fe/Fe3O4 core-shell nanoparticle with uniaxial shape anisotropy.   

Consider the demagnetization energy density ( dE ) of a general ellipsoid in the ba −  plane as 

)coscos(
2

1 222
0 bbaasd NNME ααµ +=                                       7.5 

The in-plane easy axis of the ellipsoid is determined by minimizing dE with 

0=
∂

∂

a

dE

α
                                                                  7.6 

With 1coscos 22 =+ ba αα , solving equation (5) leads to )
2

,0(),( 11 π
αα =ba

and )0,
2

(),( 22 π
αα =ba

, which correspond to a  and b  axes, respectively. Since 0
2

2

>
∂

∂

a

dE

α
 at )

2
,0(),( 11 π

αα =ba
, dE  is 

minimized along a  axis in the ba −  plane, indicating that a  axis is the only in-plane easy axis. Since 

0
2

2

<
∂

∂

a

dE

α
at )0,

2
(),( 22 π

αα =ba
, dE  is maximized along b  axis in ba −  plane, suggesting that the 

b  axis is the only in-plane hard axis. 

 As discussed above, uniaxial shape anisotropy is induced in the ellipsoidal Fe/Fe3O4 core-

shell nanoparticle. & axis is the only easy-axis of the general ellipsoid, which is perpendicular to the 
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hard h axis. Moreover, & axis is also the only easy-axis in the & − g plane with g axis being the in-

plane hard axis. When the ellipsoidal nanoparticles with uniaxial shape anisotropy are further 

assembled with the alignment of their & axes, the Fe/Fe3O4 nanocomposite film exhibits in-plane 

uniaxial anisotropy, as illustrated in Figure 7.7. This also results from the fact that both the easy & 

axes and & − g planes are parallel to the Si substrate plane, as demonstrated in Figures 7.4 and 7.5.  

 

Figure 7.7 Schematic illustration of the nanocomposite assembled by the hemi-ellipsoidal Fe/Fe3O4 

core-shell nanoparticles, based on which the in-plane uniaxial anisotropy is interpreted. 

The in-plane anisotropy of the Fe/Fe3O4 nanocomposites can be verified by the out-of-plane 

angular remanence (AR), whose measurement apparatus is schematically illustrated in Figure 7.8 (a). 

It is shown that the sample is rotated by 360o around an axis in the substrate plane, during which the 

remanence (QW) is measured by VSM as a dependence on the angle �� between the applied field (K) 

and the plane normal. The measured out-of-plane AR for the samples with the incremental potentials 

are presented in Figures 7.8 (b)-(e). When there is no potential applied (Figure 7.8 (b)), QW almost 

remains constant during the film rotation. This is because the softly-landed Fe3O4 nanoparticles retain 

their original spherical shapes, by which no shape anisotropy can be induced. With applying the 

potential from 2.5 to 10 kV (Figures 7.8 (c)-(e)), all the Fe/Fe3O4 nanocomposites show the sine-like 

AR. It is seen that all the QW values are maximized and minimized with K being parallel and 

perpendicular to the substrate, respectively. This clearly demonstrates that the samples’ easy-axes all 

lie in their planes, which is an evidence for the in-plane anisotropy. Since the in-plane rotation axes 

are arbitrarily chosen, the direction of the maximum QW in the out-of-plane AR cannot be concluded 



 
 
 

 

118

 

to be the only easy-axis. Therefore, the in-plane anisotropy of the entire nanocomposite film cannot 

be determined to be uniaxial by this method.  

 

Figure 7.8(a) Schematic drawing of equipment structure for the out-of-plane angular remanence 

measurements and the measured out-of-plane angular remanence for the Fe/Fe3O4 nanocomposites 

prepared at the potentials of (b) 0 kV, (c) 2.5 kV, (d) 5 kV and (e) 10 kV. 

Furthermore, the in-plane uniaxial anisotropy of the Fe/Fe3O4 nanocomposites can be 

confirmed by measuring the in-plane AR around the film normal, whose schematic measurement 

equipment is represented in Figure 7.9 (a). Figures 7.9 (b)-(e) show the measured results for the 

nanocomposite films with the increasing bias voltages. It is seen in Figure 7.9 (b) that QW is almost 

independent of the rotation angle �w for the sample without applying the potential, due to the isotropic 

characteristic of the spherical nanoparticles. Applying the potential remarkably induces the uniaxial 

anisotropy in the film planes of the Fe/Fe3O4 nanocomposites, which is evident in their cosine-like in-

plane AR. As shown in Figures 7.9 (c)-(e), the periods of the in-plane AR curve are 180o for all the 

samples and the maximum rM  deviates from the minimum by 90o. This strongly indicates the 
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existence of only one easy-axis in the sample plane, which makes 90o with the in-plane hard-axis. 

Since the out-of-plane AR has verified the in-plane anisotropy, the sole in-plane easy-axis should 

have the minimum anisotropy energy and thus is also the only easy-axis of the entire sample. 

Accordingly, it is confirmed that the Fe/Fe3O4 nanocomposite films are induced to be in-plane 

uniaxially anisotropic by the oblique ENI at RT, with the easy- and hard-axes being parallel and 

perpendicular to the Si substrate, respectively.  

 

Figure 7.9(a) Schematic drawing of equipment structure for the in-plane angular remanence 

measurements and the measured in-plane angular remanence for the Fe/Fe3O4 nanocomposites 

prepared at the potentials of (b) 0 kV, (c) 2.5 kV, (d) 5 kV and (e) 10 kV. 

With K applied along the in-plane easy- and hard-axes determined by the in-plane AR, the 

magnetic hysteresis loops were measured for the Fe/Fe3O4 nanocomposites by increasing the 

potentials, as shown in Figure 7.10. From Figure 7.10 (a) it can be seen that the Fe3O4 nanoparticle 

film is almost isotropic with the softly-landing nanoparticles maintaining their initial spherical shapes, 

which agrees with the AR results. By increasing the potential from 2.5 to 10 kV, the oblique ENI 
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induces the strong in-plane uniaxial anisotropy in the Fe/Fe3O4 nanocomposite films. This is clearly 

justified by the much larger QW of the in-plane easy-loops than that of the in-plane hard-loops, as 

displayed in Figure 7.10 (b-d). This well-defined in-plane uniaxial anisotropy can be further 

confirmed by the remarkable difference between the easy and the hard loops of the Fe/Fe3O4 

nanocomposite films in Figure 7.10.  

 

Figure 7.10 In-plane easy and hard magnetic hysteresis loops of the Fe/Fe3O4 nanocomposites 

prepared with the potentials of (a) 0 kV, (b) 2.5 kV, (c) 5 kV and (d) 10 kV. Insets are magnified 

images near zero field. 

As illustrated in Figure 7.10, the Fe/Fe3O4 nanocomposites demonstrate excellent magnetic 

softness, with the easy coercivity (K�x) decreasing from 54.4 to 6 Oe as the potential increases from 0 

to 5 kV. It is well established that the exchange interaction can force the magnetization to deviate 
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from the local easy-axis and thus average out the magneto-crystalline anisotropy 〈;〉 over the 

exchange correlation length as34 

〈;〉 = 7{
√} = ;!~

q�
�j                                                                                                                      7.7 

Where 1K  is the first-order anisotropy constant, r the number of grains within the ferromagnetic 

exchange length, D  the grain size and A  the exchange stiffness. Since strengthening the ENI 

improves the nanoparticles packing-density and reduces the Fe3O4/Fe ratio, the number of particles 

per unit volume is increased and the anisotropy constant ;! is reduced. Hence the effective anisotropy 

〈;〉 is weakened, which causes the decrease of K�x.37,43,45 Further elevating the potential to 10 kV 

increases the Fe3O4 fraction, thus suppressing the exchange stiffness between the Fe/Fe3O4 core-shell 

nanoparticles. Consequently, K�xrises slightly to 8 Oe. Meanwhile, Q� of the samples increases from 

53.2 up to 183.3 emu/g with increasing the potential from 0 to 5 kV, which is ascribed to the 

improved particle packing-density43,45 and the increased Fe fraction from 0 to 73%. As the bias 

voltage rises to 10 kV, Q� falls to 166.6 emu/g with the Fe fraction declining to 67%. Accordingly, 

the excellent magnetic softness of the Fe/Fe3O4 nanocomposites indicates a potential for good 

magnetic response at high frequencies.  In addition, easy remanence ratio (�x) of the samples goes up 

from 0.5 to 0.85 with increasing the potential from 0 to 5 kV. Then it drops to 0.67 as the potential 

reaches 10 kV. The variation of �x may indicate the changed nanoparticle alignment by ENI (see 

Figure 7.11).  
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Figure 7.11 Particle orientation distribution probability densities of the Fe/Fe3O4 nanocomposites 

prepared at the potentials of 2.5 kV, 5 kV and 10 kV, respectively. 

Since QW is the average projection of Q� on the direction of K under zero applied field, �x with 

different particle alignments can be obtained by46 

�x = d�
d�

= !
√$�� � exp �− �����

$�� �
� $�

2� $�
cos�w
(E��w),                               7.8                                              

where �w is the angle between K and the easy a  axis on the sample plane, and the interaction effect is 

neglected for the simplicity of calculation. The particles orientation distribution probability density 

( )iθλ  is assumed to obey a tangent type Gaussian distribution function 

�(�w) = !
√$�� exp �− �����

$�� �,                                                7.9                                                             

which is adopted to fulfill � �(�)��
2� 
� = 1 with x  replaced by E��w. � is a parameter used to describe 

the alignment degree. By solving the supplementary equations (5) and (6), the orientation distribution 

of the Fe/Fe3O4 nanoparticles with different �x are obtained. As derived above, the degree of the 

nanoparticle alignment increases with the increasing potential from 2.5 to 5 kV, hence causing the 

increment of �x. As the potential further increases to 10 kV the alignment is weakened, which results 

in the �x reduction. 
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As also exhibited in Figure 7.10, the in-plane uniaxial anisotropy field (K7) for the 

nanocomposites increases from 8.4 kOe to above 13.5 kOe with increasing the potential from 2.5 to 5 

kV. Here, K7 is determined by the intersection of the in-plane easy-loop with the in-plane hard-loop. 

As the potential further rises to 10 kV, K7 declines to 12.4 kOe. It is sensible that the oblique ENI at 

RT can induce and tailor the in-plane uniaxial anisotropy of the Fe/Fe3O4 nanocomposites by 

changing the shapes of the individual nanoparticles and their alignment. This is essential to obtain 

excellent and controllable magnetic high-frequency properties in these nanocomposite films.3,10–12  

In addition, the hysteresis loops of the nanoparticles shifted along the field axis. This loop 

shift is known as exchange bias. The shift is significant at bias voltages of 5 kV and 10 kV when 

measured along the easy axis and is approximately equal to 6 Oe at both the voltages.  Our previous 

work reported that the exchange bias arising from magnetic coupling between the spins at the iron 

core surface and the iron oxide inner surface at the core-shell interface is due to exchange coupling 

between the oxide shell and the ferromagnetic core and dipole-dipole interactions between the 

particles.47 Literatures have suggested that uniaxial shape anisotropy can also induce the exchange 

bias.48,49  We anticipate that the exchange bias arising in our case is due to shape anisotropy effect. 

The change in shape could have changed the preference of the alignment of the spins and induces the 

exchange bias in the nanocomposite. 

7.4.3. Electrical and High-Frequency Properties 

By a conventional four-probe method, resistivities were measured for the samples with the 

enhanced ENI at RT. With no potential applied, the Fe3O4 nanoparticle film exhibit the high 

resistivity of 23,800 µΩ·cm, which is the same order as that of polycrystalline Fe3O4 films (～104 

µΩ·cm).38,50 At the potential of 2.5 kV, the resistivity of the Fe/Fe3O4 nanocomposite film abruptly 

drops to 214 µΩ·cm. The nanocomposite still maintains the high resistivity of 123 µΩ·cm as the Fe 

fraction is maximized at the potential of 5 kV. The resistivity degradation may also result from the 
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increased nanoparticle packing-density by strengthening the ENI (see figure 7.6).  With further 

increasing the potential to 10 kV, the Fe3O4 fraction increases and provides more electrical barriers 

between the nanoparticles, thereby improving the nanocomposite’s resistivity to 139 µΩ·cm.  

To evaluate the power loss of the Fe/Fe3O4 nanocomposites, the frequency dependence of the 

imaginary permeability was measured up to 8.5 GHz, which is shown in Figure 7.12. At the potential 

of 2.5 kV, the spectrum flattens at up to 3.7 GHz and rises to a maximum at 4.8 GHz, which is then 

followed by a downward trend. With increasing the potential to 5 kV, P�� remains almost zero until 

the frequency reaches 4.7 GHz, indicating little power loss in this band range. Afterward, P�� 

increases but is not maximized at a frequency as high as 8.5 GHz, which suggests that the 

ferromagnetic resonance frequency bcde is larger than 8.5 GHz. For the nanocomposite prepared at 

10 kV, bcdedetermined to be 5 GHz where P�� spectrum exhibits a peak. Strikingly, P��  continues to 

rise after the resonance peak, which has also been observed in the permalloy films deposited on Si 

substrates.51 This may arise from the varied dielectric constant of the strip line, which is 

inhomogeneously filled with Si and air. Due to the high permittivity ( 9.127.11 −=rε ) of Si, it is 

usually difficult to appraise the permeability of magnetic films on Si wafers.51 Therefore, a detailed 

equivalent circuit model is further needed to take into account the fixture’s effective dielectric 

constant for quantitatively analyzing the permeability spectra of the Fe/Fe3O4 nanocomposites.  

Usually, a ferromagnet’s power loss arises from three main sources. In the low frequency 

range, the hysteresis loss plays a crucial role and can be minimized by avoiding the domain wall 

displacement. The eddy current loss dominates over the intermediate range, which can be suppressed 

by enhancing the resistivity to increase the skin depth. Moreover, ferromagnetic resonance occurs 

when the frequency is high enough to match the characteristic precession frequency of the spins in the 

material. According to the Kittel’s equation, bcde can be theoretically represented as9 
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bcde = �
$� ���P�K�                                                                                                                 (3) 

where � is the gyro magnetic constant which is in the order of 178 GHz/T for Fe based materials and 

�� refers to the saturation polarization. The high ^ with the relatively high product of K7 and Q� shifts 

the sample’s  bcde to 4.8 GHz, as the potential of 2.5 kV is applied. With increasing the potential to 5 

kV, both KH  and sM  of the nanocomposite are significantly enhanced (illustrated in Figure 7.10). 

Thus, bcde rises beyond 8.5 GHz, in spite of the decreased ^. Since both K7 and Q� of the sample 

declines as the potential increases to 10 kV, bcde falls to 5 GHz. Thus, it is interpreted that changing 

ENI can control the high-frequency dynamic properties for the Fe/Fe3O4 nanoparticle composites, 

through tuning both K7 and Q� at RT.  

 

Figure 7.12 The imaginary permeability spectra for the Fe/Fe3O4 nanocomposites prepared with the 

potentials of (a) 2.5 kV, (b) 5 kV and (c) 10 kV. 
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7.5. Conclusion 

At RT, oblique energetic nanoparticle impact (ENI) is employed to induce and tailor the in-plane 

uniaxial anisotropy in the Fe/Fe3O4 nanoparticle-assembled nanocomposites, which is attributed to the 

tunable uniaxial shape anisotropy of the individual Fe/Fe3O4 core-shell nanoparticles and the 

nanoparticle alignment. Moreover, excellent magnetic softness and good electrical properties are 

obtained by combining the high saturation magnetization of the Fe cores and the large resistivity of 

the Fe3O4 shells. The nanocomposite prepared at the bias voltage of 5 kV exhibits K� larger than 13.5 

kOe, Q� 183.3 emu/g and ^ 123 µΩ·cm, which shows a great potential of the highest bcde  of 8.5 

GHz. These new soft magnetic materials with Si-process compatibility are highly promising for 

efficient and controllable high-frequency magnetic performance in the next-generation wireless 

network and miniaturized electronic devices.  
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Chapter 8: Summary and Conclusion 

8.1.  Project 1: Advanced Nano-sensor and Monitoring system of Radiation Detection for 

Nuclear energy Applications at High Temperature 

This study contributes to the research in the area of identifying the thermal effects on 

nanomaterials, which induced changes in magnetic and structural behavior. In regard to this, 

investigations were carried out on magnetic nanomaterials to study the underlying mysteries behind 

heat-induced property changed in the material, which hinder the current generation nuclear reactor 

and to create materials that can have controlled property change at high temperature. In order to meet 

the objective, research was mainly focused on the study of magnetic and structural property changes 

in nanomaterials due to high temperature. As this field of research is directly related to nuclear energy 

and nanotechnology, a literature review was conducted and presented in this dissertation which 

uncovers the ongoing research and research so far in this field. Since previous results have already 

shown iron-based nanoparticle are very sensitive toward Si2+ irradiation and heavy ions like Si2+ 

behave as neutron in terms of the radiation effect and defect creation, these nanoparticles are best 

candidate material for the radiation sensing and monitoring radiation fluxes in the nuclear reactor. 

However, the core of the nuclear reactor possesses very high temperature (at least 500 oC), it is very 

crucial to investigate temperature induced structure-property relationship of the nanoparticle for 

possible application as radiation sensing materials for monitoring the radiation fluxes in the high 

temperature core of the nuclear reactor. Model nanoparticles (Fe3O4 and Fe-Fe3O4) for this study were 

prepared by using third generation cluster deposition technique. The nanoparticle granular films were 

then heat-treated up to 800 oC in different medium, such as argon, vacuum and oxygen. Both the 

types of nanoparticles showed stable morphology, phase and crystal structure in vacuum environment 

even at 800 oC. However, Fe at the core of Fe-Fe3O4 nanoparticle oxidized and showed mixed phase 

of Fe3O4 and Fe2O3, and Fe3O4 nanoparticles completely oxidize to Fe2O3 at 800 oC in argon and 

oxygen environments. Since, in most of the cases, cores of nuclear reactors are vacuum, the stable 
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structure and property of nanoparticles in vacuum at high temperature open new doors for application 

as radiation sensing material to monitor radiation fluxes in the high temperature core of nuclear 

reactors and could positively contribute to the assurance of enhanced safety of the future reactors.  

8.2. Project 2: Advanced Magnetic Nanomaterials for Application of Ultrahigh Frequency 

Electronics 

This research mainly contributes in the area of study of materials for their application as high 

frequency soft magnetic materials. The wireless network is rapidly progressing towards 

commercialization of 5G and development of 6G.  Since the frequency spectrum of 5G and 6G ranges 

from few hundred megahertz to tens gigahertz (GHz), development of ultrahigh frequency compatible 

magnetic nanomaterials is critical. Further, the rise of internet of things, and demands for lighter, 

faster, and smarter devices that incorporate computing, communication, and sensing functionalities in 

highly miniaturized packages, integration of thin film magnetic core that has high saturation 

magnetization, uniaxial anisotropy, and high resistivity on an electronic circuit is very important. 

Previous research have shown that soft magnetic film with induced ellipsoidal core-shell 

nanoparticles integrated on to silicon microchips are very promising as passive components (such as 

inductor, transformer) on miniaturized electronic devices for ultrahigh frequency performance. 

However, existing technologies require high temperature annealing to induce uniaxial anisotropy, 

which is incompatible with the silicon integrated designs. In this work, we developed soft magnetic 

nanocomposite films by energetic impact of spherical and negatively charged Fe/Fe3O4 magnetic 

nanoparticles at room temperature prepared through a nanocluster deposition technique. We then 

directed them to energetically impact onto oblique Si substrates by applying positive voltage from 0-

10 kV to the substrate. After the energetic impact the spherical shape of the NP changes to hemi-

ellipsoidal shape and systematically studied the structural, magnetic and electrical properties. The 

change in shape made the soft magnetic nanocomposite films to induce in-plane uniaxial anisotropy 

along the longer axis. Result showed that good and adjustable uniaxial anisotropy and magnetic 
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softness have been obtained with the large resistivities demonstrating excellent potential for high-

frequency performance up to 8.5 gigahertz in miniaturized electronic devices. The microstructural 

engineering and composition adjustments could offer new discoveries for future generation wireless 

network and electronic.
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