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Abstract 

Future generation IV nuclear reactors are expected to meet the standards of enhanced safety, 

minimal waste and economical compatibility. Through Nano-Nuclear Technology, latest engineered-

nanomaterials are used for improving the nuclear power performance and safety. This research 

contributes in part to meet this objective through the understanding of responsibility and stability of 

magnetic nanomaterials under irradiation by studying changes of nanostructure, magnetic and 

electrical properties in irradiated nanomaterials. Previous publications have shown fully oxidized 

nanoparticle structures like Yttria (Y2O3) and Alumina (Al2O3) dispersed in commercial 

Ferritic/Martensitic alloy, also called as Nano Ferritic Alloys (NFA)  have improved creep 

properties, hardness, tensile strength, corrosion resistant, and thermal stability  compared with the 

normal reactor alloys. Since our Fe-based nanoparticles (NPs) like core-shell Fe-Fe oxide, fully 

oxidized Fe3O4, Ni/Ni-Cr and FeO NPs have proved to alter the radiation effects and radiation 

resistance behavior, these iron oxide particles could be good candidates for studying the dispersion 

strengthening phenomena in materials as it promotes grain boundaries and interfacial effects. Based 

on our primary results obtained from the irradiated Fe-Fe3O4 core-shell and fully oxidized Fe3O4 

NPs, we hypothesized that this approach will help us uncover the interfacial behavior between 

nanomaterials and inter-particle interactions under extreme intense radiation exposure. The 

combined effect of vacancy formation, atom diffusion under the influence of temperature and 

breaking of chemical bonds are reported to be the main cause behind the mystery of electron beam 

induced oxide layer thickening in core-shell iron nanoparticles, which ultimately results in structural 

changes followed by magnetic property changes. The results obtained from this investigation could 

help generate data for future scientific assessment in the prediction of material performance in 

radiation environments and to recommend candidate nanomaterials for development of high sensitive 

nuclear monitor and detector for safety application in nuclear energy.   
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Chapter 1: Introduction to Nuclear Energy and Nano-Nuclear Technology 

1.1 The Future of Nuclear Energy 

We live in the nuclear age, when nuclear power is considered to be one of the most 

productive and carbon-emission-free power sources. Today, 13-14% of the electricity used 

worldwide is generated by nuclear power. In United States of America, 20% of electricity is 

provided by nuclear power and it was predicted by International Atomic Energy Agency (IAEA) that 

by 2030 the nuclear power capacity could double and will be in high demand. China has 6 nuclear 

power plants in operation and 20 new reactors under construction, and there is also a considerable 

number of new reactors being built in South Korea, India, and Russia.1 Currently the Generation II 

and Generation III nuclear reactors, which are in use have faced and are facing lot of material 

damage and safety issues related to high neutron flux and a highly corrosive environment. This 

includes but is not limited to the cracking of vessel heads and evolution of material fatigue, which 

has led to the shutdown of the nuclear reactors. The recent nuclear disaster in Japan on March 11th, 

2011 due to a massive tsunami and earthquake raises huge concern over the safety of the nuclear 

reactors. Though the existing U.S. nuclear fleet has a remarkable safety and performance record, 

today many of these reactors are approaching their designed lifetime of 60 years. In its Research and 

Development Roadmap - Report to Congress dated April 2010, the Department of Energy’s (DOE) 

Office of Nuclear Energy identified four research and development objectives, the top one being 

“Develop technologies and other solutions that can improve the reliability, sustain the safety, and 

extend the life of current reactors.”2 For these reasons, the Generation IV nuclear reactors, which are 

not expected to be in commercial use until 2030, need enhanced safety, minimal wastes and 

economical compatibility as shown in Figure 1.1; hence, the research on the design of advanced 

reactors and new builds continues. 
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Figure 1.1 The evolution of nuclear power from Gen I to Gen IV 

In order to achieve this objective, an extensive understanding of radiation-induced damages 

and their effects on materials at the atomic scale is essential. As summarized by P. Hoffmann in the 

literature review on the subject of ‘core degradation phenomena’, the four main reasons for the 

nuclear material degradation phenomenon are (i) chemical interactions between core materials, (ii) 

temperature and heating rates at the core, (iii) material distribution & relocation at melting and (iv) 

hydrogen formation at quenching.3 Although, the information provided is certainly beneficial to the 

scientific community working in this area to focus on the specifics to meet the standards, the 

accident scenarios are vast and there are still many uncertain issues about materials under irradiation, 

which should be studied in detail and investigated for future nuclear reactor design and application. 

Amidst all these uncertainties, in order to come up with such a system which assures safe operation, 

we are left with no other options except but to approach these issues from all prospective including 

material property, cooling behavior, melting behavior, melt pathway, mitigation, progression, 

chemical reactions, temperature effect, oxidation states, cracks, material behavior, steam interactions 

with material, etc. and more significantly considering the number of scenarios each of these are 
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subjected to. The Department of Energy has stated in their report “Basic Research Needs for 

Materials under Extreme Environment” that the behavior of materials under energetic photon and 

irradiation flux is a high priority area where significant advances in fundamental scientific 

understanding are needed. This includes the understanding of the atomic basis for defect creation, 

migration, and annihilation, which help to establish dose limits for materials in radiation fields. 

These understandings are needed for application in next-generation energy technologies, specifically 

the design of next-generation fission reactors. Along with that, non-destructive monitoring 

techniques must be integrated with plant operations to quantify the ‘state of health’ of structural 

materials in the reactor fleet, and more importantly, to predict their residual safe operating life with 

the in-situ quantified material properties. These reactors have the option of being designed for 

inspectability in order to enhance safety.  

1.2 Nano-Nuclear Technology 

Nano-Nuclear Technology (NNT) deals with the use of latest engineered-nano-materials in 

each phase of the nuclear fuel cycle to improve the nuclear power performances and safety, bringing 

new generations of nuclear power units, and a new advanced civilization. During the course of 

nuclear technological evolution in the history of mankind, numerous lessons were learned through 

many accidents, some more severe than those registered in the other non-nuclear power plants. In 

light of these events and the recent Fukushima disaster, a huge responsibility is laid upon the 

scientific communities to quicken their progresses, which demand for the utmost safety in the future 

generation nuclear power plants to avoid such disaster. Scientific communities around the world are 

working towards achieving it in various ways, among which Nano-Nuclear technology is an efficient 

tool and candidate for achieving the goal of utmost safety and performance. A significant 

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

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

nuclear fuel cycles, to control their effects and its implementation in nuclear power. Ongoing 
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research of NNT in labs around the world contributes to the improvement of future generation 

nuclear reactors in safety and performance. A detailed investigation about the on-going research in 

NNT is discussed in Chapter 2. NNT addresses the issue of performance and safety from various 

angles and works from different fields to achieve it in every stages of nuclear fuel cycle (Figure 1.2).  

 

Figure 1.2 The nuclear fuel cycle 

Some of the main focuses are listed below, where the use of nano-particles, nano-structured 

materials, and/or nano-processes to enhance mechanical, chemical, physical, or thermo-hydraulic 

properties and performance in nuclear fuel cycle applications, such as:  

i. Nanostructured-ODS Materials - Reactor (in-core) materials like oxide dispersion 

strengthened (ODS) materials with nano-scale precipitates that could improve mechanical 

performance as well as radiation tolerance.  

ii. Nano-Scale Coatings - Nano-scale coatings that could be included on the exterior or the 

interior of fuel cladding to improve corrosion resistance and surface hardening, and pellet-

clad interactions on the cladding interior.  

iii. Nanomaterials for Fission Product Capturing - Chemical interaction and separation 

methods using nano-particles and/or nano-porous materials that can enable techniques to 
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capture fission product gases either from reprocessing operations or directly within a reactor 

fuel assembly thereby reducing the potential for releases from normal or accident conditions.  

iv. Nano-Technology Engineered Fuels - Advanced fuels engineered and/or fabricated with 

nano-technologies to enable longer service lives, reduce fabrication process losses, and/or 

reduce the potential for failure in normal or accident conditions including increased fission 

gas retention, plasticity, radiation tolerance, heat transfer capability, as well as reduced fuel 

cladding chemical and/or mechanical interactions.  

v. Nano Radiation Sensors, Detectors and Monitors - Nano-technology enabled sensors, 

detector and/or in-service monitors that 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.  

vi. Nano Nuclear Waste separation - Chemical interaction and separation methods using nano-

particles and/or nano-porous materials for separating the actinides and other radioactive 

elements from the nuclear waste for reprocessing and reusing. 

1.3 Significance of Studying Magnetic Properties 

There has been a considerable interest in developing means of radiation detection, which do 

not involve direct collection of charge or light as in conventional semiconductor and scintillator 

detectors, respectively. One possible alternative device design involves remote monitoring of 

transient or permanent microwave or millimeter-wave reflectivity changes in materials due to 

photoconductivity, photodielectric, and photomagnetic effects arising from the ionizing radiation.4  

Ionizing radiation creates a transient change in the population of free charge carriers in a material. 

This change in free carrier population induces changes in magnetic permeability as the free carriers 

couple with electron spins in magnetic dipoles.5 It is also well known that neutron irradiation, such 
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as encountered by metallic structural elements of nuclear reactors, can generate defects that 

accumulate over the long term, which leads to an increase in hardness and introduces pinning sites 

for magnetic domain walls.6 It has been shown in some steels that magnetic changes can be directly 

correlated with mechanical hardness changes,7, 8 thus potentially offering a non-destructive proxy for 

radiation-induced mechanical damage.  Magnetic permeability decreases have been observed in 

oxide spinels and garnets after irradiation with x-rays, gamma-rays, and neutrons.9,10,11 Also, various 

experiments involving ion irradiation in magnetic oxide garnets, hexaferrites, and spinels have 

showed substantial changes in magnetization and Mossbauer spectrum due to the creation of 

paramagnetic channels, which could usually be removed with annealing.12,13  Hence, whatever be the 

radiation effect, it directly or indirectly affects the magnetic properties as depicted in the Figure 1.3 

and therefore understanding the effects of radiation on magnetism and magnetic permeability 

becomes more significant.  

 

Figure 1.3 Block diagram showing that the microstructural changes directly is related to magnetic 

properties 

Also, magnetic methods have historically been used to nondestructively monitor changes in 

structural steels in nuclear reactors.6 For these reasons, a fundamental understanding of the changes 

in magnetism on nanomaterials with irradiation will aid in understanding health monitoring of 

existing reactors as well. Moreover, from the history of space programs, it is evident that the entire 

community of space exploration has faced a series of radiation-related problems, which include the 

loss of stored data due to radiation-induced changes in magnetic properties of storage disks. Also, 

future robotic technologies may involve extreme use of automation in environments with high 

radiation that might require advanced data storage in a radiation environment. The aforementioned 
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reasons and discussion makes one point clear: the understanding of radiation-induced modification 

of magnetic properties needs to be established and developed. 

1.4 Magnetic Nanoparticles for Irradiation Studies 

Radiation is a process in which energy emitted by one body travels through a medium or 

through space, ultimately to be absorbed by another body. This transfer of energy takes place 

through a carrier based on which the type of radiation can be identified. Ions, electrons, photons, 

neutrons, and nuclei can carry a huge amount of energy and can cause the following types of 

radiations: heavy ion irradiation, electron beam irradiation, gamma irradiation, neutron irradiation, 

alpha irradiation, thermal irradiation and so on. The basic outcome of irradiation is defect formation 

in the materials. This happens when the above mentioned carriers with incident energy strike the 

target material atoms. These material atoms have a threshold limit called the threshold displacement 

energy. When the incident energy is greater than the threshold displacement energy, defects like 

vacancies and interstitials are created. As it can be seen, at the microscopic level the formation of 

defects like vacancies and interstitials eventually leads to the formation of voids and cracks. 

Diffusion of atoms influenced by increase in temperature is also one of the most predominant effects 

of irradiation, which causes grain/phase boundary shifts. The other outcomes of the irradiation 

impacts are the displacement spike and thermal spike, which cause huge disturbances of lattice atoms 

and huge temperature increases in the surrounding lattice sites, thus increasing the hardness of the 

irradiated material. The details of mechanical irradiation damage are discussed more in books like 

‘Fundamentals of radiation materials science’ by Was G.S.14 On the other hand, these radiations also 

alter the electron spin, electronic configuration and structural nature, which largely account for the 

change in magnetic moments and other magnetic properties. A literature review in chapter 2 deals 

with the variety of magnetic property changes due to irradiation. Hence, whatever be the radiation-

induced defects, they are directly or indirectly linked with the atomic level changes.  
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Macroscopic level studies have limitations to understanding these atomic level changes. 

Over the last few decades, nanomaterials like nanoparticles, nanowires and nanotubes have been 

identified to be the most suitable candidate for study at the atomic level. When it comes to 

understanding radiation-induced magnetic properties and defects at the atomic level, magnetic 

nanoparticles are the best choice. This is because of their high sensitivity to irradiation and the 

flexibility of the studies involved. This can help us to uncover the interfacial behavior and nano-scale 

interactions under extreme conditions like intense radiation exposure. Specifically, detailed 

assessments of interfaces between particles, clusters, grains, and particle-matrices can be assessed. 

This assessment will be helpful in the future for the design of advanced dose sensors or monitors. 

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, spent fuel casks, 

and other structural materials exposed to continuous irradiation and thermal stress. With the potential 

renaissance of nuclear energy in the US, novel means for assessing irradiation will be of great benefit 

to the monitoring of existing power plants and designing of new power plants. 

1.5 Research Scope and Limitations 

As discussed earlier, owing to these increasing demands of understanding the irradiation-

induced modifications in reactor components, this research mainly focuses on the nanostructured-

ODS materials and nanotechnology enables sensors, monitors and detectors. This research is mainly 

based on the hypothesis that, “Fe-based magnetic nanoparticles could help understand the radiation 

effects and dispersion strengthening phenomena in a better way, and could contribute to the 

development of radiation sensitive or stable materials for nuclear energy applications.” It addresses 

the issues or challenges as listed below by specifically studying the changes of magnetic properties, 

structural properties and electrical conductivity property under irradiation.  

 Research of nanocluster for dispersion strengthening & sensor applications is still in their 

infancy 
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 Knowledge on nanocluster behavior under irradiation is not fully understood 

 Bringing controlled property changes under irradiation is a big challenge 

 Controlling particle size and uniform distribution of particles is difficult 

As listed below, the objective of this research is to understand the structural, magnetic and electrical 

material property changes due to irradiation and high temperature exposure, in general, and to 

develop a fundamental understanding of irradiation-induced modification in the properties of 

granular magnetic films and composites of metals and dispersed magnetic oxides, in particular.  

 To develop a fundamental understanding of the irradiation-induced modifications & the 

technique of bringing controlled property changes in nanomaterials  

 To study the structural, magnetic & electrical-conductivity property changes in 

nanomaterials under irradiation and heat treatment 

 To assess the stability & sensitivity of nanomaterials to irradiation for designing sensors, 

monitors and long lasting materials to prevent accidents. 

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

scientific assessment in prediction of the material performance in radiation environments and to 

recommend candidate compositions for development of novel multifunctional materials. This 

research investigates several related classes of magnetic materials (magnetic nanoparticles to 

granular nanocluster films) for their radiation sensitivity and elucidates mechanisms for the 

susceptibility of irradiation-induced magnetism changes. This research will possibly be able to 

answer some of the following specific scientific questions: How do cluster size, shape, density and 

roughness change due to irradiation? What are the factors affecting the change in magnetic 

properties of nanoparticles due to irradiation? What makes a material able to remain stable and 

unaltered even under high doses of irradiation? What are the roles of irradiation temperature and 

dose rate on the structures and magnetic properties of irradiated materials? These questions and more 

will be addressed by studying in detail the experimental data obtained from measurement tools like 
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Transmission Electron Microscope (TEM), Grazing-angle Incident X-ray Diffraction (GIXRD), 

Vibrating Sample Magnetometer (VSM), Physical Property Measurement System (PPMS), Helium 

Ion Microscope (HIM), Multi-Purpose Diffractometer  (MPD), Atomic Force Microscope (AFM) 

and Magnetic Force Microscope (MFM). Although the basic mechanical defects like vacancy and 

interstitial formation, void nucleation, and displacement cascade are plausible due to irradiation, this 

research does not focus on estimating these damages and related factors to relate them to the 

magnetic property changes. As mentioned before this research is ultimately focused on 

understanding the structural changes and variation in magnetic behavior due to irradiation. In 

addition to that, even though nuclear radiation is the real time challenge towards which this research 

is focused, because of the risks involved in handling it like having residual radioactivity in the 

irradiated specimens which makes is more difficult and expensive to handle and analysis, and since 

the neutron source is limited and restricted the research is carried out under the alternate irradiation 

exposure of Si2+ ions. The advantages of using Si2+ ions for irradiation is that Si ions behaves similar 

to neutrons in terms of defect creation since the efficiency of producing freely migrating defects are 

almost same for both neutrons (2%) and Si ions (4%). 

1.6 General Overview on All Chapters 

This chapter lays a foundation for the forthcoming discussion on irradiation-induced and 

heat-treatment induced changes in magnetic nanoparticles and its applications in nuclear energy. 

Chapter 2 deals with the fundamentals of radiation, its effects on matter and the principle of radiation 

detection. Chapter 3 is a literature review on nano-nuclear technology, which presents the research 

so far in using nanomaterials for nuclear energy applications and how it relates to this research. 

Chapter 4 explains the experimental setup where synthesis and characterization of the nanoparticles 

and granular films are discussed. Along with that, the particular equipment used for characterization 

are discussed in detail. The nature of nickel and Cr-doped nickel nanoparticles and the change of 

properties under heat treatment are discussed in chapter 5 and 6. Chapter 7 and the following 
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chapters deal with the radiation and heat treatment effects on iron nanoparticles and its granular films 

as well as their contribution to NNT and nuclear energy applications. The final chapter gives a 

summary of this dissertation and its contribution to the field of nano-nuclear technology.  
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Chapter 2: Fundamentals of Radiation & Principles of Radiation Detection 

2.1 Introduction 

Radiation is a process in which energy emitted by one body travels through a medium or 

through space, ultimately to be absorbed by another body. Radiation is the energy emitted in the 

form of microscopic particles or photons. Radiation interacts with matter through the fundamental 

interactions of our nature, predominantly through the electromagnetic (for charged particles and 

photons) and strong interactions (for hadrons). Radiation can be broadly classified into 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., 

which are invisible to human such that the detection of it demands a suitable monitoring instrument. 

Although, neutrons are neutral particles they do not ionize directly, they produce ions through 

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

physical medium, for example, soft ultra-violet, infra-red, visible light, microwave, radio-frequency, 

etc. 

2.2 Radiation Interaction with Matter 

Detection of radiation is based on its interactions with matter and the energy deposited in the 

matter. The interaction between radiation and matter is accompanied by a number of effects such as 

the creation of lattice defects (primary and secondary), emission of photons (fluorescent materials), 

charged particles (electron-ion pairs), liberation of heat and radiation-induced chemical reactions. All 

these effects can be used to detect radiation, measure particle flux density or intensity and the 

radiation spectra. Currently, the operation of many measuring devices is based on the ability of 

radiation to ionize molecules. The basic interaction modes of radiation with matter for detection are 

excitation and ionization. The ultimate goal is a formation of electron-ion pair inside the working 
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volume of the detector because at the final stage of detection only electrically charged particles can 

be registered.  

2.2.1 Neutron Interaction with Matter 

Since neutrons are electrically neutral, they penetrate matter more deeply than electrically 

charged particles of comparable kinetic energy; therefore they are valuable probes of bulk properties. 

Neutrons interact with atomic nuclei and magnetic fields from unpaired electrons. The neutrons 

cause pronounced interference and energy transfer effects in scattering experiments. Unlike an x-ray 

photon with a similar wavelength, which interacts with the electron cloud surrounding the nucleus, 

neutrons primarily interact with the nucleus itself. The interactions are either scattering or absorption 

and have been described by Fermi's pseudo potential. Neutron scattering and absorption cross 

sections vary widely from isotope to isotope. In general, the neutron-nucleus interactions can be 

classified into the following  

 Inelastic Scattering - (Fig. 2.1(a)) 

 Elastic Scattering - (Fig. 2.1(b)) 

 Radiative capture: (n, 2n), (n, α), (n, p), (n, γ) reactions - (Fig. 2.1(c)) 

 Fission reaction - (Fig. 2.1(d)) 

Inelastic scattering causes the excitation of a nucleus with subsequent emission of gamma photon 

and neutron. Elastic scattering occur between fast neutrons and low atomic mass number absorbers 

(“billiard ball effect”). In radiative capture, for example in (n, γ) reaction, a nucleus with mass M 

absorbs a neutron (mass m) and form a compound nucleus in its excited state; then goes to the de-

excited state by emitting a gamma photon. The nucleus absorbs one neutron and then emits two 

neutrons gaining recoil energy. For (n, 2n) reaction, the second neutron can only be ejected if the 

remaining excitation energy of the nucleus after emission of the first neutron exceed the binding 

energy of a neutron in the nucleus. In the process, the nucleus will receive a recoil energy, T. This 
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type of interaction becomes important when neutron energy is > 8 MeV, which the nucleus of an 

atom splits into smaller parts (lighter nuclei). The fission process often produces free neutrons and 

photons (in the form of gamma rays), and releases a very large amount of energy even by the 

energetic standards of radioactive decay. Fission is caused by fast and thermal neutrons and 

dissipation of energy causes ionization. 

 

Figure 2.1 Interactions of neutron with matter 

2.3 Neutron Radiation Detection through Ionization  

Ionization can be caused only through charged particles through Columbic interactions 

(Electromagnetic Interaction). Since, neutrons are neutral particles they do not ionize directly, they 

are harder than charged particles to detect directly. Furthermore, their paths of motion are not 
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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) are typically detected indirectly through absorptive reactions. Typical absorber materials 

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

and uranium-235. Each of these reacts by emission of high energy ionized particles, the ionization 

track of which can be detected by a number of means. In activation processes, neutrons may be 

detected by reacting 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, 

creates ions, which is then detected.  

2.3.1 Commercial Neutron Detectors 

The three commonly used neutron detectors are  

1. Gas-Filled neutron Detectors 

2. Scintillation neutron detectors 

3. Semiconductor neutron detectors 

Gas-Filled Neutron Detectors 

Gas-filled detectors operate by utilizing the ionization produced by radiation as it passes 

through a gas. Typically such a counter consists of two electrodes to which a certain electrical 

potential is applied. The space between the electrodes is filled with a gas (Figure 2.2). 
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Figure 2.2 Principle of a gas-filled detector 

As we know neutrons do not directly ionize atoms, they are detected indirectly upon 

producing a charged particle after its reaction with a material in the gas-filled detectors. The gas-

filled proportional counter is coated with 10B on the walls of the BF3 gas filled chamber. When 

neutrons react with 10B the reaction produces the alphas and the lithium particles as shown below 

that ionizes the gas and the charged particles are then detected by electrodes and amplified. A typical 

example of gas-filled neutron detector is Geiger-Muller counter as shown in the Figure 2.3.  

 

 

Figure 2.3 Geiger-Muller counter for radiation detection. 
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Scintillation Neutron Detectors 

Scintillators are materials - solids, liquids, gasses - that produce sparks or scintillation of 

light when ionizing radiation passes through them. The first solid material used as a particle detector 

was a scintillator. The operation of a scintillation counter may be divided into two steps:  

1. Absorption of incident radiation energy by the scintillator: electrons are raised to excited 

states and after subsequent de-excitation the scintillator emits a photon in the visible light 

range.  

2. The photon, emitted from the scintillator, interacts with the photocathode of a 

photomultiplier tube as shown in Figure 2.4, releasing electrons.  

The electrons emitted by the photocathode are guided, with the help of an electric field, 

towards the first dynode, which is coated with a substance that emits secondary electrons, if electrons 

impinge upon it. The secondary electrons from the first dynode move towards the second, from there 

towards the third, and so on. Typical commercial phototubes may have up to 15 dynodes. The 

production of secondary electrons by the successive dynodes results in a final amplification. The 

different types of scintillators include: Inorganic crystals, Organic scintillators, Plastic scintillators 

and Gaseous scintillators. 

 

Figure 2.4 Photomultiplier Tube 
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Semiconductor Detectors 

Semiconductor detectors are solid-state devices that operate essentially like ionization 

chambers. The charge carriers in semiconductors are not electrons and ions, as in the gas counters, 

but electrons and holes.  

 

Figure 2.5 Principle of a semiconductor detector 

When an electron moves to the conduction band, an empty state is left in the valence band, which is 

called a hole. When the electron moves in one direction, a hole moves in the opposite direction. 

Holes are treated as particles with positive charges: +e. They contribute to the conductivity in the 

same way electrons do. Radiation incident upon the semiconducting junction produces electron-hole 

pairs as it passes through it (Fig. 2.5). Electrons and holes are swept away under the influence of the 

electric field and, with proper electronics the charge collected produces a pulse that can be recorded. 
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2.3.2 Challenges of Neutron Detection 

There are several challenges faced by modern-day neutron detection in an experimental 

environment among which background noise, high detection rates, neutron neutrality, and low 

neutron energies are very prominent. 

1. The background noise in neutron detection is generally high-energy photons, which 

aren't easily eliminated by physical barriers.  

2. Although, the other sources of noise, such as alpha and beta particles, can be eliminated 

by various shielding materials, such as lead, plastic, thermo-coal, etc., photons cause 

major interference in neutron detection. 

3. It is uncertain if neutrons or photons are being detected by the neutron detector. Both 

register similar energies after scattering into the detector from the target or ambient light, 

and are thus hard to distinguish.  

4. Coincidence detection can also be used to discriminate real neutron events from photons 

and other radiation. 

5. In a region of high beam activity, the detector gets hit continuously by neutrons and 

creates background noise at overwhelmingly high rates which complicates collected data 

as there will be extreme overlap in measurement, and separate events are not easily 

distinguished from each other.  

6. The main challenge is in keeping detection rates as low as possible and in designing a 

detector that can keep up with the high rates to yield coherent data which makes is 

expensive.  

7. Neutrons are neutral and thus do not respond to electric fields. This makes it hard to 

direct their course towards a detector to facilitate detection.  

8. Neutrons also do not ionize atoms except by direct collision, so gaseous ionization 

detectors are ineffective. 
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9. Detectors relying on neutron absorption are generally more sensitive to low-energy 

thermal neutrons, and are orders of magnitude less sensitive to high-energy neutrons. 

10. Scintillation detectors, on the other hand, have trouble registering the impacts of low-

energy neutrons. 

2.4 Neutron Radiation Detection through Property Changes 

As there are several challenges involved with detecting neutron radiation through ionization 

due to its complexity and the involvement of large expensive equipment, alternatively neutron 

radiation detection and monitoring can be achieved through studying the changes in physical 

properties of the materials exposed to irradiation. The interaction of neutrons through elastic 

scattering causes primary radiation defects like vacancies and interstitials in the material irradiated, 

which in turn causes secondary effects resulting in the change of the materials property itself. 

Although this technique is currently in place in nuclear reactors, where a piece of metal is kept in the 

reactor for a particular period of time and later removed to study the change in it properties which is 

a time consuming and difficult-to-handle-material process, live time monitoring, detecting and quick 

sensing of radiation through property changes is not in place. Therefore it is very important to 

develop the radiation monitoring and detection devises, which works on the principle of altering the 

materials properties. This not only gives the benefit of developing better sensor but also helps in 

investigating the basic mechanisms and process behind the property changes of materials and helps 

to develop radiation resistant materials.  

2.4.1 Radiation Effects on Material Properties 

Apart from ionization, interactions of high energy radiation such as α, β and γ rays as well as 

sub-atomic particles, such as electrons, protons, neutrons, with crystal lattices give rise to 

defects/imperfections such as vacancies, self-interstitials, ionization, electron excitation etc. Ion-

atom or atom-atom (neutron-atom) collision are governed by interactions between the electron 



23 

 

clouds, the electron cloud and the nucleus, and between the nuclei. These interactions are described 

by interatomic potentials, which are basically classified as Coulomb potential, screened Coulomb 

potential, and Born-Mayer potential. If the distance between the incident particle and target atom is 

less than the electron shell radius then the interaction is based on Coulomb potential. If the distance 

is more than the electron shell radius then only week Van De Walls forces are involved and the 

interaction can be defined by Born-Mayer potential. If it’s between the electron shell radius and the 

lattice constant then it is screened Coulomb potential. Fission fragments produced as a result of such 

interaction and neutrons cause the bulk of the radiation damage. Other types of radiation either do 

not have enough energy or are not produced in sufficient number density to cause any major 

radiation damage. In a nuclear reactor scenario, the microscopic defects like vacancies and 

interstitials produced in materials as shown in Figure 2.6 due to irradiation are referred to as 

radiation damage. The evolution of these defects result in changes in physical, mechanical and 

chemical properties, and these macroscopic material property changes in aggregate are referred to as 

radiation effects. Before discussing the effects of radiation on various properties, we need to know 

how to describe the radiation damage in a quantitative fashion. The time scales in which the damage 

and effects take place are quite different. While radiation damage events take place within a short 

time period of around 10-11 s or less, the radiation effects occur in a relatively large time scale 

ranging from milliseconds to months. Radiation effects range from the migration of defects to sinks 

that takes place in milliseconds to changes in physical dimensions due to swelling etc. with much 

longer duration.  

Following are radiation defects induced by intense nuclear radiation, in particular high 

energy (E ≥ 0.1MeV) neutrons: Vacancies, Interstitials, Impurity atoms - produced by transmutation, 

Thermal spikes - regions with atoms in high energy states, Displacement spikes - regions with 

displaced atoms, vacancies, self-interstitials (Frenkel pairs) produced by primary and secondary 

knock-on atoms, Depleted zones - regions with vacancy clusters (depleted atoms). Voids - large 
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regions devoid of atoms, Bubbles - voids stabilized by filled gases such as He produced from (n,α) 

reactions with B, Ni, Fe etc.,  Replacement collisions - scattered self-interstitial atoms falling into 

vacant sites after collisions between moving interstitial and stationary atoms and dissipating their 

energies through lattice vibrations.  

 

Figure 2.6 Depiction of vacancies and interstitial 

 

Figure 2.7 Seeger’s refined concept of primary damage events in an FCC metal (1958) 
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The binding energy of lattice atoms is very small (~10-60 eV) compared to the energy of the 

impinging particles so that a scattering event between them results in the lattice atom getting 

knocked off from its position.  The atom generally will have such a high energy that it can interact 

with another lattice atom that will also get knocked off from the lattice position. The atom which was 

knocked off by the incoming high energy particle is known as ‘primary knock-on atom’ or PKA 

which in turn knocks off a large number of  atoms before it  comes to rest in an  interstitial position 

thereby  creating a Frenkel pair  in which case the atom is considered to have  been ‘displaced’.  If 

however the atom is in proximity of a vacancy, it could occupy the vacant lattice position in which 

case it becomes a ‘replacement collision’. Thus in general a PKA can lead to a large number of 

higher order knock-on atoms (also known as recoil atoms and/or secondary knock-on atoms) 

resulting in many vacant lattice sites and this conglomeration of point defects is known as 

‘displacement cascade’ (Figure 2.7). A flux of neutrons then results in a large number of PKAs 

which in turn produce higher order knock on atoms as illustrated in Figure 2.7. If during these 

collision processes many nuclei go into higher energy states at their lattice position, thermal spike is 

created. Kinetic aspect in materials is as fundamental and important as atom diffusion. Diffusion can 

be defined as the effective movement of atoms/molecules relative to their neighbors under the 

influence of a gradient. The process is assisted by the intrinsic thermal or kinetic energy of atoms. 

The driving force or the gradient can be of various types. It can be chemical potentials arising from 

the concentration gradient, or gradients in electrical field, mechanical stresses or even gravitational 

field. The movement of atoms could be over a large number of interatomic distances (i.e. long range 

diffusion) or over one or two interatomic distances (i.e. short range diffusion). Although diffusion in 

liquid and gaseous states is easier to visualize, diffusion of atoms in solids is not so. Diffusion is 

regarded as one of the most important mechanisms of mass transport in materials. It is again amazing 

to know how many well-known materials phenomena, and physical property changes are influenced 

by diffusion. Here are some examples: phase transformations (such as, precipitation), high 
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temperature creep, high temperature oxidation of metals, metal joining by diffusion bonding, 

impurity transistors, magnetic property changes, mechanical property changes, grain growth, 

radiation damage defects and their migration. There are two general ways by which diffusion can be 

categorized. If one considers diffusion of atoms in a pure metal, the diffusion happens basically 

between its own lattice atoms. This diffusion is called ‘self-diffusion.’ In the other case, diffusion of 

alloying elements or impurities may well be occurring in the parent lattice and then the diffusion is 

termed as ‘hetero-diffusion.’ 

2.4.2 Radiation Effects and Magnetic Properties  

Energy deposition by ion or neutron irradiation modifies material structure and its 

physical/chemical properties through defect generation and accumulation (atomic displacements, 

defect clustering, etc.), amorphization, material decomposition, phase transition, phase segregation, 

formation of second-phase precipitates and gas species, grain growth, particle aggregation, 

volumetric change, micro-crack formation, etc. These important microstructural change under 

neutron irradiation begins with the atomic displacement creating a pair of defects: a self-interstitial 

and a vacancy, the size of which is known to be the order of several nanometers.4,5. These defects 

have a strong interaction with the domain walls. Further modification of the microstructures affects 

the magnetic properties inevitably. Although, the underlying mechanism for the effects of neutron 

irradiation on the magnetic characteristics is not comprehensive yet, whatever be the radiation effect, 

it directly or indirectly affects the magnetic properties as depicted in the Figure 1.8 of Chapter 1 and 

therefore understanding the effects of radiation on magnetism and magnetic permeability becomes 

more significant. Material resistance or susceptibility to nuclear radiation depends on its structural 

stability. It is crucial to study structural changes induced by nuclear irradiation, in particular through 

magnetic properties, evolution of nanostructures through in-situ methods that provide data to gain 

physical insights of the basic processes involved in the structural changes. 
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2.5 Conclusion  

This chapter summarizes the principles of radiation including neutron radiation and gives an 

idea about the existing radiation detection techniques. The signification of detecting radiation 

through material property changes like magnetic properties are also discussed. Built-in radiation 

detection and monitoring system in nuclear reactors which are much easy and elegant to work with 

are so significant to ensure the safety of reactors. Involving nanomaterials and studying in-situ 

property changes contribute to decode the underlying mechanisms for property changes and helps in 

successfully creating radiation sensors and monitors thus contributing to the field of nano-nuclear 

technology. The following chapter gives a summary on the various fields of nano-nuclear technology 

and the current progress in each of these fields. 
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Chapter 3: Literature Review on Nano-Nuclear Technology 

3.1 Introduction 

Nano-Nuclear Technology (NNT) deals with the use of latest engineered-nano-materials on 

improving the nuclear power performances and safety, bringing advanced materials and technologies 

for new generations of nuclear power units, and a new advanced civilization. During the course of 

nuclear technological evolution in the history of mankind, numerous lessons have been learned 

through many accidents, some more severe than those registered in the other non-nuclear power 

plants. In light of the recent Fukushima disaster and other similar events, a huge responsibility is laid 

upon the scientific communities to quicken their progresses, which demand for the utmost safety in 

the future generation nuclear power plants to avoid such disaster. Scientific communities around the 

world are working towards achieving it in various ways, among which NNT is an efficient tool and 

candidate for achieving the goal of utmost safety and performance. A significant contribution in the 

NNT area would result in the development of new capabilities that could be useful to nuclear energy, 

which can help build devices to support the development of sustainable nuclear fuel cycles, to 

control their effects and its implementation in nuclear power. This literature review summarizes the 

recent and ongoing research in labs around the world on NNT and its capacity for the improvement 

of future generation nuclear reactors in safety and performance.   

3.2 Branches of Nano-Nuclear Technology 

 Nano-Nuclear Technology addresses the issue of performance and safety from various 

angles and works from different fields to achieve it. Some of the main focuses are listed below, 

where the use of nano-particles, nano-structured materials, and/or nano-scale materials, properties, or 

processes to enhance mechanical, chemical, physical, or thermo-hydraulic properties and 

performance in nuclear fuel cycle applications, such as:  
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Nanostructured-ODS Materials 

 Reactor (in-core) materials like ODS with nano-scale precipitates that could improve 

mechanical performance as well as radiation tolerance.  

Nano-Scale Coatings 

 Nano-scale coatings that could be included on exterior or interior of fuel cladding to 

improve corrosion resistance and surface hardening, and pellet-clad interactions on the 

cladding interior.  

Nanomaterials for Fission Product Capturing 

 Chemical interaction and separation methods using nano-particles and/or nano-porous 

materials that can enable techniques to capture fission product gases either from 

reprocessing operations or directly within a reactor fuel assembly thereby reducing the 

potential for releases from normal or accident conditions.  

Nano-Technology Engineered Fuels 

 Advanced fuels engineered and/or fabricated with nano-technologies to enable longer 

service lives, reduce fabrication process losses, and/or reduce the potential for failure in 

normal or accident conditions including increased fission gas retention, plasticity, 

radiation tolerance, heat transfer capability, as well as reduced fuel cladding chemical 

and/or mechanical interactions.  

Nano Radiation Sensors, Detectors and Monitors  

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

with enhanced sensitivity 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.  
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3.2.1 Nanostructured-ODS Materials 

Oxide dispersion strengthened alloys (ODS alloys) typically consist of a high temperature 

metal matrix - such as iron aluminide, iron chromium, iron-chromium-aluminum, nickel chromium 

or nickel aluminide - with small (5-50 nm) oxide particles of alumina (Al2O3) or Yttria (Y2O3) 

dispersed within it. ODS alloys exhibit good corrosion resistance and mechanical properties at 

elevated temperatures. These alloys also show excellent creep resistance, which stems partly from 

the dispersion of oxide and other particles, and partly from the very large elongated grain structure. 

The role of ODS-materials for fusion applications was reviewed and concluded by Ukai and 

Fujiwara1 and also by Hoelzer2 that ODS materials are interesting for future nuclear applications and 

ODS materials have not been considered for High Temperature Reactors (HTRs) so far. Compared 

with the conventional ODS steels, nanostructured ODS steels shows better performance in radiation 

resistance, corrosion resistance and tensile strength. With all the promising properties and 

mechanical stability they are more likely to be considered as serious candidates for future nuclear 

high temperature applications 

Nanostructured ODS alloys have been shown to exhibit excellent creep properties, improved 

hardness, tensile strength, corrosion resistant, and thermal stability.  

 Mechanical creep tests have shown that these alloys offer superior creep properties. For 

example, a Fe-12Cr-2.5W-0.4Ti-0.25Y2O3 (12YWT) alloy was shown to fail only after 

14,500 hours at a very high temperature of 800°C with a 2.3% elongation at a loading stress 

of 138 MPa. These properties were excellent when compared to a V-4Cr-4Ti alloy that failed 

after 4,029 hours and 52% elongation also tested at 800°C but at a significantly lower stress 

of 77 MPa.3 Y or Y-Ti nanoprecipitates can reduce creep rates by six orders of magnitude at 

temperatures from 650°C-900°C.4 The oxide nanoparticles serve for interfacial pinning of 

moving dislocations. Therefore the creep resistance is improved.  
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 Y2O3 is more stable at high temperatures than other oxides like Al2O3, ThO2, SiO2, TiO2, etc. 

The weight % of Y2O3 in ODS alloys is mostly between 0.3 and 0.4 wt.% because only at 

this % it can maintain both tensile strength and elongation %.5 

 High temperature strength has been demonstrated by measuring creep response of the ODS 

alloy in uniaxial tension at 650 °C and 900 °C in an inert atmosphere chamber. Results of 

tests at 900°C demonstrate that this alloy has creep properties similar to other alloys of 

similar design and can be considered for use in high temperature fusion power system 

designs. The alloy selection process, materials production, microstructural evaluation and 

creep testing are described. Hardness remains very high even following a 1200 °C annealing 

treatment indicating a highly stable microstructure.6  

 Experimental ODS steels, 12Y1 (nominally Fe–12Cr–0.25Y) and 12YWT (Fe–12Cr–3W–

0.4Ti–0.25Y2O3) when compared with commercial ODS steels like MA956 (Fe–20Cr–

4.5Al–0.33Ti–0.5Y2O3), MA957 (Fe–14Cr–0.3Mo–1Ti–0.25Y2O3), and PM 2000 (Fe–

19Cr–5.5Al–0.5Ti–0.5Y2O3) show a significant variation in the yield stress and ultimate 

tensile strength for tests at room temperature to 800 °C. The 12YWT was much stronger 

than the 12Y1. Of the commercial steels, MA957 was the strongest with properties similar to 

those of 12YWT. The MA956 was the weakest of the commercial steels; it was also weaker 

than 12Y1 below 650 °C. 12YWT had better creep rupture properties than MA956 and 

MA957 for high stresses and low Larson–Miller values. The reason for the similar tensile 

and creep behavior of MA957 and 12YWT was concluded to be the distribution of nano-

sized particles rich in Y, Ti, and O observed by TEM and atom probe studies on the two 

steels. Although it was postulated that the excellent long-term, high temperature creep 

properties of MA956 and PM 2000 was also due to the presence of a fine distribution of 

nano-size particles, more work is in progress to verify this.7 
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 A new high chromium Ferritic ODS material for high temperature nuclear applications with 

the chemical composition, Fe–13/18CrWTi ODS has been slightly modified by including 

nanoclusters to reach the specifications of the materials used for fusion reactors. The 

microstructure is homogeneous and constituted by very fine grains elongated in the hot 

extrusion direction and nano-clusters also are observed within the matrix. The mechanical 

properties show a high tensile strength up to 750 °C with the expected ductility for this type 

of material.8 

 ODS materials for structure application in fusion reactor would allow increasing the 

operating temperature to approximately 650 °C. In order to optimize of metallurgical 

features to improve high temperature strength and elongation through understanding of 

contents of Cr and Al the study of ODS steels with Y2O3 content of 0.37wt% have been 

performed. Tensile test performed on these ODS Ferritic/Martensitic steel between room 

temperature (RT), 300, 400 and 600 °C shows that dispersion hardening plays a vital role to 

improve the mechanical properties at elevated temperature, as they are foreseen in the future 

fusion reactor. It has been successfully demonstrated that it is possible to expanse the 

temperature range for the application of fusion reactor and ODS steels possess high 

temperature strength by maintaining the ductility even at elevated temperatures.9 

 Irradiation creep of Ferritic 20% Cr ODS alloys investigated in the temperature range 300–

500 °C and microstructural investigations revealed the most interesting finding that size and 

distribution of nano size dispersoids did show a little influence on the irradiation creep 

behavior.  Moreover, irradiation creep does not show strong temperature dependence. For 

temperatures up to 500 °C creep and relaxation behavior of components are dominated by 

irradiation creep. The expected irradiation creep compliances under neutron irradiation to 

higher doses is lower than under the irradiation conditions in this investigation, and so 
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irradiation creep can be considered of technical relevance in advanced fast fission reactors 

and fusion plants.10 

Thus there are many strong evidences in the publications that the nano structured dispersoids 

dispersed in the Ferritic/Martensitic steels show improved mechanical properties and radiation 

resistance based on the size of the particles and distribution of the particles in the matrix. More 

research has to be done in this area to commercialize and globalize this kind of ODS materials for 

nuclear applications. 

3.2.2 Nano-Scale Coatings 

A number of literatures have reported that using nanostructured powders as feedstock powders in 

mechanical milling process, various nanostructured coatings can be successfully synthesized and 

these coatings exhibits improved performance and mechanical properties compared to the 

conventional powders.11 While process parameters and post-sprayed treatment can partially influence 

mechanical and physical properties of nanostructured coatings, it has been found that nanostructured 

coatings primly increase hardness,11,12,13 scratch resistance,11 reduced coefficient of friction,12 high 

fracture toughness,13 corrosion resistance,14 and increased thermal stability.15 

 J. He et al.11 reported that the average micro-hardness of the nanostructured Cr3C2-25 

(Ni20Cr) coating, taken on the cross-section, increases from a value of 846 for the 

conventional Cr3C2-25 (Ni20Cr) coating for the nanostructured coating. Hence the 

nanostructured coating exhibits a 20.5% increase in micro-hardness as compared with the 

corresponding conventional coating. It has been reported that the hardness of nanostructured 

materials often exhibits a two- to five-fold increase in hardness compared with that of the 

conventional materials.13 Kear and McCandlish also indicated the nanostructured WC–23% 

Co coatings with a higher hardness than a conventional coating of the same composition.12 

The high hardness of the nanostructured Cr3C2–NiCr coatings results primarily from two 

aspects:  
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1. Uniformity of microstructure 

2. The intrinsically high hardness of nanostructured phases. 

 In related studies on conventional and nanostructured Cr3C2-25 (Ni20Cr) coatings, the 

friction coefficient and scratch-resistance of coatings improved in nanostructured coatings.14 

The as-sprayed conventional coating produced an average scratch depth of approximately 

100 μm, whereas a depth of around 50 μm was found in the as-sprayed nanostructured 

coating. Thus, the nanostructured coating exhibits a scratch resistance that is twice that of 

the conventional one.  

 Coefficient of friction of 0.495 and 0.216 were obtained for the conventional and 

nanostructured coatings, respectively.14 Compared with the coefficient of friction in the as-

sprayed conventional coating, a reduced coefficient of friction was observed in the as-

sprayed nanostructured coating. A decreased friction coefficient was also observed in a 

nanostructured WC–23% Co coating.12 

 In the process of indentation test, at a load of  500 g, a few cracks around the indentation 

were still observed in the conventional coating, whereas none were present in the 

nanostructured coating.11 These results suggest that the nanostructured Cr–NiCr coating 

possess a higher apparent fracture toughness relative to that of the conventional material. 

 It has also been reported that the presence of nanostructured coating improved the thermal 

stability of the materials.15-21  

3.2.3 Nanomaterials for Fission Product Capturing 

Capturing fission product either from reprocessing operations or directly within a reactor fuel 

assembly is of prime importance because it can prevent potential danger of material failure and thus 

can avoid accidents. There is worldwide interest in the effective capture and storage of radioiodine, 
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as it is both produced from nuclear fuel reprocessing and also commonly released in nuclear reactor 

accidents. 

 Recently in 2012, Dorina F. Sava et al.22 reported the detailed structural evidence of 

captured molecular iodine (I2), a volatile gaseous fission product, within the metal-organic 

framework ZIF-8 [zeolitic imidazolate framework-8 or Zn(2-methylimidazolate)2]. 

Additional tests indicated that extruded ZIF-8 pellets perform on par with ZIF-8 powder and 

are industrially suitable for I2 capture. I2 capture within ZIF-8 was studied with a 

combination of experiments and molecular simulations. The results suggest that I2 

adsorption is mainly due to favorable interactions with the ZIF-8 framework, which consists 

of tetrahedrally coordinated Zn atoms linked by 2-methylimidazole. This study 

acknowledges that ZIF-8 is a highly appropriate capture and interim storage medium for 

volatile gaseous I2. Additionally, the material maintains its high adsorption capacity in 

extruded pellet form, which is a desired feature, as this is the typical form for porous 

adsorbents in currently employed separation processes). This study can increase awareness 

and impact the use of Metal-Organic Framework in the capture of related fission product 

gases. 

 In 2012, K. W. Chapman et al.23 investigated the effective way for capturing I2 using silver-

containing Zeolites Mordenite (MOR). The capture of I2 by both silver-exchanged and 

reduced silver MOR was investigated. A differential pair distribution function (d-PDF) study 

of I2-treated silver-containing MOR was used to probe the structure and distribution of the 

supported AgI (the iodine-capture vehicle). The structure and distribution of the AgI formed 

when iodine is captured by silver-containing MOR depends on whether the silver is reduced. 

The reduced Ag0 stays on the surface of the Zeolite, captures I2 to form 3 nm AgI 

nanoparticles and then migrates to the center of the pores and in this case mobility depends 

on Ag and I. For the unreduced silver-exchanged MOR, since the sub nanometer AgI 
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clusters is formed inside and confined to the pores. Encouragingly, this may represent a more 

secure route for radioactive iodine capture, with the possibility of using pore-blocking to 

further trap the iodine for long-term storage. Separate to the relevance of these materials for 

radiological gas capture and long-term storage, the data also provide exciting new 

possibilities in the field of nanoscaled ionic conductors. Previous studies have shown that the 

progressive reduction in AgI particle size toward the nanoscale not only stabilizes the 

superionic R-phase but also produces orders of magnitude enhancement in the ionic 

conductivity. The sub nanometer particles documented here may yield further large gains in 

conductivity. 

 Researchers at Pacific Northwest National Laboratory24 have developed novel nanoporous 

functionalized chemisorbents, which shows enhanced properties compared to the 

conventional chemisorbents,  These self-assembled monolayers on mesoporous supports 

(SAMMS), functionalized with similar reactive surfaces as the conventional resins, can 

afford exceptional high sorption capacities without significant loss in flow characteristics 

during large volume sampling. Some of the surface chemistries have been shown to perform 

well under a wide range of environmental conditions, particularly in waters with high ionic 

strength. 

 B. E. Johnson et al.25 compared the capture performance of novel nanostructured sorbents 

with the conventional chemisorbents in both fresh, riverine, and saline, oceanic, waters. In 

most cases, the nanoporous sorbents demonstrated enhanced retention of analytes. Salinity 

had significant effects upon sorbent performance and was most significant for hard cations, 

specifically Cs and Ba. In most cases, novel self-assembled monolayers on mesoporous 

supports (SAMMS) chemisorbents attained higher KD. It afforded the high distribution 

coefficients for ionic forms of Co, Zr, Nb, and Te and also showed excellent retention of the 

soft metal, Ag. Ionic strength was observed to limit performance of chemisor-bents, while 
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effects due to the presence of natural organics were minimal for all analytes with the 

exception of Ba. 

 Similar to investigation of Dorina F. Sava et al, K. W. Chapman et al.26 also investigated the 

capturing of I2 within the metal-organic framework ZIF-8. The found out that the release of 

guest species from within a nanoporous metal-organic framework (MOF) has been inhibited 

by amorphization of the guest-loaded framework structure under applied pressure. 

Thermogravimetric analyses have shown that by amorphizing ZIF-8 following sorption of I2, 

the pore apertures in the framework are sufficiently distorted to kinetically trap I2 and 

improve I2 retention. Pair distribution function (PDF) analysis indicates that the local 

structure of the captive I2 remains essentially unchanged upon amorphization of the 

framework, with the amorphization occurring under the same conditions for the vacant and 

guest-loaded framework. This mechanical modification through pressure can be applied at 

any point in a sorption-sequestration process. Consequently, pressure-induced structural 

changes can be used as a macro scale handle with which to control the nanoscale sorption 

properties. Specifically, they can be used for increasing hysteresis in the 

sorption�desorption kinetics, at will, to kinetically trap I2. Potential applications, beyond the 

capture of radioisotopes, include the controlled release of agrochemicals. 

 

Thus the involvement of nanomaterials like nanoporous and nanoparticles for fission product 

capturing exhibits enhanced capturing behavior and long life.  

3.2.4 Nano-Technology Engineered Fuels 

The basic research progress in nanomaterials and nanotechnologies for advanced nuclear fuel 

fabrication, spent nuclear fuel reprocessing, nuclear waste disposal and nuclear environmental 

remediation is selectively highlighted in this section.  



39 

 

 Wu el al.27, 28 synthesized high quality, colloidal uranium oxide nanocrystals by thermal 

decomposition of uranyl acetylacetonate in a mixture solution of oleic acid (OA), oleylamine 

(OAm), and octadecene. This synthesis showed characteristic high reaction-yield of 75% and 

high reproducibility. X-ray powder diffraction confirmed that the nanocrystals were pure 

uranium-dioxide. The transmission electron microscopy (TEM) showed that periodical pore 

structures with diameters in the nanometer scale were available within the nanocrystals. It 

was also found that the size of the nanoparticles and the pore size could be controlled by 

changing the ratio of the organic additives in the reactions. This work is of high significance 

because these UO3 nanocrystals could be developed as a candidate of potential nano-fuels. 

The evenly distribute pores might adsorb and accommodate the highly reactive fission 

products such as iodine which can react with the clad under extreme conditions, and then 

mitigate fuel-clad or other undesirable chemical interactions. Furthermore, this 

microstructure can hopefully enhance the thermal and radiation stability of the fuel and 

consequently improve its burn-up. 

 Wang et al.29 synthesized sphere-shaped UO2 nanoparticle (100 nm) consisting of 15 nm 

nanocrystals and single nanorods (diameter 80–100 nm and length 500–1500 nm) under 

hydrothermal conditions. By adjusting the re-action conditions such as the volume ratio of 

the solvent and the reducing agent, the size and morphology of the uranium dioxide 

nanostructures varied to a certain degree. TEM revealed that the U3O8 nanorods grew along 

the crystallographic [001] direction. The UO2 nanoparticles could be converted to porous 

U3O8 aggregates through thermal treatment in air. TEM images also showed the availability 

of irregular macropores in the aggregates, which were formed from the inter-growth of 

nanocrystals. It is reasonable to believe that porous aggregates of U3O8 are more preferred 

from nuclear fuel point of view. Another merit of porous uranium oxides might lie in their 

applications in the fabrication of transmutation fuel. Normally, to prevent generation and 
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diffusion of strong radioactive dust, wet-methods are favored for the fabrication of 

transmutation fuel. As porous materials show substantial adsorption ability for minor 

actinides (MA), porous uranium oxides adsorbed with MA can then be directly fabricated 

into transmutation fuel. 

 W-Q Shi et al.30 in their review paper “Nanomaterials and nanotechnologies in nuclear 

energy chemistry” discussed in detail the various basic research progresses in nanomaterials 

and nanotechnologies for advanced nuclear fuel fabrication, spent nuclear fuel reprocessing. 

3.2.5 Nanotechnology Enabled Sensors, Detectors and Monitors 

Nano-technology enabled sensors and/or in-service monitors that 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 that 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.31 investigated on finding 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, gamma rejection as high as possible. In this way, we optimize detector 

performance 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 render the greatest stopping power for charged particles, 

typically requiring only half the thickness of Si to achieve maximum intrinsic thermal 
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neutron detection efficiency. They found out that Si possesses the best gamma rejection 

capability for a given thickness, even greater than that of diamond. 

 Detecting radiation based on magnetic properties also has gained more ambience recently 

and it could be a good non-destructive testing techniques.  D. G. Park et al.32 reported that 

the coercive force of B-H loop showed a slow change up to a neutron dose of 1014 n/cm2 and 

increased by 15.4% for a 1016 n/cm2 dose sample compared with that of the unirradiated one, 

related to the domain wall motion hindered by the increased defects. However, the amplitude 

of Barkhausen noise reflecting the wall motion decreased slowly up to 1014 n/cm2 irradiation, 

followed by a rapid decrease of 37.5% at 1016 n/cm2. The results indicate that the Barkhausen 

noise is more sensitive to the damage of neutron irradiation than conventional magnetic 

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

 W. Jiang et al.33 reported that the Fe3O4 nanoparticle granular films, which were initially 

superparamagnetic, became magnetized 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 microstructure were observed and these films represent a new class of semi disordered 

magnetite materials for study, which could lead to important applications of this type of 

material in various areas, including radiation detection and monitoring. 

 S.Ašmontas et al.34 reported the used of semiconductor nanostructures for microwave and 

terahertz radiation. 

 E. Tupitsyn et al.35 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, suggesting particle detection was 

observed, suggesting 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 good generation rate and 
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mobility of the charge carriers. The LiInSe2 crystal showed a response to alpha particles 

radiation and could be a possible candidate for neutron detector. It was reported that further 

improvement of crystal quality and understanding of defect structure may significantly 

improve alpha particle detection. 

3.3 Conclusion 

The creation of various novel nanostructured devices for Nano-Nuclear Technology comes 

from the tremendous basic research needs for the future advanced nuclear energy system. This 

review is highlighting a variety of studies that provide new insights into the nanostructures and 

behaviors of solid-state actinides and novel nanomaterials, which can be used for design and 

fabrication of new nuclear fuels, fission product capturing, radiation resistant materials like ODS, 

corrosion resistant nano coatings, nanomaterials for environmental remediation, and radiation 

detection and sensing. These ranges of approaches will benefit the development of a sophisticated 

understanding of structure-property relationships in nanoscale clusters. Such an understanding will 

be incorporated into future attempts to design nanomaterials for specific purposes, such as 

applications in future advanced fuel cycles. In all, from the above descriptions, we can definitely 

conclude that nanomaterials and nanotechnologies have diverse potential applications in various 

aspects of nuclear energy. No doubt, they will play important roles in future advanced nuclear energy 

systems. However, from the point of view of current international research status, nanomaterials and 

nanotechnologies in the field of nuclear energy are still in their infancy, there are still huge key 

scientific issues that should be addressed. With the deepening of the further research work, the 

advantages of nanomaterials and nanotechnologies will be found out step by step. The contribution 

of this research to the field of nano-nuclear technology including synthesis, characterization, data 

analysis and summary are discussed in further chapters.  
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Chapter 4: Synthesis and Characterization of Thin Films and Granular Films 

4.1 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.1,2,3,4 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.5,6,7 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 mounted in the sputtering gun releases metal atoms, which aggregate 

together in chilled-water-cooled aggregation chamber, to form the nanoclusters. The reaction 

chamber enables nanoclusters 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 nanoclusters 

safely land. The nanoclusters 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 nanoclusters 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 (Ar), Helium (He), Nitrogen (Ni), 

Oxygen (O2) and Hydrogen (H2) can be supplied into the aggregation and reaction chamber at a time 

for the benefit of sputtering and reaction with nanoclusters. Argon, Helium, Oxygen and Nitrogen 

are the most commonly used gases in the cluster source deposition system. Of these gases, Argon 

and Helium gases serve the purpose of sputtering and aggregation inside the aggregation chamber. 
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Oxygen and Nitrogen, can be supplied either into the aggregation chamber to form the fully oxidized 

or fully nitrided nanoclusters or into the reaction chamber to form the core shell nanoparticles. The 

system produces high purity nanoparticles with narrow 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 nanoparticles 

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 a 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, a mass flow controller (MKS Inc) was used to control 

the flow from 1 to 200 sccm. A schematic representation of the third generation nanocluster 

deposition system is shown in Figure 4.1. 

 

Figure 4.1 Schematic representation of the third generation nanocluster deposition system 
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As shown in the Figure 4.1, 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 life time 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 with a pumping speed of 1000 L/m, 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 high 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 particles.  Also, there is a skimmer located just before 

the reaction chamber, which helps to filter out the smaller particles and focuses the larger particles 

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 
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collecting the particles. 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 (foot-ball 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.  

Doped nanoclusters can be generated by doping the target exactly on the sputtering region 

with the required dopant. The Figure 4.2 (a) shows the sputtering area of a 3 inch (76.2 cm) diameter 

Nickel target, which is along the diameter line of 4 cm and 0.3 cm wide. The dopant (3 spots at angle 

120 degree between each) needs to be placed along this area as shown in Figure 4.2 (b), which 

actually represents 5% doping of Chromium (Cr) in Ni target. 

 

Figure 4.2 Schematic diagrams showing the (a) sputtering region (shaded portion) in a Nickel target 

and (b) doped chromium spots (shaded portion) in the sputtering area. 

The number of spots and the angle between them depends on the target material, dopant 

material, percentage of dopant, size of the dopant spot and sputter yield. The sputter yield for 
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different metals is given in Appendix A. The number of spots can be determined by the dopant area 

calculation using the formula given below.  
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  ………………………………… (3.1) 

Where ‘X’ is the percentage of materials to be doped, ‘A1’ is the sputtering area of the dopant 

material, ‘A2’ is the sputtering area of the target material, ‘Y1’ is the sputter yield of  the dopant 

material and ‘Y2’ is the sputter yield of the target material. The substrate on which the clusters land 

can be carefully chosen based on the requirements. A silicon substrate is commonly used for 

collecting the substrate. Other than this, glass substrates may also be used. The Transmission 

Electron Microscope (TEM) grids are often used to collect clusters in the reaction or deposition 

chamber for determining cluster size and shape, and conducting diffraction studies.  

4.2 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) 

nanoclusters, 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 
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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 particle size and the smaller is the mono 

dispersion. The lower the ratio, the smaller is the particle 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 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 in 

to 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 micro 

meter based on the duration of deposition. The thickness is almost constant throughout the layer.  

4.3 Synthesis of Granular Films 

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

with uniform film thickness. In both cases, the target that was placed on the sputtering gun inside the 

aggregation chamber was allowed to be sputtered. For Fully oxidized Fe NP granular films oxygen 

gas was supplied into the aggregation chamber to enable instance oxidation of Fe atoms, which 

aggregate through the low-temperature condensation to form the fully oxidized iron nanocluster 

(magnetite) and are deposited on to the silicon substrate. In other cases, core-shell NP films were 

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

reaction chamber.  
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Figure 4.3 Picture showing the nanoparticles deposited on silicon substrate and its cross-sectional 

view 

The details of sputtering conditions like amount of gas supplied, aggregation temperature, 

maintained pressure, aggregation distance, supplied power and size of substrates on which the films 

were deposited are discussed in respective chapters. 

4.4 Characterization of Granular Films 

 Characterization studies were conducted on these granular films before and after exposing 

the samples to irradiation in order to explore the hidden physical properties and to understand the 

character behind irradiation-induced property changes. The characterization studies were mainly 

focused on uncovering the magnetic properties, magnetic interactions, surface property, structural 

analysis, elemental analysis and cluster size features. Some of the characterization techniques used 

for the samples are XRD, which provides information regarding the average crystallite size of the 

sample, Multi-Purpose Diffractometer  (MPD), which provided details on the crystal structure of the 

films, Physical Property Measuring system (PPMS) to measure the magnetic properties and to 

conduct the Zero Field Cooled-Field Cooled (ZFC-FC) measurement for magnetic susceptibility, 

HIM for imaging the film microstructures, AFM for the study of surface properties and MFM to 

measure the magnetic domain interactions. These characterization techniques are discussed in detail 

below. 
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4.4.1 X-Ray Diffraction (XRD) 

X-ray diffraction technique works on the principle of elastic scattering of X-rays from the 

electron clouds of the individual atoms in the system. The measurements are based on observing the 

scattered intensity of an X-ray beam hitting a sample as a function of incident and scattered angle, 

polarization and wavelength or energy (Figure 4.4). The 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 measurements were carried out using Grazing-angle 

Incidence X-Ray Diffraction (GIXRD) technique. GIXRD was performed using a Philips X’pert 

Multi-purpose Diffractometer (MPD) based on Cu Kα radiation. The asymmetric scan ranged from 

2 = 10° - 80° with a step size of 0.05° and a dwell time of 8s at each step was employed to study the 

crystallographic phase and average size of the crystalline grains at room temperature. This technique 

eliminates strong diffraction peaks from the single crystal substrate. 

 

Figure 4.4 Schematic of X-ray Diffractometer 

4.4.2 Helium Ion Microscopy (HIM) 

A Scanning Helium Ion Microscope (SHIM or HIM) is an imaging technology similar to the 

scanning electron microscope, but it has a certain advantage over SEM; its high source brightness, 
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and the short De Broglie wavelength of the helium ions, which is inversely proportional to their 

momentum. With a HIM, it is possible to obtain qualitative data not achievable with conventional 

microscopes, which use photons or electrons as the emitting source and it is based on a scanning 

helium ion beam. As the helium ion beam interacts with the sample, it does not suffer from a large 

excitation volume, and hence provides sharp images on a wide range of materials. Also there is no 

discernible sample damage due to relatively light mass of the helium ion.8-10 Helium gas is ionized at 

the source tip that contains three atoms or a trimer. The He+ ion beam is extracted and accelerated 

down to the column where it is focused to a sum-nanometer size for secondary electrons (SE) 

microscopy, backscattering ion (BI) microscopy, and Rutherford backscattering spectroscopy (RBS). 

 

Figure 4.5 Schematic of Helium Ion Microscope 

In this study, the film microstructures of the samples were examined using a Helium Ion 

Microscope (HIM, Orion Plus, Carl Zeiss SMT, Peabody, MA) before and after irradiation. The 

schematic of the HIM is shown in (Figure 4.5). High-resolution HIM is an efficient tool to study the 
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microstructures of the films. This measurement was performed for the film before and after 

irradiation to study the microstructural changes. This new technique shows advantages over the 

conventional Scanning Electron Microscopy (SEM) in that it has a larger depth of view, a higher 

image contrast, a better spatial resolution, and a smaller electronic energy deposition density, among 

others. 

4.4.3 Physical Property Measurement System (PPMS) 

Physical Property Measurement System (PPMS) (Quantum Design INC) enables the 

measurement of phenomena such as the magneto-caloric effect, magneto-striction and magneto-

resistance over a wide range of temperatures at magnetic fields of up to 7 Tesla. PPMS is similar to 

the Magnetic Property Measurement System (MPMS), which performs DC characterization utilizing 

a reciprocating sample and SQUID (Superconducting Quantum Interference Device) detection for 

ultimate resolution at magnetic fields up to 5 Tesla.8-10 For this study, the magnetic properties were 

measured for the as-deposited and post-irradiated films using Physical Property Measurement 

System (PPMS, Quantum Design, San Diego, CA) with the AC Magnetic Susceptibility (ACMS) 

attachment. 

4.4.4 Atomic Force Microscopy (AFM) and Magnetic Force Microscope (MFM) 

Atomic Force Microscopy (AFM), also known as Scanning Force Microscopy (SFM) is a 

type of scanning probe microscopy, which has a very high-resolution on the order of nanometers. 

This works on the principle of cantilever deflection where the tip of the cantilever is brought into 

proximity of a sample surface and the forces between the tip and the sample lead to a deflection of 

the cantilever according to Hooke's law.8-10 This deflection is calibrated to give the surface 

topography, atomic layer, chemical bonding and other details. The surface topography for the 

unirradiated and irradiated films was studied in this research using the AFM measurement technique. 

When the AFM is used to measure the magnetic forces by a magnetic tip, it is termed as Magnetic 
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Force Microscope (MFM). In this study, the MFM technique is used to study the magnetic domains 

and inter-domain interactions in the unirradiated and irradiated samples.  The MFM images were 

obtained using a Multimode Atomic Force Microscopy (AFM, Digital Instruments, Nanoscope IIIA, 

Veeco Metrology, Santa Barbara, CA), a cobalt-coated probe tip (MESP, 70 kHz) and a lift height of 

~20 nm. 

4.4.5 Transmission Electron Microscope (TEM) 

Transition 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 4.6 Schematic of Transmission Electron Microscope 

4.4.6 Scanning Electron Microscope (SEM) 

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 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 4.7. 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 
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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 4.7 Schematic of Scanning Electron Microscope 

4.4.7 Energy-Dispersive X-ray Spectroscopy (EDX) 

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 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 
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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.  

4.4.8 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 

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. 
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Figure 4.8 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 

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.  

4.4.9 Van der Pauw Electrical Conductive Measurement 

The van der Pauw method was first propounded by Leo J. van der Pauw in 1958. The 

method is a technique commonly used to measure the resistivity and the Hall coefficient of a sample. 

Its power lies in its ability to accurately measure the properties of a sample of any arbitrary shape, so 

long as the sample is approximately two-dimensional (i.e. it is much thinner than it is wide), solid, 

and the electrodes are placed on its perimeter. The measurements require that four ohmic contacts be 

placed on the sample as shown in Figure 4.9.  
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Figure 4.9 Schematic of the Van der Pauw Sample of Fe-granular film on Silicon Substrates 

Certain conditions for their placement need to be met: They must be on the boundary of the 

sample (or as close to it as possible). They must be infinitely small. Practically, they must be as small 

as possible; any errors given by their non-zero size will be of the order D/L, where D is the average 

diameter of the contact and L is the distance between the contacts. In addition to this, any leads from 

the contacts should be constructed from the same batch of wire to minimize thermoelectric effects. 

For the same reason, all four contacts should be of the same material. The contacts are numbered 

from 1 to 4 in a counter-clockwise order, beginning at the top-left contact. The current I12 is a 

positive DC current injected into contact 1 and taken out of contact 2, and is measured in amperes 

(A). The voltage V34 is a DC voltage measured between contacts 3 and 4 with no externally applied 

magnetic field, measured in volts (V). The resistivity ρ is measured in ohms-metres (Ω-m). The 

thickness of the sample t is measured in meters (m). The sheet resistance RS is measured in ohms 

(Ω). Therefore, it is possible to obtain a more precise value for the resistances R{12,34} and 
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R{23,41} by making two additional measurements of their reciprocal values R{34,12} and R{41,23} 

and averaging the results.  

 

4.4.10 X-ray Photoelectron Spectroscope (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 

technique that measures the elemental composition at the parts per thousand range, empirical 

formula, chemical state and electronic state of the elements that exist within a material. XPS spectra 

are obtained by irradiating a material with a beam of X-rays while simultaneously measuring the 

kinetic energy and number of electrons that escape from the top 0 to 10 nm of the material being 

analyzed. XPS requires high vacuum (P ~ 10−8 millibar) or ultra-high vacuum (UHV; P < 10−9 

millibar) conditions, although a current area of development is ambient-pressure XPS, in which 

samples are analyzed at pressures of a few tens of millibar. XPS is a surface chemical analysis 

technique that can be used to analyze the surface chemistry of a material in its as-received state, or 

after some treatment, for example: fracturing, cutting or scraping in air or UHV to expose the bulk 

chemistry, ion beam etching to clean off some or all of the surface contamination (with mild ion 

etching) or to intentionally expose deeper layers of the sample (with more extensive ion etching) in 

depth-profiling XPS, exposure to heat to study the changes due to heating, exposure to reactive gases 

or solutions, exposure to ion beam implant, exposure to ultraviolet light.  

4.5 Irradiation Experimental Setup 

As a part of this study, the Fe3O4 and FeO+Fe3N granular thin film samples were subjected 

to 5.5 MeV Si2+ ion irradiation to fluence of 1016 ions/cm2 and 2 MeV He+ ions irradiations to 

fluence of 3×1015 ions/cm2 at room temperature. These radiation exposure experiments were carried 

out in an ‘Ion Accelerator System’ located at Environmental Molecular Science Laboratory (EMSL) 
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at Pacific Northwest National Laboratory (PNNL), Richland.11 Detailed description of experimental 

setup can be found in published literatures.12,13 The schematic representation of the ion accelerator 

system setup is shown in Figure 4.10. As depicted in the figure, the radiation setup consists of main 

parts like the ion source, 3.0 MV electrostatic tandem ion accelerator (NEC model 9SDH-2), 

injector, analyzing magnets, beam lines, and end stations. The gas is ionized in the source and is 

allowed to pass through a series of accelerators, which are controlled by the electric fields. The 

emerging ions, with high kinetic energy, were then directed using beam lines to the end stations and 

allowed to strike the samples. The Faraday cup serves the purpose of measuring the number of ions 

or electrons hitting the cup based on the resulting current measured from the metal (conductive) cup, 

which catches the charged particles in vacuum.  

The source contains both Radio Frequency (RF) plasma source and SNICS II (Source of 

Negative Ions by Cesium Sputtering) ion source. The RF source is dedicated to producing ions from 

gases. Ions from most other elements are produced from solid sources using Cs+ sputtering in the 

SNICS II ion source. Negative ions from either source can be injected into the accelerator by an 

injector magnet at the system's low-energy beam line. The low-energy beam line is equipped with 

several other components that include an electrostatic x-y steerer to steer the beam, a beam profile 

monitor to measure the profile of the ion beam, a Faraday cup for current measurements, and an 

Einzel lens for focusing. The electrostatic accelerator is equipped with two Pelletron charging chains 

capable of carrying 300 mA of charging current to the terminal. Since the tandem accelerator 

provides two stages of acceleration (i.e., negative ion acceleration from the source end to the 

terminal in the middle and positive ion acceleration from the middle to the high-energy end), the 

final energy depends on the charge state of the ion. The accelerated ions can be focused through the 

high-energy beam line using a magnetic quadrupole and a y-axis electrostatic steerer, which are 

attached to the high-energy beam line. The analyzing (switching) magnet is equipped with seven 

ports at ±45°, ±30°, ±15°, and 0° with respect to the accelerator.  
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Figure 4.10 Schematic representations of the ion accelerator system set up for irradiation 

experiments. 

Currently, three beam lines, located at the +30°, +15°, and -15° ports of the analyzing 

magnet, along with corresponding end stations, have been established for materials modification and 
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analysis. Turbo pumps are attached to all beam lines and ion sources. Typical base pressure in the 

low-energy beam line is 1×10-8 Torr to 2×10-8 Torr, and the mid-to-high 10-9 Torr range in the high-

energy beam lines. When the ion accelerator is in operation, typical pressures in the high-energy 

beam lines are in the low-to-mid 10-8 Torr range. The +15° beam line equipped with an NEC raster 

scanner unit is dedicated to performing ion implantation and irradiation in the samples.  The beam 

rastering system is used to ensure uniform irradiation over an area covering the entire sample 

surface. All of the three end stations serve their own purposes based on whether they are equipped 

with most of the standard ion beam analytical capabilities, including Rutherford Back Scattering 

(RBS), Nuclear Reaction Analysis (NRA), Particle Induced X-Ray Emission (PIXE), Scanning 

Transmission Ion Microscopy (STIM), Elastic Recoil Detection Analysis (ERDA) and Proton Elastic 

Scattering Analysis (PESA). Also the samples can be placed in the sample manipulator, which has 

three axes of rotations (polar, azimuth, and tilt), three axes of translation (x, y, and z), and is 

interfaced with sample transfer capability and the manipulator has the capability for heating samples 

to 1300 K or cooling them to 130 K. For this study the +15° beam line was used to expose the 

samples to ion irradiations. The advantage of this beam line is it has beam rastering system, sample 

manipulator and other measurement facilities like RBS, ERDA and NRA. 
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Chapter 5: Synthesis, Structure, and Electronic Structure of Pure and Cr-doped Ni 

Nanoparticles 

5.1 Introduction  

Stainless steel (SS) is a common material used in nuclear reactors which has Ni and Cr 

content to improve strength, and Ni-based alloys have good high temperature application. Chromium 

brings resistance to corrosion while nickel offers greater toughness at a specified carbon level. Since 

Ni and Cr are the major contributors for improved high temperature strength in SS and Ni 

nanoparticles have been extensively studied for diverse applications over a few decade, utilizing Ni 

nanoparticles with Cr-doping in SS could positively impact the dispersion strengthening 

phenomenon in SS. Understanding their structural and electronic properties at nanoscale becomes 

essential. Although characteristics of Ni-Cr super-alloys are well established, the atomic percentage 

of Cr in these alloys are usually over 20 at.% and less is known for Cr concentration less than 10 

at%. Therefore, in this study Ni and Cr doped Ni core-shell nanoclusters (NCs) are investigated for 

their structure and electronic properties. It has been very well established that properties and the 

behavior of nanoparticle of metals and alloys as well as their oxide or compound critically depend on 

the particle characteristics, such as size, morphology, crystal structure, and the surface 

characteristics.1-9  Ni nanoparticles have been extensively studied for applications related to 

sensors,10 magnetic recording media,7 catalysis,11 magnetic fluids,12 and biomedical sensing.13  Ni 

nanoparticles can be fabricated by either a physical or a chemical method, such as pyrolysis,14 

sputtering,15 reversedmicelles,16,17 sonochemical deposition,18 aqueous and nonaqueous chemical 

reduction,19-21 and polyol process.22-26  The crystal structure, morphology, size and size distribution 

of the particles greatly depend on the processing parameters and at some degrees can be tailored for a 

specific structural feature.  For example, either the face-centred cubic (fcc) or hexagonal close-

packed (hcp) structured Ni nanoparticles can be obtained by adjusting the processing parameters27-29.   
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As similarly with all other metal particles, Ni nanoparticles exposed to air or oxygen-

including atmosphere is oxidized instantly, a process normally called initial oxidation.30  Under the 

framework of the Cabrera-Mott theory of oxidation of metal,31 the initial oxidation process of metal 

can be described as the following: (i) upon initial attachment of oxygen onto the surface of the metal 

and formation of a thin layer of oxide, (ii) an electron tunnels through the thin oxide layer and (iii) 

ionizes the oxygen, leading to an electrical field between the metal and the surface of the oxide layer. 

The electrical field will subsequently drive outward diffusion of the ionized metal.32,33  As a result of 

the initial oxidation, metallic nanoparticle exposed to air at room temperature is normally covered by 

an oxide layer, leading to the formation of metallic core and oxide shell structure.  Therefore, the 

behavior and properties of metallic nanoparticles exposed to air at room temperature is essentially 

determined by a combination of the metal core and the oxide.34-36  Contrasted with the understanding 

of high temperature growth of thick oxide layer, less is known about the initial oxidation process of 

metal and the structural nature of their product.  For example, controlled oxidation of metallic 

nanoparticles at high temperature enables tailoring of hollow and core-shell structured metal and 

oxide nanoparticles for specific applications.37-43  However, it is far more difficulties to know the 

structural nature of the oxide layer formed on most of metallic particles following the initial 

oxidation.  This is related to the nature of the initial oxidation process, which has three features: (i) 

the formed oxide layer is normally just a few nm thick, (ii) the initial oxide growth is nearly 

instantaneous and (iii) most elements present may be oxidized.  Depending on the type of migrating 

lattice defects, the oxide can grow from the metal-oxide interface (oxygen ions are transported 

inward) or from the oxide-environment interface (metal ions are transported outward).  Initial 

oxidation is the start of a transient phase during which each element present may be oxidized.  After 

this transient stage, a more uniform and often layered oxide structure with a gradient of oxidation 

states (and sometimes in composition) is formed.  Therefore, a great challenge for understanding the 
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properties of nanostructure particles is the understanding of the oxide shell on the surface of the 

nanoparticle formed during the initial oxidation.   

Although nanoparticles of metal and compounds can be fabricated through chemical route 

with controlled characteristics, such as composition, size, shape, crystal structure and surface 

properties, the particle processed by the chemical route is normally stabilized by a layer of 

surfactant.3,5,40  This surfactant will inherently modify the oxidation behavior of the otherwise a clean 

surface.  To avoid any modification of a pristine metal surface before exposing to air, the 

nanoparticle used in this work was processed by a cluster deposition process.  In this article we 

report the structure, morphology, surface characteristics, and electronic structure of the pure and Cr-

doped Ni nanoparticles.    Microstructure of pure and Cr-doped Ni nanoparticles exposed to air at 

room temperature were studied using high resolution transmission electron microscopy (HRTEM), 

selected area electron diffraction, x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS) 

and electron energy-loss spectroscopy (EELS).  The results present a comprehensive understanding 

of the bulk and surface structure of both pure and Cr-doped Ni nanoparticles. 

5.2 Sample Preparation 

The nickel nanoparticles were synthesized using the cluster deposition system (CDS) in Dr. 

You Qiang’s Laboratory at the University of Idaho. The details of the cluster deposition system can 

be found in chapter 3 and in the previous papers.44,45 With this system nanoparticles can be prepared 

with different particle sizes, ranging from 5 nm to 100 nm and the size variance can be achieved by 

altering the sputtering conditions like Ar-He ratio, the aggregation distance, and the supplied power. 

The size of the Ni nanoparticles was determined using Transmission Electron Microscopy (TEM). 

VSM measurements were also done on each sample to study the magnetic saturation, magnetic 

coercivity, and magnetic remanence of the particles. The TEM images in Figure 4.1 shows the 

various particle sizes of Ni nanoparticles that can be attained using the CDS.  
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Figure 5.1 TEM image showing the different sized Ni nanoparticles prepared using CDS. 

The gas flow rate of Ar and He and the Ar-He ratio for achieving different particle sizes 

shown in Figure 5.1 and their corresponding magnetic properties are listed in Table 5.1. The 

aggregation distance and the supplied power for all the four samples were maintained constant at 288 

mm and at 200 W. 

Table 5.1 Sputtering conditions and magnetic properties corresponding to different particle size 

shown in Figure 5.1 

Exp.  

No 

Ar-He  

Flow (sccm) 

Ar-He 

ratio 

Particle 

Size (nm) 

Magnetic 

Saturation (emu/g) 

Remanence 

(emu/g) 

Coercivity 

(emu/g) 

1 450-50 9 ̴ 35 25 0.2 10 

2 393-41 9.59 ̴ 40 33 0.2 9 

3 350-35 10 ̴ 45 35 1.2 20 

4 400-28 14.29 ̴ 50 37 0.3 12 

 

In order to prepare the Cr-doped Ni nanoparticles, Cr dopant was added at two nominal 

concentrations: 5at% and 10at%.  Therefore, the pure Ni, 5at% and 10at% Cr-doped samples were 

correspondingly designated as Ni, Ni5Cr, and Ni10Cr.  The deposition process was completed in a 

nanocluster deposition system, which combines a new kind of sputtering-gas-aggregation cluster 

beam source with an atom beam from magnetron sputtering.  The dopant concentration is controlled 

by adjusting the relative area of Ni and Cr on the sputtering target. Particles were initially deposited 

in a source chamber.  After deposition they were exposed to ambient air and the expected oxide layer 

formed on the surface of each nanoparticle.  The size of the nanoparticles depend on the He:Ar ratio, 
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pressure inside the chamber and the distance the clusters travel inside the source chamber. The 

deposition rate was variable up to 10 mg/h, measured in situ with a rotatable quartz microbalance.  It 

should be realized that the morphology of the particle depends on the material.  The general 

structural features of Fe particles synthesized by this method have been reported in detail in previous 

publications34-36.   

The phase of the deposited particles was analyzed using X-ray diffraction (XRD), which is 

collected on the nanopartilces mounted on a silicon wafer.  The analysis utilized a Rigaku D/MAX 

RAPID II microdiffractometer with a curved imaging plate and a rotating Cr anode operating at 35 

kV and 25 mA.  An optical prefix consisting of horizontal and vertical mirrors specific to Cr Kα 

provided focused X-rays at the sample position.  A collimator (0.1 mm to 0.8 mm) optimized the 

resolution and signal-to-noise ratio of the diffraction patterns. The incident beam path was purged 

with He gas to improve X-ray flux at the sample position. The software JADE 8.5 (Materials Data 

Inc.) was used to analyze X-ray diffraction data.   

Particle size, morphology, and crystallographic structural feature of individual particle were 

analyzed using HRTEM imaging and electron diffraction.  These were carried out on a JEOL JEM 

2010 microscope with a LaB6 filament and a specified point-to-point resolution of 0.194 nm. The 

operating voltage on the microscope was 200 kV.  All images were digitally recorded with a slow-

scan CCD camera (image size 1024 x 1024 pixels).  The actual concentration of the Cr in the Ni 

particle was analyzed using energy dispersive x-ray spectroscopy (EDS) in a transmission electron 

microscope (TEM).  The EDS spectra were collected using Oxford link system which is attached to 

the TEM.   

In order to check if the Cr is enriched on the surface of the particle, x-ray photoelectron 

spectroscopy (XPS) is used to analyze the particle.  The XPS measurements were carried out using a 

Physical Electronics Quantum 2000 Scanning ESCA Microprobe system with a focused 

monochromatic Al K X-ray (1486.7 eV) source and a spherical section analyzer.  The XPS spectra 
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were collected using a pass energy of 23.5 eV.  The spectra were referenced to an energy scale with 

binding energies for Cu (2p3/2) at 932.67  0.05 eV and Au (4f) 84.0  0.05 eV.  Binding energies 

were corrected for sample charging using the C(1s) peak at 284.6 eV for adventitious carbon as a 

reference.  The concentration and distribution depth profile was also analyzed by electron sputtering 

of the film.  

The electronic structure of the surface oxide was analyzed using electron energy loss 

spectroscopy (EELS) in TEM.  The EELS analysis was carried out using Gatan Image Filter 

(GIF2000), which is post-column attached to the JEOL JEM-2010 TEM.  The EELS spectra were 

acquired in image-coupling mode (with a diffraction pattern on the TEM view screen).  A 2-mm 

entrance aperture and an energy dispersion of 0.2 eV/channel were used.  To improve the energy 

resolution, the LaB6 filament was operated in an undersaturated condition.  This configuration gave 

an energy resolution of 1.2 eV as measured by the full-width-at-half-magnitude of the zero-loss 

peak.  Each spectrum acquisition time was typically ~10 s.  A power-law background was removed 

from the spectra.  

5.3 Results and Discussion 

5.3.1 Structure and Morphology of the Particles 

Metallic Ni normally crystallizes in the face centered cubic (fcc) structure and nickel oxide 

(NiO) exists in the form of rock salt structure as schematically drawn in Figure 5.2.  The structure of 

the particles exposed to air at room temperature was analyzed using XRD and the results were shown 

in Figure 5.3.  It has been found that all three samples are a mix of metallic and oxide phase.  

Regardless the Cr dopant concentration, the metallic phase in the nanoparticle can be indexed as the 

fcc structured Ni and the oxide phase can be indexed as the rock salt structured NiO.  Ni and Ni10Cr 

samples show much similar features on the XRD patterns, which are characterized by a relatively 

strong and wide peaks related to NiO and as compared with that of Ni5Cr, indicating that both Ni 
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and Ni10Cr samples were dominated by a relatively high concentration of NiO and the overall 

particle size is smaller than that in the sample Ni5Cr. 

  

Figure 5.2 Ball and stick model showing the face centered cubic (fcc) structured Ni and the rock salt 

structured NiO 

 

Figure 5.3 XRD of pure and Cr-doped Ni nnaoparticles.  Samples Ni and Ni10Cr were dominated 

by oxide phase and Ni5Cr is dominated by metallic phase. 

Quantitative analysis of the lattice parameters of both metal and oxide are summarized in 

Table 5.2.  Ni has an atomic size of 1.35 Å and Cr corresponds to 1.40 Å.   
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Table 5.2 The nominal and measured Cr/Ni atomic ratio as well as the measured lattice constant of 

the NP 

Sample 

ID 

Nominal 

Cr dopant 

conc. at% 

Cr:Ni 

atomic ratio 

by EDS 

Cr:Ni 

atomic ratio 

by XPS 

Lattice constant of 

alloy (Å) 

Lattice constant of 

oxide (NiO) (Å) 

Measured Literature Measured Literature 

Ni 0 0 0 3.528 3.524 4.172 4.177 

Ni5Cr 5 3.81:96.19 3.77:96.23 3.527 3.524 N/A N/A 

Ni10Cr 10 5.58:94.42 4.71:95.29 3.583 3.524 4.160 N/A 

 

The ionic radii of Ni is 0.55 Å, the ionic radii of Cr is ranging from 0.55 to 0.80 Å 

depending on the valence state.  Therefore, the addition of Cr into the lattice of both Ni and NiO will 

not be expected to induce significant change of the lattice constants.  In addition, related to the small 

size of the nanoparticle, the diffraction peak broadening makes it hard for measuring such a small 

change of lattice constant.  At this sense, the estimation of the lattice constant with the addition of Cr 

is believed not significant.   

 

Figure 5.4 Representative TEM images showing an overall view of the nanoparitlces.  (a) Sample 

Ni, (b) Sample Ni5Cr, and (c) Sample Ni10Cr.  The inset within (a), (b), and (c) corresponds to the 

selected area electron diffraction pattern of the each sample.  (d) Matching of the experimental 

diffraction pattern using sample Ni as a representative case with the calculated patterns of both fcc 

structured Ni and NiO 
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The structural features derived from the XRD diffraction analysis are consistently supported 

by the TEM imaging and electron diffraction analysis. Figure 5.4(a) shows the general morphology 

of the particles for all three samples along with the correspondingly selected area electron diffraction 

pattern. Overall, the particle size in samples Ni and Ni10Cr (Figure 5.4(a&b)) are smaller than that in 

sample Ni5Cr. All three samples show similar features on the selected area electron diffraction 

pattern, which is a superposition of fcc structured Ni and rock salt structured NiO, which is 

representatively matched with the calculated diffraction patterns as shown in Figure 5.4(d). 

 

Figure 5.5 Representative TEM images typical showing two types of nanoparticles in the sample 

Ni5Cr.  (a) Core-shell structured particles and (b) fully oxidized particle with a cubed morphology. 

High magnification TEM imaging reveals that all three samples are similarly featured by a 

mix of two types of particles. The relatively large particle shows a core-shell structure, featuring a Ni 

metal core covered by an oxide layer as illustrated in Figure 5.5(a).  Formation of the oxide is the 

consequence of the surface oxidation of the Ni nanoparticles when they are exposed to air at room 

temperature.  At the same time, there exists a large collection of small and cube-shaped particles 

(Figure 5.5(b)), which show high proportion in the samples Ni and Ni10Cr.  HRTEM imaging 

reveals that the metal particle is slightly faceted on the (111) planes and normally possesses (111) 
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twins within the particles as representatively shown in Figure 5.6(a) for the case of sample Ni5Cr.  

The oxide shell covering the metal particle is pretty thin with a typical thickness of ~ 1.6 nm (Figure 

5.6(a)). No specific crystallographic orientation relationship between the surface layer and the metal 

core can be identified.  HRTEM imaging indicates that the small and cube-shaped particle is a fully 

oxidized NiO particle, featuring a single crystal and faceting on the (100) planes (Figure 5.6(b)).   

 

Figure 5.6 HRTEM image showing the lattice image of both core-shell and fully oxidized the fully 

oxidized particle in sample Ni5Cr.  (a) The core-shell structured particle.  The thickness of the shell 

is typically ~ 1.6 nm and note the (111) twin in the fcc structured Ni nanoparticle.  (b) The fully 

oxidized nanoparticle is a single crystal NiO and note the faceting of particle on the (100) planes. 

 

Figure 5.7 HRTEM image showing the lattice image of the fully oxidized particle in sample Ni.  

Note the trapping of cavity within this fully oxidized particle and faceting of cavity on the (100) 

planes. 
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There exists a critical size of ~ 6 nm, below which the particle is fully oxidized and above 

which the particle forms a core-shell structure. Furthermore, cavity can also be noticed in some of 

the fully oxidized particle and the cavity is also faceted on the (100) planes as representatively 

shown in Figure 5.7 for the sample Ni.  It is far more interesting to note that the fully oxidized NiO 

nanoparticle corresponds to a single crystal and is faceted on the (100) planes.  It has been observed 

that the iron oxide nanoparticle formed by oxidation of Fe at room temperature is characterized by a 

multi-domain structure and shows a spherical morphology.35,36  This likely indicates that during the 

oxidation of Ni in air at room temperature, it subject to significant re-arrangement of atoms within 

the oxide.  Furthermore, it has been noticed that the oxide layer formed on Fe is about 3 nm, while 

for Ni, it is only about 1.6 nm.  The critical particle size for complete oxidation of Fe is ~ 8 nm, 

which contrasts with the dimension of ~ 6 nm for Ni.  The morphological and structural differences 

between the oxide layer formed on Ni and Fe nanoparticles are closely related to the differences in 

the electronegativity between Ni and Fe for oxidation.  It would be expected that the oxidation rate 

of Fe is much faster than that for Ni.    

5.3.2 The Cr distribution 

Three critical questions that need to be addressed in the Cr doped Ni nanoparticels.  (1) The 

dopant concentration is targeted as Cr:Ni = 5:95 in atomic ratio for sample Ni5Cr,  and Cr:Ni = 

10:90 in atomic ratio for sample Ni10Cr.  However, what is the true concentration of Cr indeed 

doped in the particle? (2) The spatial distribution of the Cr, does the Cr form solid solution with the 

Ni lattice or does it segregate to the surface of the particle, or does it exist as a Cr-based separate 

phase?  (3) What is the effect of initial oxidation on the distribution of the Cr, does Cr preferentially 

oxidize to form Cr2O3? The actual Cr concentration is analyzed by EDS at two different scales.  At a 

large scale, the electron beam was spreaded overall a large area, covering a large agglomeration of 

particles.  The result of this analysis reflects the overall composition of the particle.  At a finer scale, 

the electron beam is focused on to a single particle, which gives the composition of single particle.  
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The EDS analysis indicates that at both scales the Cr:Ni ratio consistently falls to Cr:Ni = 3.81:96.19 

for sample Ni5Cr and Cr:Ni = 5.58:94.42 for sample Ni10Cr (Figure 5.8).   

 

Figure 5.8 EDS spectra of samples Ni, Ni5Cr and Ni10Cr 

Apparently, the actual concentration of Cr is less than what has been initially targeted.  The 

EDS analysis indicates that the Cr dopant is uniformly distributed on a single particle scale for both 

sample Ni5Cr and Ni10Cr.  This is also further confirmed by EELS analysis of individual particle as 

shown in Figure 5.9.  For EELS analysis, the slightly overlapping of the Cr L2,3 edge with the O K-

edge makes it complicated from the background removal.  Therefore, no attempt was made to 

quantify the Cr/Ni ratio using the EELS spectra.  However, due to the high spatial resolution of 

EELS, it has been noticed that all the particles analyzed by EELS is composed of both Cr and Ni.  

XRD, electron diffraction analysis and HRTEM imaging all collectively indicate that no secondary 

phase of either pure Cr or corundum structured Cr2O3 was formed, demonstrating that the Cr is 

indeed distributed in the lattice of Ni to form a solid solution.   
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Figure 5.9 EESL spectra obtained from a single oxide particle showing the O K-edge, Cr L2,3-edge, 

and Ni L2,3-edge 

   

Figure 5.10 XPS spectra showing the peaks of Cr-2p, Ni-2p and O-1s for samples Ni, Ni5Cr, and 

Ni10Cr 

Due to short escape distance of photoelectrons, the XPS signal mostly reflects the 

composition of surface of the particles. Therefore, possible segregation of the Cr on the surface of 

the particle was identified using XPS analysis. Figure 5.10 shows the representative XPS spectra of 

Cr 2p, Ni 2p, and O 1s. XPS quantification in terms of Cr:Ni atomic ratio is summarized in Table 

5.1. It is apparent that the Cr:Ni atomic ratio obtained by XPS is approximately consistent with that 
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obtained by EDS. Therefore, it is confirmed that the oxide layer is a uniform structure with Cr as 

similarly as in the bulk composition. Above analysis clearly indicates that the Cr at a concentration 

of ~ 5 at% forms solid solution with Ni lattice. Room temperature exposure of the Cr-doped Ni 

nanoparticle in air does not lead to the preferential oxidation Cr to form Cr2O3. This is markedly 

contrasted with the case of high temperature oxidation of Ni-Cr superalloy for which the Cr is 

preferentially oxidized to form Cr2O3, subsequently preventing further oxidation of Ni.46,47 However, 

this type of superalloy normally contains about ~20at% Cr, which is far more than what has been 

incorporated in the nanoparticle in the present work.    

5.3.3 The electronic structure of the nanoparticles 

XPS and EELS not only provide information with respect to the chemical composition of the 

sample, but also give the electronic structure of the samples.  Furthermore, XPS and EELS provide 

complementary information regarding the density of state of both valence band (XPS) and 

conduction band (EELS).  XPS is a very surface sensitive techniques and the information provided 

by XPS is mostly relevant with the surface structure of the sample.  The Ni 2p XPS of both pure and 

Cr-doped Ni nanoparticles is shown in Figure 5.10(b).  The spectra composed of two edges split by 

spin-orbit coupling as 2p1/2 and 2p3/2. Apparently, the Ni 2p3/2 edge shows significant differences for 

the pure Ni and Cr-doped Ni particles.  The Ni 2p3/2 edge is composed of three peaks labeled as P1, 

P2 and P3 in Figure 5.10(b).  Chang et al48 has observed similar structural features on Ni film 

exposed to 1 atm high purity oxygen for 2 hours.  Based on the features of XPS spectra obtained on 

both Ni oxidized at room and high temperature and NiO 48-55, it can be generally concluded that P1 

located at binding energy of 853.2 eV corresponds to the Ni metal peak, P2 located at binding energy 

of 854.2 eV is contributed by Ni2+, and P3 located at binding energy of 856.1 eV is associated with 

either Ni3+ of defect Ni2O3
52,53,56 corresponding to the excited 3d states with the 3d7 electron 

configuration57,58 or Ni(OH)2.54,55  It can be seen from Figure 5.10(b) that the pure Ni particle shows 

peaks associated with metallic Ni, Ni2+ and Ni3+ or Ni(OH)2 in approximately equal intensity.  With 



82 

 

the addition of Cr dopant, the peak associated with the metallic Ni is suppressed, which is especially 

true for the sample Ni5Cr.   

Based on HRTEM imaging, it can be seen that the oxide shell formed on the surface of the 

nanoparticle is pretty thin, with a typical thickness of ~ 1.6 nm as shown in Figure 5.10(a).  

Consistent with this observation is the results of Railsback et al.38.  They have observed that Ni 

nanoparticles synthesized by a chemical route and exposed to air at room temperature is covered by 

an oxide layer with a thickness ranging from 1.3 nm to 3.9 nm.38  This thickness is approximately 

comparable with the Ni 2p photoelectron escape distance of approximately 1 ~ 2 nm.  Therefore, the 

existence of the Ni metal peak is related to the thin nature of the oxide layer formed on the Ni 

nanoparticle. Similarly, Chang et al has observed that following the exposure of Ni film at room 

temperature in oxygen for 2 hours, they still can see a strong metallic peak on the XPS of Ni 2p and 

they attribute this to a slow oxidation kinetics of Ni based on both theoretical and experimental 

work.51,59  

The O 1s XPS spectrum shows two significant peaks as shown in Figure 5.10(c).  The peak 

located at a binding energy of ~ 529.9 eV is associated with O2-.53,55  The other peak with a binding 

energy of ~ 531.5 eV corresponds to OH-.53,55 and this peak appears to be dominant features for all 

three samples.  Considering the features of both the O 1s and the Ni 2p XPS spectra as shown in 

Figure 5.10, it can be generally concluded that the peak P3 in the Ni 2P3/2 edge is associated with 

Ni(OH)2.  Given the fact that XPS is a surface sensitive tool, it can be seen that both pure Ni and Cr-

doped Ni nanoparticles that exposed to air is covered by a Ni(OH)2 layer on the very top of the 

particle surface. 

EELS spectra represents excitation of core electron to unoccupied orbitals.  Contrary to the 

XPS that maps the density of state of valence band, EELS maps the density of state of conduction 

band.  Furthermore, the primary electrons used in EELS transmit through the sample, EELS gives 

the electronic structure of the whole particles, rather than only the surface region.  Given the fact that 
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all particles were covered by a native oxide layer as discussed in previous sections, it is informative 

to measure the fine structural feature of the EELS on O K-edge.  For EELS measurement, the 

electron beam was focused on the oxide layer.  Figure 5.11 shows the representative EELS O K-edge 

of both pure and Cr-doped Ni particles.  The O K-edge shows four peaks, which are labeled a, b, c, 

and d in Figure 5.11.  To exclude the uncertainty regarding the absolute energy scale, the spectra 

shown in Figure 5.11 are all aligned with the pre-peak a at 532 eV.  Overall, the O K-edge shows the 

typical features of the NiO as reported in literatures.60-63  Qualitatively, the heights and the positions 

of these four peaks can be used to obtain information about the electronic structure and the 

coordination chemistry of the absorbing O atoms including information about 1) the valence state of 

Ni, 2) the average and distribution of the interatomic distances between the absorbing O and its 

nearest and next-nearest neighbors, 3) the nature of the Ni-O bond (degree of covalency vs. ionicity), 

and 4) coordination number. 

 

Figure 5.11 Detailed comparison of EELS O K-edge obtained from the oxide particle for samples 

Ni, Ni5Cr and Ni10Cr.  All spectra were aligned at the pre-edge peak a at an energy loss position of 

532 eV.  The peaks intensity a:b is measured and marked in the figures for quantitative analysis of 

the spectra. 
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Kanda et al60 have calculated the EELS spectra of O K-edge for NiO, which provide 

fundamental insights in terms of atomic orbitals and electron transitions on the understanding of the 

observed EELS spectra.  The pre-peak a is located at ~532 eV, which can be interpreted as a 

transition from the O 1s core state to the unoccupied states of O 2p hybridized with the metal 3d 

states.  Therefore, the intensity of the pre-peak a will reflect the unoccupied 3d state in the metal 

atoms available for mixing with the O 2p states, as well as the cation-oxygen bond length.   To 

quantitatively understand the effect of the ratio of each peak, the intensity ratio of peak a to peak b is 

measured.  For the pure Ni particle sample, the a:b = 0.49, which is consistent with the values of 0.43 

and 0.55 measured in the paper of Mitterbauer et al63, 0.50 in the papers of Kurita et al 61 and 

Koyama et al.62  This also indicates that the oxide formed on the Ni metal particle is dominated by 

NiO as indicated by XRD, electron diffraction analysis, and HRTEM imaging as described in 

previous sections.   

The intensity ratio of peak a to peak b for the Cr doped sample is measured to be ~ 0.56 and 

0.69 for samples Ni5Cr and Ni10Cr, respectively, which is apparently larger than that of NiO.  Cr 

has an electronic structure [Ar]3d54s1, while Ni has an electronic structure [Ar]3d84s2. Therefore, it 

would be expected that substitution of Cr for Ni in the NiO will lead to a higher prepeak a as 

compared with that of pure NiO.64  The electronic structural information also provides evidence that 

Cr is indeed dissolved in the lattice of NiO, which is consistent with general chemical composition 

analysis and structural information obtained based on XRD, electron diffraction, and HRTEM 

imaging.   

From the electronic transition point of view, peak b, c, and d are generally attributed to the 

transition of the O 1s electron to O 2p unoccupied states hybridized with cations (Ni and Cr) 

unoccupied 4s and 4p states.  From the point of view of scattering resonance, it is known that the 

position of the resonance energy, E, and the radius of the scattering shell, R, satisfies the 

relationship: E*R2 = constant.65-67  Therefore, the resonance energy position scales inversely with the 
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square of the radius of the scattering shell.  Therefore, with the alignment of the prepeak a, any 

relative shift of peak b, c, and d on energy scale will corresponds to the change of the distance of 

absorbing oxygen to the surrounding cations.  It can be seen that the peak b, c, and d are all aligned 

at the same position on the energy scale for pure and Cr-doped samples.   This indicates that there is 

no substantial bond length change following the partial substitution of Cr for Ni in the lattice of NiO.   

5.3.4 General description of the structural features of the nanoparticles 

A combination of XRD, electron diffraction, HRTEM imaging, XPS, and EELS 

measurement provide key information regarding the morphology, structure, dopant distribution, 

surface species and electronic structure of both pure and Cr-doped Ni particles.  Both pure and Cr-

doped Ni nnaoparticle deposited by sputter deposition process shows no distinctive faceting on a 

specific crystallographic plane under the current deposition conditions.  Air exposure of the 

nanoparticles at room temperature leads to the formation of an oxide layer on the metal particle 

surface.  The oxide particle is the rock salt structured NiO.  Furthermore, the very top surface of the 

oxide layer is hydrolyzed and dominated by Ni(OH)2.  Therefore, the Ni nanoparticle exposed to air 

is featured by core-shell structure of three layers: Ni core-NiO layer-Ni(OH)2 surface species.  The 

oxide layer with a typical thickness of ~ 1.6 nm.  There exists a critical size of ~ 6 nm for pure Ni 

and Cr-doped sample below which the particle is fully oxidized.  The fully oxidized particle is a 

single crystal and faceted on the (100) plane of the NiO.  Cavities as a result of vacancy 

condensation have also been noticed in some of the fully oxidized NiO particle.  Mechanism on the 

formation of nanoscale void in the center of the oxidized nanoparticles is associated with process of 

Kirkendall Effect 68 by which the outward diffusion rate of Ni is much larger in the oxide layer than 

the inward diffusion rate of oxygen.  This process has been recently explored for tailoring of either 

single or bi-metallic hollow structured nanoparticles.39  However, it has also been noticed that 

exposure of the NiO nanoparticle under electron beam also lead to the formation of cavities.  

Therefore, it is appropriate to distinguish possible artifacts introduced during the TEM imaging.69  
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Cr dopant at the level of 5 at% was found to form solid solution with Ni lattice and the initial 

oxidation does not lead to the preferential oxidation Cr to form Cr2O3.  This is markedly contrasted 

with the situation of high temperature oxidation of Ni-Cr supperalloy.  It is a very well known 

phenomenon that the oxidation resistance of superalloy is relied on preferential oxidation of Cr to 

form a Cr2O3 layer, which prevents the oxidation of the underlying Ni.47,70  Furthermore, it is known 

that for the high temperature oxidation of Ni-Cr, the oxidation rate shows dependence on the Cr 

concentration.  Andreev et al71 reported that for Ni-Cr alloy with 10 at% Cr, the high temperature 

oxidation rate of the alloy is increased due to the high self-diffusivity of NiO lattice.  Based on the 

TEM imaging, the critical dimension for complete oxidation of the nanoparticle to form NiO for both 

pure and Cr-doped Ni nanoparticles is consistently falls to the value of ~ 6 nm, indicating that the 

addition of Cr at the level of 5at% into the lattice of Ni show no detectable differences on the 

oxidation rate of the Ni at room temperature.   

It is known that the behavior and properties of nanoparticles depend on their process method, 

handling history, and the environment in which the nanoparticles exist.72  For example, the amount 

of CeO1.5 in CeO2-x nanoparticles is a strong function of the particular synthesis methods used to 

make these particles.73-75 Therefore, it is likely that the structure and electronic structures we 

observed for the core-shell structured Ni nanoparticles and the fully oxidized nanoparticles are 

specific to these types of nanoparticles prepared by the present method.  Ni nanoparticles prepared 

by other processes and having different handling histories may exhibit different structures.  It is also 

very interesting to note that the Ni nanoparticle that is fully oxidized is a single crystalline NiO and 

shows faceting on the (100) planes.  This is markedly contrasted with the case of Fe nanoparticle.  

For the case of Fe nanoparticle, the small and fully oxidized particle normally exhibits a multi-

domain structure.35,36,69 
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5.4 Summary 

Air passivated pure and Cr-doped Ni nanoparticles with a size ranging from several 

nanometer to several ten nanometers show distinctive structural feature of three layered structures: a 

metal core covered by an oxide layer of ~1.6 nm and the very surface of the oxide layer is 

hydrolyzed to form Ni(OH)2.  There exists a critical size of ~ 6 nm.  For particles smaller than this 

critical size, the overall particles are fully oxidized to form rock salt structured NiO single crystal, 

which is faceted on the (100) surface.  Cavity can also be seen in the fully oxidized particle, which is 

a direct result of the outwards diffusion of Ni through the oxide layer.  For particle larger than this 

critical size, it possesses a core-shell structure.  Cr at the level of ~ 5 at% has been found to form 

solid solution with the Ni lattice.  The initial oxidation does not lead to preferential oxidation of Cr to 

form Cr2O3.  The following chapter discusses the heat treatment and doping effect on the Ni 

nanoparticles.  
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Chapter 6: Cr-Doping and Heat-Treatment Effects on Core-Shell Ni Nanocluster Films 

6.1 Introduction 

With nanomaterials and nanostructures gaining popularity in recent years to be used in 

different applications and fields like bio-medicine, data storage, and waste water treatment,1-3 fine 

tuning of the synthesis process of nanomaterials becomes very essential to meet the challenge of 

attaining desired surface morphology, stoichiometry, electrical and magnetic properties for specific 

applications. It has been found that dispersion strengthening through particles and precipitates in 

commercial alloys exhibit good corrosion resistance and mechanical properties even at elevated 

temperatures.4-5 Apart from the commercial oxide dispersion strengthened (ODS) alloys, dispersion 

of nano-sized clusters in the alloy matrix, also called as Nano Ferritic Alloys (NFA) has been found 

to show radiation and high temperature strength.6 It is well known that, properties and behavior of 

such nanoparticles of metals and alloys as well as their oxide or compound critically depend on the 

particle characteristics, such as size, morphology, crystal structure, and the surface characteristics.7,8,9 

Presence of impurities or dopants and exposure to aggressive environment like elevated temperature 

or pressure in these nanomaterials were known to have caused changes in magnetic and structural 

properties of metal nanoparticles.10,11,12 Therefore, it is significant to impose desired properties by 

engineering such nanoparticles and to understand their behavior separately before dispersing them in 

alloys. In nuclear reactors and gas turbines, materials exposed to high temperature results in 

degradation of material properties. The generation-IV nuclear reactor like Supercritical-water-cooled 

reactor (SCWR), Sodium-cooled fast reactor (SFR), and Lead-cooled fast reactor (LFR) are expected 

to have an operating temperature between 500 °C and 800 °C, which is much higher than the 

operating temperature of current generation nuclear reactors.13,14 Hence, high temperature strength is 

required in Gen-IV reactor materials. Although, the expectations are high for using the NFA in the 

Gen-IV reactors, much investigation is needed in this area. Stainless steel (SS) is a common material 

used in nuclear reactors which has Ni and Cr content to improve strength, and Ni-based alloys have 
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good high temperature application. Chromium brings resistance to corrosion while nickel offers 

greater toughness at a specified carbon level. Since Ni and Cr are the major contributors for 

improved high temperature strength in SS and Ni nanoparticles have been extensively studied for 

diverse applications over a few decade,15,16 utilizing Ni nanoparticles with Cr-doping in SS could 

positively impact the dispersion strengthening phenomenon. In Chapter 4 the synthesis, structure and 

electronic structure of the Ni and Cr-Ni nanoparticles were discussed. This chapter helps in 

understanding these property changes at nanoscale under high temperature as it is essential for 

applications. Although characteristics of Ni-Cr super-alloys are well established, the atomic 

percentage of Cr in these alloys are usually over 20 at.% and less is known for Cr concentration less 

than 10 at%. Therefore, in this study Ni (CS-Ni) and 5 at.% Cr doped Ni (CS-Ni5Cr) core-shell 

nanoclusters (NCs) are investigated for their behavior under heat-treatment (HT) at 600 °C. In this 

chapter we report the core-shell Nickel (CS-Ni) and 5% Chromium-doped core-shell Nickel (CS-

Ni5Cr) nanocluster (NC) films prepared by a nanocluster deposition system and the heat-treatment 

(HT) induced magnetic, structural and electrical property changes. Both the films were heat-treated 

at 600 °C for 30 min under a constant flow of Argon gas. The presence of antiferromagnetic Cr in 

the as-prepared CS-Ni5Cr film is found to reduce the saturation magnetization. Interestingly, after 

HT Cr contributes to the enhancement of saturation magnetization in CS-Ni5Cr films. Growth in 

magnetic domain and increase in magnetic interaction after HT are observed. Particle size growth 

and aggregation after HT are inferred and the average particle size increased in both the films. The 

electrical conductivity of the films is in conformity with the surface morphology of the films. The 

Cr-doping and HT methods are reported as effective methods to bring controlled property changes in 

Ni based films. 

6.2 Sample Preparation 

The CS-Ni and CS-Ni5Cr films in this study were prepared by the state-of-the-art cluster 

deposition system, which combines magnetron sputtering with gas aggregation technique as 
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described in details in our previous reports17,18 and by carefully allowing the nanoclusters to deposit 

on the silicon substrate. By controlling the sputtering power, aggregation distance, He to Ar gas flow 

rate, pressure and the temperature inside the aggregation chamber, the cluster size growth inside the 

aggregation chamber was controlled. By allowing the clusters leaving the aggregation chamber to 

combine with oxygen gas in the reaction chamber, the desired core-shell nanocluster films were 

obtained.19 The Ni atoms were sputtered from a nickel target inside the aggregation chamber at a 

power of 200 W by supplying 400 sccm (standard cubic centimeters per minute) of Ar gas and 30 

sccm of He gas. These Ni atoms aggregate under the influence 1.4 Torr pressure and -5 °C 

aggregation temperature to form Ni NCs as they travelled a distance of 288 mm in the aggregation 

chamber. These NCs were then allowed to react with 2 sccm oxygen in the reaction chamber, to form 

the desired CS-Ni NCs with core as Ni and shell as NiO, which were subsequently deposited on a Si 

wafer in the deposition chamber to form CS-Ni NC film. The same procedure was followed to 

prepare the CS-Ni5Cr film except here a Cr doped Ni target was used. Cr dopant was added at a 

nominal concentration of 5% and the concentration was controlled by adjusting the relative area of 

Ni and Cr on the sputtering target. For the films in this study, a total of 0.119 mg of CS-Ni and 0.134 

mg of CS-Ni5Cr nanoparticles were uniformly deposited over silicon substrates with an area of 8 

mm × 8 mm. The thickness of the deposited films of CS-Ni and CS-Ni5Cr were found to be 291 nm 

and 288 nm based on the theoretical specific densities of Ni (8.9 g/cm3), O (1.14 g/cm3) and Cr (7.2 

g/cm3). Some nanoclusters were collected in Transmission Electron Microscope (TEM) girds to 

study the particle sizes and nanostructures. These samples were heat-treated in a Lindberg mini 

furnace up to 600 °C in 15 minutes at a heating rate of 39 °C/s and then maintained at a constant 

temperature of 600 °C for the 30 minutes. The heat-treated samples were allowed to cool down in the 

furnace to room temperature. Throughout the whole HT process a constant argon gas flow of 4 liters 

per minute (LPM) was maintained to avoid oxidation of the films. The measurements were done 

before and after doping, and before and after HT in all these samples, to investigate the changes in 
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the structural, magnetic and electrical properties. Transmission Electron Microscope (TEM) images 

were taken in JEOL 2010J 200 keV analytical TEM with Angstrom-scale resolution. Energy-

Dispersive X-ray Spectroscopy (EDS) measurements were carried out in Zeiss Supra 35 variable-

pressure SEM having 1 nm resolution. The magnetic measurements were carried out in the DMS 

1660 Vibrating Sample Magnetometer (VSM) at magnetic fields between -1.35 to 1.35 Tesla. X-Ray 

diffraction (XRD) measurements were performed in Siemens D5000 Powder X-ray Diffractometer 

with Solex solid-state detection system and Cu radiation. The surface morphology and magnetic 

domain images were taken by Atomic Force Microscope (AFM), Magnetic Force Microscope 

(MFM). 

6.3 Results and Discussion 

A TEM images in Figure 6.1 shows that the average particle size of both CS-Ni and CS-

Ni5Cr films to be around ~20 nm. The inset of Figure 6.1(a) shows a single CS-Ni NC with ~2 nm 

thick NiO layer formed on the surface. This thin oxide layer is formed at the surface when oxygen 

released in the deposition chamber of the cluster deposition system reacts with the NCs at room 

temperature. Figure 6.2 (a, b) shows the XRD pattern of the as-prepared CS-Ni and CS-Ni5Cr films. 

It confirms the presence of Ni and NiO phases with the crystal planes of Ni (111) and NiO (200) 

slightly shifted. Ni has a face centered cubic (FCC) structure and NiO has a rock salt structure. The 

nanoclusters of the CS-Ni and CS-Ni5Cr films sit one over the other and are loosely connected 

forming a porous NC film on the Si substrates. This porous structure exposes the silicon at the base 

to the X-ray during XRD measurement and consequently leading to the detection of silicon peak in 

the XRD pattern for these two films. Although the elements in these films are dominated by the 

presence of NiO and Ni, there is no evidence in the XRD pattern for the presence of any phases of 

Ni-Cr or the corundum structured Cr2O3.  Unlike the alloys having more than 10% of Cr, which 

oxidizes Cr and form a protective layer of Cr2O3 to prevent further oxidation of metal, this Ni NC 

film with 5% of Cr does not form any Cr2O3 phase. 
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Figure 6.1 TEM images of (a) CS-Ni (b) CS-Ni5Cr NCs. The inset shows a single CS-Ni NC with 

~2 nm oxide layer thickness. 

Although Cr is not detected in the XRD pattern, the presence of Cr is confirmed by the EDS 

measurement. Figure 6.3 shows the EDS spectra of the CS-Ni and CS-Ni5Cr films. It is confirmed 

from the area scan and point scan of EDS that 3.76 at.% of Cr is present in the CS-Ni5Cr film. Since 

there is evidence from the EDS measurement for the presence of Cr and since from XRD results 

there is no Cr2O3 phase in the sample, consequently it follows that the Cr should be distributed as 

interstitial solutes in the Ni and NiO solid solution in these films. It has been confirmed from our 

previous study that in similar samples Cr is uniformly distributed as solute atoms forming a solid 

solution with the Ni lattice in the core of the CS-Ni5Cr NCs and no Cr enrichment is observed on the 

surface oxide (NiO) layer.20 Even after the HT there was no evidence from XRD for the formation of 

any new phases of Ni-Cr or Cr2O3 confirming that Cr is still dispersed as solutes or segregated as 

precipitates within the Ni lattice.   
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Figure 6.2 XRD pattern for the (a) CS-Ni, (b) CS-Ni5Cr, (c) Heat-Treated CS-Ni and (b) Heat-

treated CS-Ni5Cr NC films. 

 

Figure 6.3 EDS spectra for the CS-Ni and CS-Ni5Cr NC films. The insets show the at.% of the 

elements in films. 

Figure 6.4 shows the hysteresis loops corresponding to the CS-Ni and CS-Ni5Cr films 

deposited on the silicon substrates. The saturation magnetization (Ms) values for CS-Ni and CS-
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Ni5Cr films are found to be about 22 emu/g and 8 emu/g. The drop in Ms in CS-Ni5Cr films is 

attributed to the uniform distribution of the antiferromagnetic Cr, which couples with the 

ferromagnetic Ni through exchange integration. Our previous study on Cr doped Fe nanoclusters 

confirms that the drop in Ms is due to the ferromagnetic-antiferromagnetic exchange coupling.21 

Although the magnetic remanence (Mr) in both the films are almost the same, which is ~ 0.20 emu/g, 

the coercivity (Hc) values of CS-Ni (5 Oe) and CS-Ni5Cr (10 Oe) are different. The Hc in the CS-

Ni5Cr film is almost double than that of the CS-Ni film because of the addition of 5 at.% Cr dopant 

in the Ni samples. This is due to the antiferromagnetic-ferromagnetic interaction (AFI), which takes 

more energy to nullify the remanent magnetization in the sample. The hysteresis loops of heat-

treated CS-Ni and CS-Ni5Cr films show tremendous effect on the enhancement of magnetic 

saturation, magnetic remanence and coercivity.  

 

Figure 6.4 Hysteresis loops measured in VSM for CS-Ni and CS-Ni5Cr NC films before and after 

HT. The inset shows near zero fields. 

Table 6.1 summarizes the magnetic properties of the CS-Ni and CS-Ni5Cr films before and 

after HT. Although the changes in Mr and Ms in both films are similar after the HT, the change in Ms 

of these films suggest that the effect of AFI in the CS-Ni5Cr film no longer dominates. Because after 

HT both the films reaches almost the same Ms and both the films exhibits almost the same 
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ferromagnetic behavior. This suggests that the signal due to the AFI in the CS-Ni5Cr sample is no 

longer strong compared to the strong ferromagnetic interaction (FI) from Ni. Therefore it can be 

concluded that Cr is no longer uniformly distributed in the nanoclusters aggregates, instead should 

have been segregated as precipitates. It’s also clear that the aggregation of nanoclusters has led to the 

growth and domination of ferromagnetic domains of Ni. After HT CS-Ni5Cr film exhibits magnetic 

properties similar to that of the heat-treated CS-Ni NC film, which can be well understood from the 

SEM, AFM and MFM imaging.  

Table 6.1 Hysteresis data for CS-Ni and CS-Ni5Cr NC Films before and after HT 

Data 
Ni NP film 5Cr-Ni NP film 

Before After Before After 

Ms (emu/g) 22 35 8 36 

Mr (emu/g) 0.16 3.5 0.2 3.6 

Hc (Oe) 4 195 8 210 

 

The SEM images (Figure 6.5) show that in CS-Ni film after HT, aggregation of particles is 

observed, but the aggregation of nanoclusters in the CS-Ni5Cr film is large in comparison with the 

CS-Ni film such that it forms island like structures on the surface of the film. It is obvious that the 

presence of Cr in CS-Ni5Cr film has a strong influence on the structural and magnetic behavior 

unlike the CS-Ni NC film, which does not have any Cr content in it. It is also evident here that based 

on the elemental composition of the films the level of nanocluster aggregation differs. While the 

structural changes from the SEM images verify the change in magnetic properties, the AFM and 

MFM images give insight to the growth of particles, magnetic domain and magnetic interaction.  
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Figure 6.5 SEM images of the CS-Ni and CS-Ni5Cr NC films on Si substrate before and after HT. 

The AFM images in Figure 6.6 (a, b) confirm that the cluster size of the CS-Ni films has 

grown almost double the size after HT and the loosely connected particles are now in close vicinity 

with each other. The dark shades of the MFM image (Figure 6.6(c)) again confirm that FI is week in 

the as prepared CS-Ni film since the particles are loosely connected and the ferromagnetic Ni cores 

are far away from each other as they are separated by the antiferromagnetic NiO layer.  
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Figure 6.6 AFM and MFM images of CS-Ni films before and after HT. 

The coupling of ferromagnetic Ni core and the antiferromagetic NiO shell contributes to the 

reduction of FI in CS-Ni films.  However after HT, as the Ni core in particles come in close vicinity 

with each other the magnetic domains grow larger and the FI is improved in the heat-treated CS-Ni 

film. The AFM and MFM images of CS-Ni5Cr film in Figure 6.7 show the effect of Cr-doping in the 

structural and magnetic properties of these films. The appearance of dark shades in the MFM images 

of CS-Ni5Cr film before HT is in conformity with the presence of uniformly distributed 

antiferromagnetic Cr and the domination of the AFI between Cr and Ni. However, after HT there is 

growth of magnetic domains and disappearance of dark shades, which confirms the strong FI, unlike 

the AFI before HT. These results explain the contribution of magnetic domain growth and magnetic 

interaction for the enhancement of magnetic properties in CS-Ni and CS-Ni5Cr films. 
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Figure 6.7 AFM and MFM images of CS-Ni5Cr films before and after HT. 

The level of enhancement of magnetization in each of these films is different due to the 

differences in the elemental composition. In other words, Cr as a dopant has acted as an agent for 

particle aggregation causing property changes. Inference from the AFM images is in conformity with 

the SEM images showing the particle size growth and the formation of island like structures in the 

CS-Ni5Cr films after HT. 
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Figure 6.8 Schematic of Cr-doping and HT effect in CS-Ni nanoclusters. 

The schematic for the behavior of the CS-Ni NCs under the effect of Cr-doping and HT is 

shown in Figure 6.8. The as-prepared CS-Ni NCs are loosely connected through the 

antiferromagnetic NiO layer, which causes drop in Ms. The electrical conductivity of the film can 

also be deterred since NiO is a semi-conductor. However, after the HT the particles grow and merge 

with each other. The particles are no longer connected through the NiO layer but are directly 

connected through the diffused Ni atom from the core. This behavior can cause the weakening of 

AFI, strengthening of the FI and improvement of conductivity. In the CS-Ni5Cr, the uniformly 

distributed Cr in the Ni core forms AFI to drop the Ms, but improve the conductivity through Cr. 

After HT the segregation of Cr as precipitates enables the effective aggregation of Ni atoms to form 

island like structures. Although formation of island like structures leaves dis-connectivity in the heat-

treated CS-Ni5Cr film, the presence of Cr segregates and Ni aggregates could still contribute to the 

better conduction of the film.  
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Figure 6.9 I-V curves for the CS-Ni and CS-Ni5Cr films before and after HT. 

The electrical conductivity of the CS-Ni and CS-Ni5Cr films before and after HT can be 

understood from the I-V curves shown in Figure 6.9. Some of the I-V curve loop is open because the 

electrons could take different path depending on the least resistant path and the surface morphology 

of the films. CS-Ni film show low conductivity of 0.06 S/m (slope=0.24) because the clusters are 

connected loosely and through the NiO semi-conductor layer.  In CS-Ni5Cr film the conductivity 

(64.76 S/m) (slope=101.4) increases due to the presence of uniformly distributed Cr solute atoms in 

Ni and NiO solid solution. The conductivity of heat-treated CS-Ni film is the highest (102.37 S/m, 

slope=166.5) among the other films due to the aggregation of the clusters that favors the easy 

transfer of electrons. However, the conductivity of heat-treated CS-Ni5Cr film (30.44 S/m, 

slope=42.873) decreases because the formation of the island like structures reduces contact points as 

discussed before (Figure 6.5d) and the easy transfer of electrons.  
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6.4 Summary 

Based Core-shell Ni NCs were studied for the effects of Cr-doping and HT. Cr-doping in Ni 

nanoclusters did not form any secondary phases in Ni instead stays as solutes in the Ni/NiO solid 

solution. Upon HT, effective changes of structure, magnetic properties and electrical conductivity 

occurred and a shift from strong AFI to FI was observed. The presence of Cr is found to be the major 

influence behind these changes. The observed changes in electrical conductivity of the films 

confirms to the changes in structural and magnetic properties. Cr-doping and HT methods could be 

effectively used to achieve desired property control in Ni based alloys to meet specific application 

standards. In addition to Ni, Fe is a major content in the nuclear reactors. Also with these Fe 

nanoparticles, Fe oxides and different phases of Fe with N or O can be prepared and investigated for 

the effect of radiation and its effects.  
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Chapter 7: Irradiation Effects on Fe-based Nanoparticles and Applications 

7.1 Fe-Based Nanoparticle Granular Films 

Iron is the fourth most abundant element in the Earth’s crust (5% of Earth’s mass) and it tops 

in saturation magnetization (~210 emu/g) among its ferromagnetic neighbors Nickel (~58 emu/g) 

and Cobalt (~64 emu/g). Because of its abundance, iron is being used effectively in a variety of 

applications that include nuclear reactors and nuclear power plants. Because of its fascinating 

behaviors as a nanoparticle, it is also being used in variety of research fields like magnetic recording, 

bio-medical applications etc. Even though this element is abundant, it never exists in its pure form in 

nature. It exists mostly as iron oxide everywhere from the earth’s core to its surface. A pure iron 

exposed to air will be instantly oxidized by the process called initial oxidation to form a protective 

oxide layer on the metal. This phenomenon was first explained by Caberra and Mott in the years 

1948 and 1949.1 As explained by Caberra and Mott, the two reasons behind this oxidation are (1) 

tunneling of electrons from the metal surface to the oxide surface, setting up an electric field and (2) 

this electric field driving the core metal atoms to the surface for the oxide layer formation. The 

formed oxide layer remains stable, serving as a strong shield around the core iron metal, preventing 

further oxidation. Even in nuclear reactors, the major elemental composition of nuclear grade 

Stainless Steels (SS) is Iron. Iron is not the only metal to possess this characteristic; every metal that 

is exposed to atmosphere has a thin oxide layer on its surface and in case of SS alloy it is Cr2O3. 

Upon irradiation, the first impact is to the oxide layer and the damage starts from this oxide layer or 

the oxide layer film on the top of iron core. It is, therefore, essential to study the radiation impact on 

the oxide layer film.  In this chapter, the superparamagnetic granular magnetite (Fe3O4) films having 

an average grain size of 3 nm are investigated, for their structural and magnetic properties due to Si+2 

ion irradiation. It was found that these films were magnetized following 5.5 MeV Si2+ ion irradiation 

to a fluence of 1016 ions/cm2 near room temperature, exhibiting a superparamagnetic to 

ferromagnetic transition after the irradiation. This change in the magnetic properties is attributed to 
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irradiation induced grain growth and structural modifications that lead to magnetic anisotropy. The 

irradiation has also resulted in an increase of the average grain size 3 nm to 23 nm, which was 

confirmed by the XRD. The dramatic change in the microstructure, as a result of particle aggregation 

and material condensation, is discussed in this chapter. The MFM results, which are discussed, 

confirm that the increase in magnetic domain size in the irradiated film is in the range of tens to 

several hundreds of nanometers. In the near-zero-field cooling process (ZFC), evidence is found that 

shows bipolar interactions between the nanoparticles in both the unirradiated and irradiated films. 

Data fits for the in-phase alternating current magnetic susceptibility () of the unirradiated film 

indicate that the blocking temperature is ~150 K, depending on frequency. Unusual behavior of 

susceptibility observed above Verwey temperature25 (~75 K) for the irradiated film is also discussed 

in detail in this chapter. 

7.2 Introduction to Granular Thin Films and Irradiation 

Magnetic nanostructured materials, including thin films and multilayer structures, have 

attracted considerable attention in recent years because of new science2 and interesting properties.3,4 

Most of the studies conducted are driven primarily by advances in the synthesis of complex 

structures and motivated by demands for higher-density information recording media. To this date 

very few irradiation studies have been conducted for granular films, in part because of the limited 

availability of the films. Some of the radiation studies conducted include the radiation impact on 

bulk graphite and composite thin films. The 2.25 MeV proton irradiation in graphite was found to 

have induced magnetic ordering and this was attributed to spontaneous magnetization from 

hydrogenated carbon atoms.5 In addition to other thin films with various compositions (Co/Fe,6 

Co/Cu,7 FePt8 and NiFe9), extensive irradiation studies on Co/Pt10,11,12 multilayer structures have 

been reported and it was found that irradiation modified magnetic properties, including a reduction in 

coercivity and remanent magnetization, loss of magnetic anisotropy, and transition of easy axis, 

through defect production, lattice strain release, interface roughening, and atomic mixing at the 
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interface. In this study we report the radiation exposure on this unique iron oxide thin granular film. 

Generally, magnetic properties of granular films are expected to be susceptible to nuclear radiation 

because of the large area of surface and interface susceptible to exposure. A slight change in bond 

distance and angles or the coordination number at surfaces and   interfaces   of   nanostructures   

could   dramatically   affect   the   magnetic   behavior.13 Understanding the modification of the 

magnetic properties of granular films under irradiation can provide scientific assessment and 

prediction of the material performance in radioactive environments. The scientific foundation to be 

developed could also help control magnetic properties and design advanced devices. This chapter 

reports the radiation response of granular magnetite (Fe3O4) films near room temperature. Magnetite 

composition was chosen as a model material in this study for the following two reasons. First, there 

are extensive experimental and theoretical reports on the magnetic properties of bulk, mono-

crystalline, polycrystalline and granular films of Fe3O4, and second, the technique for preparation of 

high-quality granular Fe3O4 films is well established. In addition to ion irradiation, near-zero-field 

cooling also has been used to study the magnetic properties of the films. 

7.3 Synthesis and Characterization of Fe-based Granular Films 

Fe-based granular films of core-shell (CS) Fe-Fe3O4 and fully oxidized Fe3O4 nanoparticles 

used in this study were prepared using a state-of-the-art nanocluster deposition system14; a detailed 

discussion about this is found in chapter 3. The nanoparticles were formed in the aggregation 

chamber, where sputtered Fe atoms were fully oxidized by supplying oxygen into the aggregation 

chamber and were allowed to aggregate through low-temperature condensation. A high-transmission 

mass selector integral to the system was used to achieve a narrow particle size distribution (~5%). 

The selected nanoparticles landed softly onto a Si (100) substrate at room temperature in the 

deposition chamber. For the film used in this study, a total of 0.344 mg Fe3O4 nanoparticles was 

uniformly deposited over an area of 4  8 mm2, corresponding to an areal density of 1.075  10-3 

g/cm2 or film thickness of ~2.07 μm based on the theoretical specific gravity of 5.197 g/cm3 for 
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Fe3O4. To make the CS Fe- Fe3O4 the Fe atoms were sputtered at a power of 200 W from a Fe target 

placed on the magnetron gun in the aggregation chamber by supplying 350 standard cubic 

centimeters per minute (sccm) of Ar gas and 50 sccm of He gas were allowed to react with 3 sccm 

oxygen by supplying the gases into a second chamber, the reaction/deposition chamber, to form the 

desired CS nanoparticles.  After reacting with oxygen, the particles were deposited onto a Si 

substrate in this same chamber to form the granular film, which was an aggregate of nanoparticles. A 

total of 0.274 mg nanoparticles were uniformly deposited over an area of 6 × 4 mm2 Si substrate for 

the sample discussed here. The actual linear thickness is greater because of the film porosity. The 

unirradiated film or a similarly prepared film having a comparable grain size and microstructure is 

used for comparison with the irradiated sample. The granular film was irradiated at normal incidence 

with 5.5 MeV Si2+ ions to a fluence of 1016 ions/cm2 near room temperature using a 3.0 MV 

electrostatic tandem accelerator, as explained in chapter 3. A beam rastering system was used to 

ensure uniform irradiation over an area of 12.5  12.5 mm2 covering the entire sample surface. 

Typical ion flux was on the order of 0.01 (Si2+/nm2)/sec and the increase of the sample temperature 

during the irradiation was less than 50 K. Computer simulations with the Stopping and Range of Ions 

in Matter (SRIM) code14 were carried out to estimate the ion projected range in the film. Based on 

the theoretical specific gravity of Fe3O4, the ion projected range under the irradiation condition is 

~2.1 μm with a FWHM of ~0.3 μm. Thus, the implanted Si peaked near the film/substrate interface 

in this study. 

The magnetic properties were measured for the as-deposited and post-irradiated films using 

Physical Property Measurement System (PPMS, Quantum Design, San Diego, CA). Following 

irradiation, the sample was placed in the same manner under zero fields for remanence measurement 

at room temperature. Hysteresis measurement with an external field applied parallel to the sample 

surface was followed starting from 10 kOe. The crystal structure of the film was analyzed using the 

Philips X’pert Multi-Purpose Diffractometer (MPD) based on fixed Cu Kα radiation ( = 0.154187 
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nm). Grazing-angle incidence x-ray diffraction (GIXRD) was employed to study the crystallographic 

phase and average size of the crystalline grains at room temperature. This technique eliminates 

strong diffraction peaks from the single crystal substrate. The film microstructures were examined 

using a HIM before and after irradiation. In addition, Magnetic Force Microscopy (MFM) was used 

to study the magnetic domains in the unirradiated and irradiated samples. 

7.4 Fe3O4 Granular Films 

7.4.1 Structural and Magnetic Property Changes of Fe3O4 Granular Films 

 As discussed in chapter 2, the enhancement of ferromagnetic behavior was observed in our 

superparamagnetic samples. Figure 7.1 shows the hysteresis loops for a granular Fe3O4 film before 

and after Si2+ ion irradiation, where the diamagnetic signal from the Si substrate has been subtracted. 

Before irradiation, the film does not possess any detectable magnetic remanence and coercivity at 

room temperature. The magnetization of the  unirradiated  film  is  not  saturated  at  the maximum  

applied  field  of 10  kOe,  where the corresponding value is ~8.2 emu/g. After irradiation, the film is 

magnetized with a remanence of 9.4 emu/g at room temperature. This magnetization was induced by 

the irradiation only. Hysteresis measurement was performed subsequently with the magnetic field 

parallel to the sample surface and the irradiated film showed a coercivity of 250 Oe and an 

unsaturated magnetization of 56 emu/g at ~10 kOe as shown in Figure 7.1. The remanent 

magnetization showed no change with the parallel and perpendicular hysteresis measurement, which 

is completely a different magnetization behavior that is exhibited in this case. In order to understand 

the change in the magnetic properties of the irradiated granular Fe3O4 film, a number of 

characterizations have been performed to study the microstructures and magnetic domains. The 

increase in coercivity is clearly attributed to the grain growth and is discussed in sections below. The 

enhancement of magnetization should be more likely due to the enhancement of magnetic 

interactions between the magnetic domains in the irradiated samples and is discussed below. 
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Figure 7.1 Hysteresis loops of a granular Fe3O4 film on Si before and after irradiation to a fluence of 

1016 Si2+ ions/cm2 near room temperature. The inset shows a magnified view near zero. 

Figure 7.2 shows GIXRD patterns for the unirradiated and irradiated films, where the pattern 

intensity for the unirradiated sample was multiplied by a factor of four. The data indicates that the 

film is a single-phase cubic magnetite (Fe3O4) prior to irradiation. Neglecting the small lattice strain, 

the average grain size, s, was estimated using Scherrer formula16: 

   cosFW  SKs …………………………………  (7.1) 

where FW(S) is the specimen broadening (peak FWHM subtracted from the instrument broadening), 

 is the peak position, and K is the shape factor of the average crystallite and is taken as 0.9 in the 

estimation. Using Eq. (7.1), the average grain size for the unirradiated film was determined to be 3  

1 nm based on the well-resolved (400) peak. Following irradiation, even thought the diffraction 

peaks from all the observable planes become much sharper, the crystalline phase (cubic Fe3O4) 

remains unchanged, as shown in Figure 7.2 confirming the fact that there is a tremendous growth in 

the grain size. The average grain size for the irradiated film was estimated again to be 23  1 nm 

based on the (400) peak. The grain shrinkage or growth can induce amorphization or crystallization 
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at the surface/interface of crystalline particles depends on material composition, irradiation 

temperature and dose rate of ion irradiation and can result in grain shrinkage or growth. Studies in 

the past have confirmed the fact of grain boundary amorphization17,18 or crystallization19,20 for 

different ceramic materials under ion irradiation. The significant increase in the Fe3O4 grain size in 

this study could be attributed to radiation-enhanced epitaxial growth and possibly coalescence of 

smaller crystalline grains. The epitaxial growth is an oriented overgrowth of crystalline material 

upon the surface of another crystal of different chemical composition but similar structure. The 

coalescence of smaller grains could be due to ‘Ostwald Ripening’ where the grains break and 

aggregate with the neighboring grains resulting in grain growth. 

 

Figure 7.2 Background subtracted GIXRD patterns for a granular Fe3O4 film on Si before and after 

irradiation. The pattern intensity for the unirradiated film is multiplied by a factor of 4. 

7.4.2 Surface Microstructures of Fe3O4 Granular Films 

 Studying the surface microstructures of films reveals important details about grain growth, 

which may help researchers, solve its underlying mysteries. Since the granular film in this study is 

susceptible to electronic energy absorption, only a small amount of electronic energy may be 

deposited near the surface during the structural examination. The high-resolution HIM micrographs 
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for the film before and after irradiation are shown in Figure 7.3. As shown in Figure 7.3 (a), the 

unirradiated film exhibits clearly that the nanoparticles are loosely interconnected with each other in 

the film. Also it is evident that the nanoparticles have a typical size of ~10 nm and each may contain 

several crystalline grains having ~3 nm size with different orientations. Even though the film is 

highly porous with a large surface area, after irradiation, the film becomes much denser, as shown in 

Figure 7.3 (b), which may be a result of grain growth and particle aggregation. The resulting 

structure is complex with varied particle sizes ranging from 30 and 50 nm. Clearly, the surface 

roughness is reduced significantly and the constituent nanoparticles are networked more tightly. 

Adhesion of the Fe3O4 film to the Si substrate is also found to be much stronger. It should be noted 

that the structural modification is mainly a result of electronic energy deposition of the 5.5 MeV Si2+ 

ions during irradiation. Nuclear energy deposition that generates atomic displacements becomes 

important only near the film/substrate interface just before the implanted Si ions reach their projected 

range. 

 

Figure 7.3 High-resolution HIM micrographs of a granular Fe3O4 irradiation. 
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The unirradiated Fe3O4 granular film contains particles with size ~10 nm and it is well 

known that each particle can contain several grains in it. The grain size for the unirradiated sample 

was estimated to be ~3 nm using Eq. 7.1.   After irradiation both the particle size and grain size are 

found to have increased. This change in the grain/particle size and an alteration in the interatomic 

and electronic configurations at the grain/particle surface and interface can be the reason behind 

change in magnetic properties. It is also known that each grain has a single magnetic domain that is 

relatively free to rotate. When an external field is applied, the magnetic moments of the individual 

grains and particles tend to align with the field to minimize the system energy, which leads to 

magnetic anisotropy and magnetization of the film. Once the external field is removed, thermal 

randomization of the moment orientation occurs; resulting in vanishing magnetization (no coercivity 

and remanence) and this behavior is paramagnetic. If single domain particles exhibit similar behavior 

then they are superparamagnetic. The unirradiated Fe3O4 film consisting of loosely interconnected 

particles are identified to have small domains with a larger moment and it is superparamagnetic.  

Due to ion radiation process, energy is deposited into the material through both elastic and 

inelastic interactions between the energetic ions and electrons/nuclei in the material. As predicted by 

SRIM,15 elastic collisions that produce atomic displacements are important only near the 

film/substrate interface in this study. On the other hand inelastic interactions lead to electron 

excitation and ionization of the target atoms throughout the entire thickness of the film. Local 

heating along the ion track was already reported in chapter 2 and in this case due to inelastic 

collision a large amount of the primary ion energy is eventually coupled to phonons, which induces 

local heating along the ion track. As a result of the local temperature increase, the inelastic process 

can enhance epitaxial re-crystallization at the amorphous-crystalline interface and promote 

coalescence of small crystalline grains and it can be evidently seen from Figure 7.3 (b). As grain 

grows, nanoparticles aggregate and magnetic domain expands due to ion beam enhanced energy. 

Nucleation and growth of magnetic domains could take place at defects, such as grain boundaries. 
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Domain rotation could be associated with the radiation-induced modification of the interatomic and 

electronic structures at the grain/particle surface. The resulting larger grain (~23 nm in size) is 

expected to still have a single magnetic domain because the formation of a flux-closure configuration 

is energetically unfavorable at this small size. The critical size for superparamagnetic in magnetite at 

room temperature is known to be 17 – 20 nm for low-frequency susceptibility easurements21 but is 

smaller for shorter measurement times (9 nm for Mossbauer measurements).22 The resulting larger 

grain (~23 nm in size) is expected to still have a single magnetic domain because the formation of a 

flux-closure configuration is energetically unfavorable at the small size. Domain wall motion 

proceeds as the grain grows and neighboring particles interact, leading to a much larger size than the 

particle dimension (see MFM data below). However, the distribution of the moment orientation is 

largely random at room temperature. A majority of the magnetic moments cancel themselves in the 

film, but a complete cancellation does not occur because of the structural inhomogeneity and 

imperfection with complex grain boundaries and different grain sizes that may create some high-

energy barriers. These energy barriers must be overcome in order to rotate the local moment. At 

room temperature, thermal energy is not high enough to activate the rotation process. Thus, a small 

remanence in the film emerges. When an external field is applied, domains tend to align with and 

reinforce the external field. In the magnetization process, domain wall pinning is evident since the 

loop as shown in Figure 7.1 is not a perfect square. Domain rotation and possible nucleation and 

growth at structural defects are expected to be the main mechanisms although wall propagation 

cannot be completely ruled out. The same remanent magnetization retains once the external filed is 

removed because the atomic structure of the film is not affected during the magnetization and 

demagnetization processes. An opposite field must be applied (Hc = 250 Oe) to completely cancel 

the magnetization in the film. The observed behavior of the irradiated film is characteristic of 

ferromagnetic materials. 
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From the discussion above, it is apparent that the granular Fe3O4 film underwent a 

superparamagnetic to ferromagnetic phase transition during the ion irradiation. For multilayer 

structures, changes in magnetic properties due to ion irradiation are quite different. A previous study 

on thin Pt/Co/Pt/Al2O3 films2 reported a reduction in the magnetocrystalline anisotropy, spin 

orientation transition from easy axis out-of-plane to easy axis in-plane, and a ferromagnetic to 

paramagnetic transition at progressively higher doses of He+ ion irradiation. The physical 

interpretations were based on lattice relaxation, ion-beam mixing, and interface roughening. Similar 

effects of Ga+ ion irradiation on a Co/Pt multilayer was also reported.23 

7.4.3 Magnetic Domains of Fe3O4 Granular Films 

A combination of AFM and MFM measurements were carried out in order to study the 

magnetic domains and examinations of the unirradiated and irradiated films. The surface topography 

for the unirradiated and irradiated films is shown in Figures 7.4 (a) and (c), respectively. Evidence of 

cluster size growth and magnetic interactions are clearly depicted in the figures below. The spatial 

resolution under the experimental condition was ~50 nm. The magnetic force gradient was measured 

based on the resonant frequency shift. The resonant vibration frequency of the cantilever is ~80 kHz 

and the detection limit for the frequency shift is ~0.1 Hz. During the MFM scanning over the same 

AFM area, the cantilever was lifted ~10 nm from the surface while keeping the same surface contour 

determined from the AFM. Since the atomic force has a short range, the long-range magnetic force is 

dominant at a distance of 10 nm. The MFM images shown in Figure 7.4 (b) and (d) for the 

unirradiated and irradiated films, respectively, are the result of the measured MFM contrast 

subtracted from the AFM topographic effects in a proper manner. Except for some artifacts (dots and 

strips) in Figure 7.4 (b), the area shows a uniform contrast for the unirradiated sample, suggesting 

that the magnetic domains in the unirradiated film are too small to be resolved, which is well 

expected since the domain size is ~3 nm or a little larger. After irradiation, the MFM image of the 

film is shown in Figure 7.4 (d). 
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Figure 7.4 AFM and MFM images for a granular Fe3O4 film on Si before and after film on Si before 

and after irradiation. 

A clear contrast is observed, where the brighter area represents a larger frequency shift, thus a larger 

magnetic gradient. From Figure 7.4 (d), the magnetic domain size is on the order of tens to hundreds 

of nanometers. Since the average size of the crystalline grains with single magnetic domains in the 

irradiated film is only 23 nm, domain expansion is expected during the ion irradiation, as discussed 

above. 
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7.5 Fe-Fe3O4 Core-Shell Granular Films 

7.5.1 Structural Property Changes of Core-Shell (CS) Fe-Fe3O4 Granular Films 

 The granular films were analyzed using GIXRD and the data are shown in Figure 7.5 for the 

CS Fe-Fe3O4 sample M1-D before and after Si2+ ion irradiation. GIXRD data indicate that the films 

consist of two-phases, Fe and Fe oxide, both before and after irradiation, but that the oxide changes 

from Fe3O4 (magnetite) before irradiation to FeO (Wüstite) after irradiation. The average grain size is 

estimated using the Scherrer equation, as previously described for these systems.24 Average grain 

size for the unirradiated film was 8 ± 1 nm for the Fe core, based on the well-resolved Fe(110) peak, 

and 2 ± 1 nm for the Fe3O4 shell, based on the Fe3O4 (311).  These values are typical and have been 

confirmed on similar samples by transmission electron microscopy (TEM).25 Following irradiation, 

the crystalline Fe core size remains unchanged, but the oxide shell becomes FeO and grows to a 

thickness of 17 ± 1 nm based on the FeO (200) peak.  

 

Figure 7.5 Background subtracted GIXRD patterns for a Fe-Fe3O4 core-shell nanocluster film on Si 

before and after 5.5 MeV Si+ ion irradiation to 1016 Si+/cm2 (~0.95 dpa in the film) at nominal RT 
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Figure 7.6 shows the HIM images of the films before and after irradiation.  The unirradiated film 

exhibits loosely interconnected nanoparticles, similar to those observed for other Fe/Fe3O4 core-

shell25 and Fe3O4 clusters.24 Particles are observed to have a typical size of ∼10 nm and are 

agglomerated at various scales. The overall film is highly porous with large surface and interface 

areas. Irradiation leads to grain growth and particle aggregation as described previously for Fe3O4 

nanoclusters,2 resulting in a densified continuous film. In areas where few nanoclusters are present 

on the Si surface, irradiation leads to formation of islands, as shown in Figure 7.6. 

 

Figure 7.6 High-resolution HIM micrographs of granular film (a) before and (b) after ion irradiation.  

The inset to (a) shows a representative TEM image illustrating the core-shell structure. 

 Changes in surface morphology and composition are attributed to irradiation driven 

processes for grain growth in the nanostructures. In this core-shell iron-iron oxide nanoparticle 

granular film system, the average particle size increases probably as a result of the coalescence of the 

loosely packed particles. Grain growth under ion irradiation in this study could also occur due to ion 

beam-induced epitaxial crystallization.26 The change of phase from Fe3O4 to FeO is known to take 

place due to thermal decomposition27 or reduction by process gases,28 where temperature increase 

plays a vital role in phase change. In our case, the phase transition is likely a dynamic process 

induced by the highly energetic (5.5 MeV) Si2+-ions. Additional studies are required to better 

understand the physical and chemical processes. Some additional studies done to investigate the 

unique structural changes in CS Iron-Iron oxide nanoparticles are discussed in Chapter 8. 
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7.5.2 Magnetic Property Changes of Core-Shell (CS) Fe-Fe3O4 Granular Films 

 Figure 7.7 shows the hysteresis loops, taken at 300 K, for the film before and after Si2+ ion 

irradiation.  It can be seen that the remanence increases ~14% upon irradiation, from 14.5 to 16.5 

emu/g.  Coercivity increases 25% from 44.8 Oe to 55.9 Oe.  Additionally, the saturation 

magnetization decreases by ~14% after irradiation, from 89.4 to 76.6 emu/g.  This reduction in 

saturation is expected since the shell changes from a ferrimagnetic material (Fe3O4) to an 

antiferromagnetic material (FeO). Figure 7.8 shows the family FORCs and the corresponding 

distribution for the irradiated sample.   

 

Figure 7.7 Hysteresis loop for a Fe-Fe3O4 core-shell nanocluster film on Si before and after 5.5 MeV 

Si+ ion irradiation to 1016 Si+/cm2 (~0.95 dpa in the film) at nominal RT. 

The FORC distribution is a sharp ridge along the local coercivity (Hc) axis, with little spread 

along the bias field (Hb) or interaction axis.  The peak coercivity values of 25-50 Oe correspond 

closely to the major loop coercivity.  The lack of bias field spreading indicates that the Fe cores are 

behaving as single domain particles nearly independently of one another, with the FeO shell 

minimizing interaction between them.  The low coercivity is a size effect of the small Fe cores.  The 

FORC distribution is a sharp ridge along the local coercivity (Hc) axis, with little spread along the 

bias field (Hb) or interaction axis.  The peak coercivity values of 25-50 Oe correspond closely to the 
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major loop coercivity.  The lack of bias field spreading indicates that the Fe cores are behaving as 

single domain particles nearly independently of one another, with the FeO shell minimizing 

interaction between them.  The low coercivity is a size effect of the small Fe cores.   

 

Figure 7.8 First-order reversal curves (left) and contour diagram (right) of the irradiated sample. 

 In similar samples,24,25 a distribution of particle sizes is seen, with some below the 

superparamagnetic (SPM) threshold.  Only those particles above this size threshold will contribute to 

the coercivity, and the small distribution of Hc seen in FORC is likely a consequence of size and 

anisotropy distribution.  Though anisotropy suggests that the threshold size for room temperature 

SPM in Fe should be 13 nm,29 these particles are much smaller, yet remain magnetized at room 

temperature.  This can be explained as being due to the influence of the oxide shell stabilizing the 

core moments, as seen also in Co-CoO particles.30  Alternatively, some particles may be larger than 

others, or a few particles cluster together to have a bigger interaction volume, such that they behave 

as ferromagnets rather than superparamagnets. 

7.6 Summary 

This chapter reports the silicon ion irradiation effects on the Fe-based nanoparticle granular 

films, namely fully oxidized (Fe3O4) and core-shell (Fe-Fe3O4) nanoparticle granular films. 

Superparamagnetic to ferromagnetic transition of the Fe3O4 granular film after 5.5 MeV Si2+ ion 



124 

 

irradiation to fluence of 1016 ions/cm2 was observed and the underlying magnetic behaviors due to 

irradiation were explored. The remanent magnetization of the film changes from 0 to 9.36 emu/g at 

room temperature. For the irradiated sample, the saturation magnetization increases to 45.64 emu/g 

and coercivity increases to 250 Oe. The Fe3O4 average grain size is increased from 3 to 23 nm as a 

result of the irradiation. A dramatic change in the microstructures of irradiated film occurs, featuring 

particle aggregation and material condensation. The magnetic domains have a size of tens to 

hundreds of nanometers. The change in the magnetic property of the granular Fe3O4 film is attributed 

to the irradiation-induced grain growth and an alteration of the interatomic and electronic 

configurations at the grain/particle surface and interface, which lead to magnetic domain growth, 

reorientation, and occurrence of magnetic anisotropy. There are bipolar interactions between the 

particles in both the unirradiated and irradiated films. The films represent a new class of semi-

disordered magnetite materials for study, which could lead to important applications of this type of 

material in various areas, including radiation detection and monitoring. 

CS Fe-Fe3O4 Nanocluster film on silicon substrates, which consist of 8 nm Fe cores with 2 

nm Fe3O4 shells upon ion irradiation converts the Fe3O4 shell to a FeO with a shell thickness increase 

by about a factor of two, and the film become denser as shown by helium ion microscopy.  Upon 

irradiation, the saturation magnetization decreases due to the antiferromagnetic FeO core.  First-

order reversal curve measurements show that the individual Fe cores exhibit small coercivity and are 

isolated from one another by the antiferromagnetic oxide shells, despite being a part of the 

continuous film.  Understanding the behavior of core-shell iron nanoparticles, including the interface 

effect and grain boundary effect may contribute to the radiation resistant materials and its 

application. The irradiation-induced oxide phase change and magnetic behavior due to the 

antiferromagnetic shell is distinct from previously reported nanocluster systems of this type and this 

phenomenon is investigated further in Chapter 8. 
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Chapter 8: Oxide Shell Reduction and Magnetic Property Changes in Core-Shell Fe 

Nanoclusters under Ion Irradiation 

8.1 Introduction 

As discussed in chapter 6, the behavior of oxide shell reduction and phase change in core-

shell nanoclusters is unique and therefore the reason behind this phenomenon is investigated in this 

chapter. As we know, nanomaterials and nanostructures have gained popularity in recent years 

because of their interesting properties and promising applications in various fields.1-5 Synthesis of 

such nanomaterials with desired properties for commercial use has been a great challenge for 

nanotechnology industries for more than two decades. It has been shown that particle-irradiation can 

be used as a method to bring desired property changes in nanomaterials.6-8 These irradiation-induced 

property changes vary as a function of irradiation dose,9 ion energy,10 duration of exposure,11 and 

material composition/structure under irradiation.12 Changes in structural and magnetic properties due 

to oxidation are some of the notable behavior observed in nanomaterials due to ion irradiation.13-16 

Surface morphology, stoichiometry and magnetic properties of these nanomaterials must be carefully 

controlled and tuned for each application. Hence, it is very important to study the irradiation effects 

on nanomaterials at an atomic level.  In our previous studies, we reported the irradiation-induced 

structural and magnetic property changes on fully oxidized Fe3O4 nanocluster (NC) films17 and core-

shell (CS) Fe-Fe3O4 NC films18,19 irradiated with 5.5 MeV Si2+ ions to a fluence of 1016 ions/cm2. On 

a separate report, FeO+Fe3N NC films showed that their structure and magnetic property were not 

subjected to a noticeable change under He+ ion irradiation to a relatively low dose.20 Reduction of 

oxide phases was observed in the core-shell NC films,18,19 but fluence-dependence of this effect and 

the possibility of reduction in the mixed oxide/nitride shells have not yet been reported. Here, we 

report the fluence-dependence reduction behavior in a Fe-based CS Fe-Fe3O4/Fe3N NC film with 

mixed oxide/nitride shells. These NC films were deposited on Si substrates to thickness of ~0.5 

micrometers using a NC deposition system. The films were irradiated at room temperature with 5.5 
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MeV Si2+ ions to ion fluences of 1015 and 1016 ions/cm2. It was found that the irradiation induced 

grain growth, Fe valence reduction in the shell, and crystallization or growth of Fe3N, although the 

film retained its Fe-core and its ferromagnetic properties after irradiation. The nature and mechanism 

of oxide shell reduction and composition dependence after irradiation were further studied by 

synthesizing additional NC films of Fe3O4 and FeO+Fe3N and irradiating them under the same 

conditions with 5.5 MeV Si2+ ions to fluences of 1015 and 1016 ions/cm2 to better understand the 

reduction behavior in these films. The presence of nanocrystalline Fe is found to be a major factor 

for the oxide shell reduction. The surface morphologies of these films show dramatic changes in the 

microstructures due to cluster growth and agglomeration as a result of ion irradiation. 

8.2 Sample Preparation 

The NC films in this study were prepared by the state-of-the-art cluster deposition system, 

which combines magnetron sputtering with gas aggregation technique as described in details in our 

previous reports.21,22 By controlling the sputtering power, aggregation distance, He to Ar gas flow 

rate and the temperature inside the aggregation chamber, the cluster size formed inside the 

aggregation chamber was determined. By allowing the clusters leaving the aggregation chamber to 

combine with oxygen and nitrogen gas in the reaction chamber at right proportion, the desired 

nanocluster films were obtained.23 The Fe atoms were sputtered from an iron target placed on the 

magnetron sputtering gun inside the aggregation chamber at a power of 200 W by supplying 350 

sccm (standard cubic centimeters per minute) of Ar gas and 50 sccm of He gas. These Fe atoms on 

the surface of pure Fe NCs were allowed to react with 6 sccm oxygen and 6 sccm of nitrogen gas, 

supplied simultaneously in the reaction chamber, to form the desired CS Fe-Fe3O4/Fe3N NC, which 

were subsequently deposited on a Si wafer in the deposition chamber to form NC films. The separate 

Fe3O4 NC films were prepared by allowing 3 sccm of oxygen to react with Fe atoms in the 

aggregation chamber. The FeO+Fe3N NC films were prepared using the same procedure as reported 

in the previous work.20 Ion irradiation of these NC films was performed using a 3.0 MV electrostatic 
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tandem accelerator (NEC 9SDH-2 pelletron, Middleton, WI). All the films were irradiated uniformly 

near room temperature at normal incidence with 5.5 MeV Si2+ ions to two different fluences of 1015 

and 1016 ions/cm2 under vacuum maintained at the lower end of 10-7 Torr. Grazing Incidence X-ray 

Diffraction (GIXRD) was performed using a Philips X’pert Multi-purpose Diffractometer (MPD) 

based on Cu Kα radiation. The asymmetric scan ranged from 2 = 20° - 80° with a step size of 0.05° 

and a dwell time of 6 sec at each step. Magnetic hysteresis loops of the films were measured using a 

vibrating sample magnetometer (VSM) up to a maximum field of 1.35 Tesla. The surface 

morphologies of the films before and after irradiation were examined to study microstructural 

changes using a helium ion microscope (HIM, Orion Plus, Carl Zeiss SMT, Peabody, MA) at an 

operating voltage of 25 kV. 

8.3 Synthesis and Characterization of FeO+Fe3N granular films 

Figure 8.1 shows the GIXRD patterns of the CS Fe-Fe3O4/Fe3N NC film, unirradiated (as-

prepared) and irradiated to fluences of 1015 and 1016 ions/cm2. The major peaks from the GIXRD 

pattern confirm the existence of Fe in the core with Fe3O4 in the shell of the unirradiated sample. 

Iron nitride is also likely to be present in the shell, but XRD cannot detect it probably due to its small 

size or amorphous phase. After irradiation of the film to a fluence of 1015 ions/cm2, grain growth in 

the Fe core and the oxide shell takes place, as listed in Table 8.1. It is observed that under the 

irradiation, a portion of Fe3O4 underwent a reduction reaction from Fe3+ to Fe2+ valence state to form 

FeO phase and probably the amorphous iron nitride underwent crystallization. Iron nitride could 

exist in an amorphous state in the as-deposited sample and crystallize under ion irradiation.24 

Prolonged exposure of irradiation up to fluence of 1015 ions/cm2 either led to the crystallization of 

amorphous iron nitride or growth of Fe3N crystal to be detected in XRD and further irradiation up to 

fluence of 1016 ions/cm2 led to the formation of a new phase Fe4N. Even after irradiation of the 

sample to 1016 ions/cm2, the film retained its Fe core with only a slight increase in the grain size and 

retained its ferromagnetic behavior. Though FeO (Wustite) phase forms at high temperatures (560 – 
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570 C),25 it can also be stable at room temperature when mixed with other phases.26 FeO samples in 

this study remains stable because it co-exists with the Fe3O4 and Fe3N as a composite. 

 

Figure 8.1 GIXRD pattern for a core-shell Fe-Fe3O4/Fe3N NC film, unirradiated (as-prepared) and 

irradiated to 1015 and 1016 ions/cm2. 

Table 8.1 Average grain sizes of different phases in films Fe-Fe3O4/Fe3N, Fe3O4, and FeO+Fe3N 

before and after irradiation. 

No. Sample Name Phases 

Grain size 

Unirradiated 
Irradiated to  

1E15 Si2+/cm2 

Irradiated to  

1E16 Si2+/cm2 

1 

Core-Shell  

Fe-Fe3O4/Fe3N 

Film 

Fe 9 nm 12 nm 12 nm 

Fe3O4 5 nm 9 nm 17 nm 

Fe3N Undetectable 4 nm 15 nm 

FeO Not present 8 nm 31 nm 

Fe4N Not present Undetectable 9 nm 

2 
Fully Oxidized 

Fe3O4 Film 
Fe3O4 3 nm 9 nm 15 nm 

3 
FeO+Fe3N  

Film 

Fe3O4 Not present 13 nm 16 nm 

Fe3N 7 nm 11 nm 15 nm 

FeO 7 nm 11 nm 16 nm 
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In order to investigate the mechanisms of the reduction process in the CS Fe-Fe3O4/Fe3N NC 

film under ion irradiation, two additional NC films of Fe3O4 and FeO+Fe3N were also made and 

studied under the same irradiation conditions as for the CS films. As listed in Table I, in both the 

Fe3O4 and FeO+Fe3N NC films no reduction reactions were observed after ion irradiation. However, 

oxidation of some portion of FeO occurred in the FeO+Fe3N film to form Fe3O4 at fluence of 1015 

ions/cm2, resulting in a combined phase of Fe3O4+FeO+Fe3N, which is similar to that of the shell 

phase in the CS film. This oxidation reaction is in contrast to the reduction reaction observed in the 

CS films. Oxidation of metal under irradiation is a common phenomenon and it is not surprising in 

the case of FeO+Fe3N film. Extended exposure of Fe3O4+FeO+Fe3N film to fluence 1016 ions/cm2 

resulted in a slight increase in grain sizes of each phases and with no occurrence of any reduction 

reaction. Since no reduction reaction occurs in the phase of Fe3O4, FeO+Fe3N or Fe3O4+FeO+Fe3N, 

it is evident that only in the presence of Fe core will the iron oxides reduce. K. J. Kim et al.27 and Stir 

et al.28 reported the reduction from Fe3O4 to FeO and from FeO to Fe in thin films and powders when 

nanocrystalline Fe is present. The results obtained from this study confirm the reduction reaction in 

the CS Fe-Fe3O4/Fe3N films with a mixed-phase shell in the presence of nanocrystalline Fe core that 

could serve as a catalyst. The mechanisms behind the reduction reaction in these samples are still 

under investigation. However, the hypothetical mechanism for this reduction reaction is the 

irradiation-induced defect creation and the irradiation-induce heating that induces defect migration 

(diffusion). It is plausible that the irradiation of Si2+ ions with 5.5 MeV incident energy could create 

Fe and O vacancies/interstitials29,30 and these oxygen interstitials could diffuse to the surface where it 

can combine to form O2 and removed.31,32 Therefore this mechanism involving atomic diffusion of O 

and/or Fe, have resulted in the reduction of Fe3O4 to FeO in the CS Fe-Fe3O4/Fe3N film. This kinetic 

process could be activated and enhanced by ion irradiation that produces atomic displacements, 

ionization and heat. 
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The magnetic hysteresis loops of the unirradiated films of CS Fe-Fe3O4/Fe3N, Fe3O4 and 

FeO+Fe3N are shown in Figure 8.2. The Fe3O4 NC film is superparamagnetic with an average grain 

size less than 3 nm, which is consistent with our previous report,17 where a transition from 

superparamagnetic to ferromagnetic behavior was also observed due to coalescence and aggregation 

of NCs. The CS Fe-Fe3O4/Fe3N film has high saturation magnetization due to the Fe core, a 

coercivity of 220 Oe and remanence of 5 emu/g. In the FeO+Fe3N film, due to the presence of anti-

ferromagnetic FeO phase, a decrease in the saturation magnetization is observed.  

 

Figure 8.2 Magnetic hysteresis loops for the films Fe-Fe3O4/Fe3N, Fe3O4, and FeO+Fe3N. The inset 

shows a magnified view near zero fields. 

Figure 8.3 shows the magnetic hysteresis loops for the core-shell Fe-Fe3O4/Fe3N NC film, 

unirradiated (as-prepared) and irradiated at 1015 and 1016 ions/cm2. As mentioned earlier, since the 

CS Fe-Fe3O4/Fe3N film retained its Fe core and its ferromagnetic properties even after irradiation up 

to 1016 ion/ cm2. At the fluence of 1015 ions/cm2, the formation of anti-ferromagnetic FeO causes the 
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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.33  

 

Figure 8.3 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. 

Grain growth and aggregation behavior is supported by Figure 8.4, which shows the HIM 

images of the unirradiated and irradiated films of CS Fe-Fe3O4/Fe3N, Fe3O4 and FeO+Fe3N. Particle 

aggregation in all the films is observed. Each particle may contain a few nanocrystalline grains.17 

Higher ion fluence results in a denser film and a smoother surface. Different film compositions show 

different surface morphologies after ion irradiation. 
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Figure 8.4 HIM images of the films Fe-Fe3O4/Fe3N (a, b, c), Fe3O4 (i, ii, iii), and FeO+Fe3N (I, II, 

III): unirradiated and irradiated to 1015 and 1016 ions/cm2. The field of view of all images is 3.50 μm. 

8.4 Summary 

Core-shell Fe-Fe3O4/Fe3N nanocluster films were prepared using a nanocluster deposition 

system. GIXRD confirms 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. A reduction of Fe3O4 to FeO and 

crystallization of iron nitride or growth of Fe3N occur after 5.5 MeV Si2+ ion irradiation. Similar 
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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. HIM study shows cluster aggregation in the films, resulting in surface smoothening and 

material densification. In order to investigate the property changes while the samples are subject to 

irradiation in-situ studies are important. These studies help in understanding the actual mechanisms 

and the contributing factors for the radiation-induces property changes in nanomaterials. Chapter 9 

deals with such in-situ studies on the Fe nanoparticle and its composites.  
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Chapter 9: In-situ Study of Nanostructure and Electrical Resistance of Nanocluster Films 

Irradiated with Ion Beams 

9.1 Abstract 

In this chapter, an in-situ study is reported on the structural evolution in nanocluster films 

under 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. The 

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

growth, phase transition, particle aggregation, and formation of 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 also play key roles once the evolution starts. The 

electrical resistance of the Fe-Fe3O4 films measured in situ exhibits a super-exponential decay with 

dose. The behavior suggests that the material possesses an intrinsic merit for development of an 

advanced online monitor for neutron radiation with high-sensitivity detection and long-term 

applicability, which enhances safety measures in many nuclear operations. 

9.2 Introduction 

Among all sources of near-zero carbon-emission energies, nuclear energy is the only 

available, proven and affordable large-power electricity generation to date.1 According to recent 

reports,2 nearly 15% of the electricity needs worldwide were provided by nuclear power plants, and 

even larger percentages in France (80%) and U.S. (20%). With increasing demand for electricity, 

nuclear energy must be one of the essential parts in the diversity of various energy sources, 

especially at the current stage of undeveloped renewable energy. New nuclear power plants are being 

built and more are planned over the next decades.2 However, severe nuclear accidents3 that occurred 

in Three Mile Island, USA (1979), Chernobyl, USSR (1986), and more recently in Fukushima, Japan 

(2011) have decreased the public confidence of using the nuclear power, which greatly underscores 
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the importance to meet the highest standards of safety in operation of the existing nuclear power 

plants and in new designs of advanced nuclear reactors.4 To date, many of the existing reactors are 

approaching to their designed operation lifetime. As a priority, research is critically needed to 

develop technologies that will sustain the safety of current reactors, 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. In addition, the monitoring system can be integrated into 

advanced reactors and new builds for inspectability and safety enhancement. Fast neutron monitors 

have been developed for application in various fields, including a spallation neutron source,5   

material testing reactors,6 a subcritical facility,7  and an accelerator-based neutron generator.8 Many 

of the designs involve a coating of polyethylene5,7, 9 or fissile materials,6 interacting with fast 

neutrons to create proton recoils or fission products that ionize gas and form electrical signals. In 

nuclear plants and neutron irradiation facilities, small online fast neutron flux monitors are much 

needed for effective assessment of material degradation in critical areas as well as for measurement 

of fast neutron dose in irradiated samples. Nanostructured materials are of both scientific interest and 

technological importance.10 Their potential as an advanced sensor material for nuclear radiation 

needs to be explored. So far, very few reports have been published in the research field. Our recent 

studies11 indicate that highly porous films of loosely interconnected magnetite (Fe3O4) nanoparticles, 

composed of a few crystalline grains (~3 nm in size) each, undergo a dramatic change in 

nanostructure after 5.5 MeV Si2+ ion irradiation to a fluence of 1016 Si2+/cm2 at nominal room 

temperature (RT). The structural change leads to magnetic domain growth, occurrence of magnetic 

anisotropy, and transition from superparamagnetic to ferromagnetic behavior. Similar films of 

SmCo5 nanoparticles with an average size of 3.5 nm were also shown to be superparamagnetic.12 

More recently, nanocluster films of iron-magnetite (Fe-Fe3O4) core-shells were found13 to reduce Fe 

valence in the oxide shell after ion irradiation in addition to similar nanostructural changes. In 

general, energy deposition by ion irradiation modifies material structure and its physical/chemical 
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properties through defect generation and accumulation (atomic displacements, defect clustering, 

etc.), amorphization, material decomposition, phase transition, phase segregation, formation of 

second-phase precipitates and gas species, grain growth, particle aggregation, volumetric change, 

micro-crack formation, etc. Material resistance or susceptibility to nuclear radiation depends on its 

structural stability. It is crucial to study structural changes induced by nuclear irradiation, in 

particular, evolution of nanostructures examined by in-situ methods that provide data to gain 

physical insights of the basic processes involved in the structural changes. Previous in-situ studies of 

microstructural evolution under ion irradiation have employed a transmission electron microscope 

(TEM) interfaced with an ion implanter or accelerator,14 including facilities at Argonne National 

Laboratory in US,15 National Institute for Materials Science in Japan,16  Center of Nuclear 

Spectrometry and Mass Spectrometry in France,17 Wuhan University in China,18 and more recently at 

Sandia National Laboratory,19 to just list a few. By using the in-situ capabilities over the past 

decades, major advances have been achieved in understanding defect formation, defect interactions 

and nanostructural evolution in various ion-beam irradiated materials.15, 20 Other in-situ methods have 

also been developed and applied to study behavior of battery materials under different conditions. 21 

One of the foci of this study is the in-situ examination of nanostructural evolution with dose 

in nanocluster films of Fe3O4 and Fe-Fe3O4. Recent technological advances have led to emergence of 

Helium Ion Microscope (HIM).22 Compared to conventional scanning electron microscope (SEM), 

HIM has demonstrated a greatly improved imaging capability with a better surface sensitivity, a 

higher spatial resolution, a larger depth of field, and a sharper Z contrast. Although HIM was 

developed and employed in research only recently (since 2007), it has produced impactful results in 

various fields, including precision graphene cutting,23 imaging of nanostructural and biological 

samples,11,24 patterning and lithography,25 and elemental analysis with sub-nanometer spatial 

resolution.26 While imaged using secondary electrons or backscattered He+ ions, the material is 

simultaneously under He+ ion irradiation, which produces atomic displacements in the material. This 
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unique characteristic allows HIM to be applied for in-situ examinations of nanostructural evolution 

under He+ ion irradiation at a sub-nanometer resolution within the beam dwelling time, typically on 

the order of tens to hundreds of microseconds per pixel. It should be noted that under HIM, the 

structural change is observed from the near-surface only, where the dose is smaller than at the 

damage peak. Subsurface lattice damage from energetic He+ ions can be investigated through cross-

sectional views.27 Compared to the TEM-accelerator system, HIM provides a complementary in-situ 

capability for near real-time examination of bulk samples. Some samples (e.g., nanocluster films in 

this study) that are not very convenient to study under TEM may be examined in situ using HIM 

with a comparable spatial resolution. 

The other focus of this study is the in-situ measurement of the electrical resistance of the 

nanocluster films irradiated with MeV ions using van der Pauw four-probe method.28 The method is 

particularly effective for films whose electrical resistance decreases with increasing dose, while the 

substrate maintains a high value of resistance. This condition ensures that a higher dose does not lead 

to a higher leak current through the substrate, which would otherwise result in a larger error in the 

measurement of the film resistance. In contrast to a dramatic increase in the electrical resistivity of 

many metals and ceramics, including Al, Cu and Si upon irradiation due to defect accumulation,29 

our preliminary tests of a nanocluster film showed a significant decrease in the electrical resistance 

of the film with little alteration of the high resistance of the substrate after ion irradiation. This 

property makes the nanocluster films attractive as a candidate radiation sensor material for 

irradiation study of electrical resistivity. 

9.3 Sample Preparation and Experimental Details 

Highly porous films of Fe3O4 and Fe-Fe3O4 core-shell nanoclusters on surface-oxidized Si 

used in this study were prepared using a third-generation cluster-beam deposition system that 

consists mainly of three components: a cluster source, an e-beam evaporation chamber and a 

deposition chamber. Iron atoms from an ultra-high iron target sputtered by a high-pressure 



143 

 

magnetron-sputtering gun are decelerated through their collisions with Ar gas injected continuously 

into the cluster growth chamber cooled by chilled water. The formed Fe clusters are ejected from a 

small nozzle by differential pumping. When oxygen gas is introduced into the aggregation chamber 

or deposition chamber during processing, fully oxidized Fe clusters or uniform oxide shells on the 

core Fe clusters are formed prior to their deposition onto a surface-oxidized Si (100) substrate at 

room temperature. The resulting film is composed of loosely assembled nanoclusters. Measurements 

of the film thickness were performed using Rutherford backscattering spectrometry (RBS). The 

actual linear thickness is larger because of the large porosity. Si substrates with square electrodes at 

the four corners were also prepared prior to nanocluster deposition. A two-layer structure of Ti and 

Cu for the electrodes was used to enhance adhesion with the surface-oxidized Si surface. 

Helium ion microscopy (HIM, Orion Plus, Carl Zeiss SMT, Peabody, MA) was employed to 

investigate nanostructural evolution during He+ ion irradiation. While imaged using secondary 

electrons, the material is simultaneously under He+ ion irradiation, which produces atomic 

displacements in the material. This process provides an unprecedented capability that allows for an 

in-situ study of nanostructural evolution in as-synthesized bulk samples at a sub-nanometer 

resolution (0.35 nm). In this study, irradiation of 25 keV He+ ions was performed near room 

temperature over a scanning area of 1 μm × 1 μm, corresponding to 1024 × 1024 pixels with a 

dwelling time of 200 μs at each pixel. The beam current at the sample was reduced to typically 0.5 

pA, leading to an ion flux of 3.1×1014 (He+/cm2)/sec. The ion fluence for each image is taken as the 

arithmetic average of the initial and final fluences. The procedure was repeated in the same scanning 

area to obtain a sequence of image frames with increasing ion fluence. Movies showing the 

nanostructural evolution as a function of ion fluence or dose in displacements per atom (dpa) were 

made from the image frames. Similar in-situ study using 20 keV electrons at 0.96 nA under an SEM 

was performed.  
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Additional ion irradiation was performed using a 3.0 MV electrostatic tandem accelerator 

(NEC 9SDH-2 pelletron, Middleton, WI). The granular film was irradiated at normal incidence with 

5.5 MeV Si2+ ions to a fluence up to 4 × 1015 ions/cm2 or 2.0 MeV He+ ions up to 8 × 1015 ions/cm2 at 

room temperature or 473 K. A beam rastering system was used to ensure uniform irradiation over an 

area of 5.1 × 5.1 mm2 covering the entire film area. Typical ion flux was on the order of 0.01 

(Si2+/nm2)/sec and 0.01 (He+/nm2)/sec, and the increase of the sample temperature was less than 50 K 

during the irradiation. In-situ electrical resistivity measurement of the nanocluster films during ion 

irradiation was conducted based on reciprocal van der Pauw four-probe method, where arithmetic 

average of the resistance was obtained by two reversed polarity measurements. After each irradiation 

dose, in-situ measurements were followed. The irradiation and measurement were conducted 

intermittently. However, a test to measure the electrical resistance was also attempted under 

continuous ion irradiation with data recording and a similar dependence of the resistance with ion 

fluence was observed. In all events, ion energy was high enough to penetrate the films in this study, 

leaving no or negligible amount of implanted ions in the film materials of interest. 

The crystal structure of the nanocluster films without electrodes before and after ion 

irradiation was analyzed using the Philips X’pert Multi-Purpose Diffractometer (MPD, PAN 

analytical, Almelo, The Netherlands) based on fixed Cu Kα radiation (λ = 0.154187 nm). Grazing-

angle incidence x-ray diffraction (GIXRD) was employed to study the crystallographic phase and 

average size of the crystalline grains at room temperature. This technique eliminates the strong 

diffraction peaks from the single-crystal substrate. In addition, to avoid peak overlapping of 

diffraction peaks from electrodes, the in-situ samples with Cu/Ti electrodes and Ag paste after 

irradiation were also analyzed with micro-beam GIXRD.  

9.3.1 Van der Pauw Sample Preparation  

Si (100) substrates with an area of 10 mm × 10 mm and a SiO surface layer of ~300 nm in 

thickness were used for van der Pauw sample preparation (Figure 9.1). To enhance adhesion strength 
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between SiO2 on the Si surface and electrode Cu, a Ti buffer layer (3 mm × 3 mm in area and 100 

nm in thickness) was deposited onto the substrate in each of the four corners using a magnetron 

sputtering deposition system. Titanium layer has been known to be a good adhesive layer, 

particularly at the interfaces with Si or SiO Four Cu electrodes of 3 mm × 3 mm in area and 1 µm in 

thickness were deposited on the top of the Ti layers. Highly porous films of Fe3O4 or Fe-Fe3O4 core-

shell nanoclusters with a dimension of about 5 mm × 5 mm were deposited at the center of the 

substrate with the four corners touching the Cu electrodes. 

 

Figure 9.1 Cluster-beam deposition system and a schematic drawing for a van der 

Pauw sample of Fe-Fe3O4 core-shell nanocluster film on a surface-oxidized Si substrate with four 

Cu/Ti electrodes and Cu leads prepared and used in this study is also shown. 

 

A third-generation cluster-beam deposition system39 was used for the nanocluster film 

deposition, which consists mainly of three components: a cluster source, a mass-selection chamber 

and a deposition chamber. Iron atoms from an ultra-high purity iron target sputtered by a high-

pressure magnetron-sputtering gun are decelerated through their collisions with Ar gas injected 

continuously into the cluster growth chamber cooled by chilled water. Iron clusters are generated by 

Fe atomic interaction and condensation. The formed Fe clusters are ejected from a small nozzle by 
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differential pumping. When oxygen gas is introduced into the source chamber or deposition chamber 

during processing, fully oxidized Fe clusters or uniform oxide shells on the core Fe clusters are 

formed prior to their soft landing onto the substrate near RT. The cluster size can be controlled to a 

narrow size distribution (5%) using the mass selector. Measurement of the film thickness was 

performed using in-situ quartz crystal microbalance and ex-situ 2.0 MeV He+ Rutherford 

backscattering spectrometry (RBS) (based on 5.197 g/cm3). Conducting Cu wires (0.14 mm in 

diameter) were bonded to each of the four Cu/Ti electrodes using PELCO high-performance silver 

paste (Product No. 16047).  

9.3.2 In-situ HIM Examination  

As shown in figure 9.2 a helium ion microscope (Orion Plus, Carl Zeiss SMT, Peabody, 

MA) was employed to investigate nanostructural evolution during He+ ion irradiation. Irradiation of 

25 or 30 keV He performed at nominally RT over a scanning area of 1 µm × 1 µm with 1024 × 1024 

pixels at a dwelling time of 200 µs for each pixel. The beam current at the sample was reduced to 

typically 0.5 pA, leading to an ion flux of 3.1×1014 He+ ions/cm2/sec.  

  

Figure 9.2 Helium ion microscope and its working principle. 
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The ion fluence for each image is taken as the arithmetic average of the initial and final 

fluences. Scans were repeated in the same area for 30 times to obtain consecutive image frames. 

Movies showing the nanostructural evolution as a function of ion fluence or dose in dpa at the 

surface were made from the image frames. The frames in the movie have been cropped in the same 

irradiated area to minimize sample drift effect for better visualization. Similar in-situ study of the 

nanostructures was performed under 20 keV electron irradiation (at 0.96 nA over a scanning area of 

2.5 µm × 2.3 µm) using a FIB/SEM system (FEI Quanta 3D FEG).  

9.3.3 In-situ Resistance Measurement  

Ion irradiation was performed using a 3.0 MV electrostatic tandem ion accelerator (NEC 

9SDH-2 pelletron, Middleton, WI). Cluster films were irradiated at normal incidence with 5.5 MeV 

Si2+ ions to a fluence up to 1016 Si2+/cm2 or 2.0 MeV He+ ions up to 8 × 1015 He+/cm2 at nominally 

RT or 473 K. A beam rastering system was used to ensure uniform irradiation covering the entire 

film area of 5 mm × 5 mm. Typical ion flux was on the order of 0.01 (Si2+/nm2)/sec and 0.01 

(He+/nm2)/sec. The increase of the sample temperature was less than 50 K during the ion irradiation. 

In-situ electrical resistance measurement of the nanocluster films was conducted based on reciprocal 

van der Pauw four-probe method, where arithmetic average of the resistance was obtained from two 

reversed polarity measurements. After each irradiation dose, a measurement was followed with beam 

off. The irradiation and measurement were conducted intermittently. In all events, ion energy was 

selected to be high enough to penetrate the films, leaving negligible amounts of implanted ions in the 

films. The pictures of accelerator, four probe set up for in-situ measurement and the conductivity 

data output are shown in Figure 9.3.  
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Figure 9.3 NEC 3.0 MV tandem ion accelerator and +15ο beam line for in-situ resistance 

measurements of nanocluster films under 5.5 MeV Si2+ and 2.0 MeV He+ ion irradiation at nominally 

room temperature and 473 K using van der Pauw four-probe method. The film resistance was 

determined from the arithmetic average from two reversed-polarity and reciprocal measurements 

along the horizontal and vertical directions. 

 

9.3.4 XRD analysis  

The crystal structures of nanocluster films without electrodes before and after ion irradiation 

were analyzed using the Philips X’pert Multi-Purpose Diffractometer (MPD, ANalytical, Almelo, 

The Netherlands) based on fixed Cu Kα radiation (λ = 0.154187 nm). GIXRD was employed to 

study the crystallographic phase and average size of the crystalline grains at RT. This technique 
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eliminates the strong diffraction peaks from the single-crystal substrate. In addition, to eliminate 

interfering diffraction peaks from the Cu/Ti electrodes and Ag paste, in-situ samples were analyzed 

with micro-beam GIXRD on the nanocluster film. The data were collected using a Rigaku D/Max 

Rapid II instrument with a 2D image plate detector. X-rays were generated with a MicroMax 007HF 

generator fitted with a rotating Cr anode (λ = 0.22897 nm), focused on the specimen through a 300 

mm diameter collimator. The samples were secured onto a flat reflection sample holder and fitted 

onto the sample stage. 2DP, Rigaku 2D Data Processing Software (version 1.0, Rigaku, 2007) was 

used to integrate the diffraction rings captured by the 2D image plate detector. The analysis of 

diffraction data was carried out using JADE 9.5.1 (Materials Data Inc.), TOPAS 4.2 (Bruker AXS 

GmbH, Karlsruhe, Germany), and PDF4+ 2012 database (ICSD). 

9.4 Results and Discussion 

9.4.1 Structural Evolution in Fe3O4 Nanocluster Film 

An in-situ study of structural evolution in a magnetite Fe3O4 nanocluster film on a surface-

oxidized Si substrate at nominal RT has been performed under 25 keV He+ ion irradiation using 

HIM. According to the full-damage cascade simulation based on the Stopping and Range of Ions in 

Matter (SRIM) code,30 where the threshold displacement energy for each of the sub lattices in Fe3O4 

was assumed to be 25 eV, sputtering rate under the irradiation conditions is negligible; atomic 

displacement rate corresponds to ~0.26 displ./nm/ion at the surface and ~0.64 displ./nm/ion at the 

damage peak that is located at the depth of ~120 nm (assuming the theoretical specific gravity of 

5.197 g/cm3 and hereafter). The electronic and nuclear stopping powers at the surface are 139 and 12 

keV/μm, respectively. The dose in dpa was estimated near the surface for HIM examinations and an 

average value of the entire film thickness for the grazing-angle incidence x-ray diffraction (GIXRD) 

and resistivity measurements. In all events of this study, the film thickness is much smaller than the 
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respective ion projected range so that a great majority of ions penetrated the films and implanted in 

the Si substrate. 

Three individual HIM snapshots of the surface nanostructures from a movie are shown in 

Figure 9.4 at ion fluences of 3.3×1016, 7.6×1017 and 1.9×1018 He+/cm2, corresponding to doses of 0.9, 

20 and 51 dpa (displacements per atom) at the surface, respectively, where the dose rate is 8.6×10-3 

dpa/sec. Apparently, with increasing dose, nanoclusters aggregate to form larger particles while 

nanostructure shrinks, resulting in formation of a nanowire-like network accompanied with nano-

pores. It has be clearly observed the nanostructural evolution with increasing dose.  

 

Figure 9.4 Selected HIM (operating at 25 kV) snapshots of a nanocluster magnetite Fe3O4 film on a 

surface-oxidized Si substrate irradiated to various ion fluences: (a) 3.3×1016, (b) 7.6×1017 and (c) 

1.9×1018 He+/cm2 at nominal RT. The images have the same scalar bar and show a significant change 

in the nanostructure (same area). 

Upon irradiation, loosely interconnected nanoparticles tend to aggregate. With increasing 

dose, small particles are absorbed by larger ones, resulting in an overall increase of the particle size. 

Larger particles interconnect themselves and gradually form a nanowire-like network with 

concurrent formation of nano-pores. Previous GIXRD for a Si2+ ion irradiated Fe3O4 nanocluster film 

to 1016 Si2+/cm2, or an average dose of ~4 dpa in the film thickness, indicates11 a significant increase 

in grain size. Grain growth took place likely at an expense of the surrounding amorphous material 

through irradiation-induced interfacial epitaxy and/or of smaller crystalline grains through 

coalescence. Each grain is a single-domain magnet; irradiation-assisted reorientation of their 

magnetic moments to reduce the overall system energy could facilitate coalescence to occur. 
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Irradiation with energetic ions provides three stimuli to promote nanostructural changes, i.e., 

nuclear elastic collision induced atomic displacements, electronic energy deposition induced atomic 

excitation and ionization, and heat production induced thermal processes. Experiments were 

designed and performed to study the individual roles. While He+ irradiation was conducted at 

nominal RT, the temperature within the beam spot is expected to be higher than RT. The actual 

temperature within the beam spot depends on ion energy, flux, material thermal conductivity, etc. 

Accurate measurement of the temperature within the small beam spot (~1 μm × 1 μm) was not 

possible in the study. Calculations31 also have a great challenge because of the porous nature and 

structural evolution. Irradiation of similar Fe3O4 nanocluster films at nominal RT with 5.5 MeV Si2+ 

ions at a flux of ~1012 Si2+/cm2/sec indicated11 a temperature increase of less than 50 K near the beam 

spot. To study thermal effects on the nanostructural evolution, the as-deposited Fe3O4 nanocluster 

film used in Figure 9.4, was annealed in flowing Ar gas environments at 473 and 773 K for 10 hours 

each. Figure 9.5 shows the surface nanostructures of the film before and after the thermal annealing 

steps. The nanostructures from different areas of the sample appear to be similar without showing a 

noticeable change. The data in Figure 9.5 do not suggest an observable modification in the 

nanostructure after the thermal treatments at temperatures up to 773 K. 

 

Figure 9.5 HIM (operating at 25 kV) micrographs of the same nanocluster magnetite Fe3O4 film in 

Fig. 1: (a) as-deposited at nominal RT, (b) annealed at 473 K and (c) at 773 K for 10 hours each in 

flowing Ar gas environments. The images have the same scalar bar and show a similar nanostructure 

(different areas). 
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In-situ electron irradiation was also carried out using a scanning electron microscope (SEM) 

operating at a voltage of 20 kV and a high electron current of 0.96 nA. At the electron energy of 20 

keV, permanent atomic displacements cannot be produced in Fe3O4 crystal due to the limited kinetic 

energy transfer from electrons to target atoms in the elastic collision process, which is well below the 

threshold displacement energy (presumably on the order of tens of eV). The primary electrons lose 

energy in the material mainly through excitation and ionization of the target atoms with multiple 

interactions. As a result, secondary electrons, photons and phonons are generated in the energy loss 

process. It should be noted that the electronic energy deposition can influence kinetic process due to 

sample temperature increase and possible modifications of diffusion energy barriers. Figure 9.6 

shows SEM micrographs of nanostructures of a Fe3O4 nanocluster film before and after electron 

irradiation to 4.4×1019, 1.3×1021 and 2.6×1021 e/cm2 at nominal RT. Although the SEM images show 

a worse resolution and a weaker contrast as compared to HIM images in Figure 9.4, they provide 

clear evidence that the nanostructure at the surface of the nanocluster film does not change 

noticeably up to 2.6×1021 e/cm2.  

 

Figure 9.6 Selected SEM (operating at 20 kV) snapshots of the same nanocluster magnetite Fe3O4 

film in Fig. 1 irradiated to various electron fluences: (a) 4.4×1019,(b) 1.3×1021 and (c) 2.6×1021 e/cm2 

at nominal RT. The images have the same scalar bar and show a similar nanostructure (same area). 

The density of the electronic energy deposition re is the product of ion/electron fluence F 

and electronic stopping power (dE/dx)e, i.e., 

ρe = F × (dE/dx)e.    (9.1) 
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(dE/dx)e: 

γe = f × (dE/dx)e.    (9.2) 

 

According to the NIST ESTAR database,33 the electronic stopping powers for 20 keV electrons in Fe 

and O are 8.468 and 11.38 MeV cm2/g, respectively. Using Bragg’s rule,34 the electronic stopping 

power of 20 keV electrons in Fe3O4 is estimated to be 10.13 MeV cm2/g. Similarly, using ASTAR 

database,33 the electronic stopping power for 25 keV He+ ions in Fe3O4 is 412.8 MeV cm2/g. As a 

rough estimation from Eq. (9.1), we obtain a density ratio [ρe(e)/ρe(He+)] of ~30 for 20 keV electron 

irradiation to 2.6×1021 e/cm2 to 25 keV He+ ion irradiation to 1.9×1018 He+/cm2. This represents a 

significantly higher energy density deposited by the electrons [Figure 9.6(c)] than that by the He+ 

ions [Figure 9.4(c)] at the surface. From Eq. (9.2), the rate ratio [γe(e)/γe(He+)] for the electron 

irradiation (0.96 nA over an area of 2.5 μm × 2.3 μm) versus He+ ion irradiation (0.5 pA over 1 μm × 

1 μm) is ~8, which suggests that the temperature within the beam spot of the electrons in SEM 

should be higher than that of the He+ ions in HIM. Although both the density and rate ratios are 

higher, electron irradiation shown in Figure 9.6 does not suggest an observable change in the surface 

nanostructure up to the highest fluence applied (2.6×1021 e/cm2). The result indicates that the 

combined effects from the electronic energy deposition and elevated temperature are not a major 

contributor to activate major structural evolution in the Fe3O4 nanocluster film. 

Because both thermal and electronic processes can hardly alter the initial nanostructure of 

the Fe3O4 nanocluster film, nuclear elastic collision is concluded to be primarily responsible for the 

activation of the dramatic nanostructural evolution at high doses. It should be noted that despite their 

inactivity for structural evolution, both thermal and electronic processes could play a significant role 

once the nanostructural evolution starts. The results from Figures 9.4 to 9.6 suggest that the structure 

of the nanocluster films is likely to be sensitive to fast neutron irradiation, where the first-order 
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electronic process is absent, but both atomic displacements and heat production processes are active. 

Further investigations of this type of films under neutron irradiation are planned and the results from 

the effort will be reported in future publications. 

9.4.2 Nanostructural Evolution and Phase Transition in Fe-Fe3O4 Core-shell Nanocluster Film 

Figure 9.7 shows the surface structure of a Fe-Fe3O4 core-shell nanocluster film on a 

surface-oxidized Si irradiated with 30 keV He+ ions to 5.2×1016, 1.1×1018 and 2.8×1018 He+/cm2 at 

nominal RT, corresponding to 1.2, 25 and 65 dpa at the surface, respectively.  

 

Figure 9.7 Selected HIM (operating at 30 kV) snapshots of a Fe-Fe3O4 core-shell nanocluster film 

on a surface-oxidized Si substrate irradiated to various ion fluences: (a) 5.2 × 1016, (b) 1.1×1018 and 

(c) 2.8×1018 He+/cm2 at nominal RT. The images have the same scalar bar and show a dramatic 

change in the nanostructure (same area). 

The nanoclusters have a Fe core of ~8nm in diameter and a Fe3O4 at nominally RT, shell of 

~2 nm in thickness. Typical TEM micrographs showing the nanoclusters, nano-grains and core-shell 

structure are provided in the supporting information (Figure 9.8).  As an approximation for the core-

shell structure, magnetite Fe3O4 was used for SRIM simulation. The results indicate that the atomic 

displacement rate and electronic stopping power at the surface are 0.22 displ./nm/ion and 155 

keV/µm, respectively, which are comparable to those from 25 keV He ion irradiation of Fe3O4. 

Similar to the structural evolution in the Fe3O4 nanocluster film shown in Figure 9.4, loosely 

interconnected small nanoparticles in the Fe-Fe3O4 core-shell nanocluster film aggregate to form 

larger particles as ion fluence increases, followed by formation of nanowire-like network and nano-
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pores. The nanostructure shrinks gradually till the dose reaches to the fluence of 2×1018 He+/cm2 or a 

dose of 45 dpa at the surface, where the nanoparticle at the image center and the surrounding 

structure begin to expand in volume. 

 

Figure 9.8 Typical TEM micrographs of Fe-Fe3O4 core-shell nanoclusters: (a) loosely 

interconnected nanoparticles and (b) a particle containing a number of grains (circled) surrounded by 

amorphous material; a grain has a Fe core and Fe3O4 shell, as shown in the inset 

The surface morphology of the resulting material appear to be similar to that of a similar 

core-shell film after irradiation with Si2+ ions to a lower dose at nominal RT, where phase transition 

of the oxide shell was observed (see below). This volumetric expansion is not yet understood at this 

stage, but might be associated with helium accumulation, phase transition, defect induced swelling, 

combination of those or other processes. Further studies are needed for clarification. 

To study crystalline phase and grain size, a 3.0 MV ion accelerator was used for a larger-

area irradiation that covers the entire surface (8 × 8 mm2) of a Fe-Fe3O4 core-shell nanocluster film 

(~0.9 μm in thickness determined by RBS analysis for magnetite Fe3O4) with 5.5 MeV Si2+ ions at 

nominal RT. The irradiation was performed in the low vacuum range of 10-7 Torr to 1016 Si2+/cm2, 

corresponding to an average dose of ~0.95 dpa in the film thickness. Figure 9.9 (a) shows the 

grazing-angle incidence x-ray diffraction (GIXRD) pattern for the film before and after irradiation. 

The results indicate that prior to irradiation, the crystalline grains consisted of a Fe core of 8 nm in 

diameter with a shell Fe3O4 of 2 nm in thickness on the average. After irradiation, the average size of 
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the Fe core decreased slightly to 7 nm. The oxide shell transformed from cubic magnetite Fe3O4 to 

cubic Wüstite FeO with the average shell thickness increased to 13 nm. The weight ratio of Fe in the 

film decreased from 81% to 36%. The process might involve creation of O interstitials in Fe3O4 by 

ion irradiation, followed by O diffusion, oxidation of Fe, and phase transition to cubic FeO in the 

shell. Epitaxial growth of FeO from interface could not be ruled out. Evidently, cubic Wüstite is the 

preferred phase over the cubic magnetite under the ion irradiation conditions at nominal RT. Similar 

behavior of Fe valence reduction in the oxide shell of a Fe-Fe3O4 nanocluster film was also observed 

after ion irradiation.11 A previous study35 has indicated that a large fraction of nanophase FeO can be 

grown on sapphire when the growth rate is high. Although Wüstite is known as a high-pressure 

phase,36 thin epitaxial FeO films on Fe have been found to be stable even in vacuum at RT.37 The 

cross-sectional view of the film nanostructures before and after Si2+ ion irradiation is shown in 

Figure 9.9a and 9.9c, respectively. As a result of the irradiation, the highly porous film becomes a 

columnar structure that is aligned with the irradiation direction (surface normal). Nano-cracks in the 

irradiated film also appear, as shown in Figure 9.9c, which could be attributed to accumulation and 

redistribution of nano-pores that are formed during ion irradiation, similar to those observed in 

Figure 4. 

 

Figure 9.9 (a) Background subtracted GIXRD patterns for a Fe-Fe3O4 core-shell nanocluster film on 

Si before and after 5.5 MeV Si+ ion irradiation to 1016 Si+/cm2 (~0.95 dpa in the film) at nominal RT. 

Also shown are the corresponding cross-sectional HIM images of the film (b) before and (c) after the 

irradiation. The two images have the same scalar bar. 
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9.4.3 Response of Fe-Fe3O4 Nanocluster Film Resistivity to Ion Irradiation 

In-situ resistivity measurements of Fe-Fe3O4 core-shell nanocluster films at nominal RT and 

473 K were performed based on van der Pauw four-probe method. The behavior from the reciprocal 

measurements of the resistivity along the horizontal and vertical directions is found to be similar in 

this study and only vertical resistivity is shown for clarity. The supporting document available online 

provides some details about the experimental facilities and procedures. Figure 9.10 shows the 

average resistance of a 200 nm thick Fe-Fe3O4 nanocluster film at nominal RT as a function of Si2+ 

ion fluence (bottom axis) and average dpa dose in the film (top axis).  

 

Figure 9.10 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 observed. 

The in-situ results reveal that under the ion irradiation there is a super-exponential decay 

dependence of the electrical resistance on dose in the Fe-Fe3O4 nanocluster film. The electrical 

resistance decreases from ~2.3 kΩ for the as-deposited film to ~290 Ω at a dose of ~0.1 dpa. The 

resistance in the entire dose range is much smaller than that of the blank substrate (without film) that 

has a value on the order of 10 MΩ with a week dependence on dose. The leak current through the 
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substrate is negligible at all doses in the measurement. Thus the resistance behavior shown in Figure 

9.10 suggests that the nanocluster film has a potential as a sensor material for neutron detection and 

monitoring. In the low-dose regime (< 0.01 dpa), the material is extremely susceptible to nuclear 

irradiation, providing a potential for high-sensitivity detection. The resistance decreases more 

gradually in the higher-dose regime, allowing for a long-term use for neutron monitoring. Note that 

according to SRIM simulation, the sputtering rate for 5.5 MeV Si2+ ions incident on Fe3O4 is 0.12 

atoms/ion, resulting in less than 1 nanometer removal of the surface material for the highest 

accumulated fluence of 1.6×1015 Si2+/cm2, which is negligible compared to the film thickness (~200 

nm). 

 

Figure 9.11 HIM micrographs of the same sample in Fig. 6 (a) before and (b) after 5.5 MeV Si2+ ion 

irradiation to 1.51015 Si2+/cm2 (0.08 dpa at the surface) at nominal RT. The images have the same 

scalar bar and show a dramatic change in the nanostructure. 

The nanostructures of the in-situ sample in Figure 9.10 before and after irradiation are shown 

in Figure 9.11. At the highest accumulated fluence of ~1.5×1015 Si2+/cm2 (or 0.08 dpa at the surface) 

at nominal RT, a dramatic change in the nanostructure is exhibited, featuring nanoparticle 

aggregation and formation of large particles and nano-pores. The overall nanostructure is different 

from that irradiated to a low dose with He+ ions [such as that shown in Figure 9.7 (a)], but more 

similar to that of the nanoparticle resulted from a much higher dose He+ ion irradiation of the core-

shell film shown in Figure 9.7 (c). According to SRIM simulation, the dose rate for 5.5 MeV Si2+ ion 
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irradiation is ~2 times as high as that for 30 keV He+ ion irradiation at the surface. The result in 

Figure 9.11 indicates that there is a significant mass effect of ion irradiation on nanostructural 

modifications. Consistent with the data in Figure 9.9, phase transition of the oxide shell from cubic 

magnetite Fe3O4 to cubic Wüstite FeO is evident in the irradiated sample, as shown in Figure 9.12, 

where micro-beam GIXRD was used to eliminate overlapping diffraction peaks from the Cu/Ti 

electrodes and Ag paste. Data analysis from the whole-peak fitting reveals that the average grain size 

increases from 5.3 to 9.4 nm for Fe and from 4.8 nm for Fe3O4 to 5.5 for FeO after the Si2+ ion 

irradiation to an average dose of only 0.09 dpa in the film. The weight ratio of Fe crystal remains 

nearly the same (82 vs. 84 wt.%). Except for the size variations that could depend on the initial 

cluster states (e.g., size) and irradiation conditions (e.g., ion fluence), there is an overall agreement 

on the irradiation behavior of the films shown in Figures. 9.12 and 9.9 (a). 

 

Figure 9.12 GIXRD patterns for the same sample in Fig. 6 (a) before and (b) after 5.5 MeV Si2+ ion 

irradiation to 1.51015 Si2+/cm2 (0.09 dpa in the film) at nominal RT. A phase transition from cubic 

magnetite Fe3O4 to cubic Wüstite FeO is observed. 

A similar super-exponential decay behavior is observed for a Fe-Fe3O4 core-shell 

nanocluster films irradiated with 5.5 MeV Si2+ ions at 473 K, as shown in Figure 9.13. Thermal 

annealing of the film was conducted at the elevated temperature for an extended time prior to ion 

irradiation and in-situ resistance measurement. An initial rapid decrease followed by nearly 

invariance in resistance was observed during the thermal annealing process in the absence of ion 
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irradiation. The in-situ result shown in Figure 9.13 indicates that the resistance also has a super-

exponential decay dependence on dose up to 0.21 dpa, similar to that from irradiation at nominally 

RT (Figure 9.10). However, irradiation of the annealed sample leads to a relatively smaller slope in 

the low-dose regime. A reduction of resistance by 80% from the initial value requires a dose of ~0.04 

dpa at 473 K versus ~0.01 dpa at nominally RT. Again, the decrease in the electrical resistance of the 

nanocluster film is due to the grain growth and a tighter connection between the agglomerated 

conducting particles, which leads to a larger effective cross-sectional area for more efficient electron 

transport. The corresponding surface nanostructure and diffraction pattern for the irradiated sample 

are shown in Figure 9.14.  

 

Figure 9.13 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 473 K. A super exponential decay behavior of the resistance is observed. 
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Figure 9.14 (a) HIM micrograph and (b) GIXRD pattern for the same sample in Fig. 9 after 5.5 MeV 

Si2+ ion irradiation to 3.41015 Si2+/cm2 (~0.2 dpa at the surface and in the film) at 473 K. Phase 

transition is not observed. 

Interestingly, even at a higher dose, the nanostructure of the irradiated film at 473 K (Figure 

9.14a) appears to be changed less dramatically than that irradiated at nominally RT (Figure 9.11b). 

There is also a noticeable difference in the shell, which does not undergo a phase transition to FeO at 

473 K (Figure 9.14b). Compared to RT, the elevated temperature leads to a higher rate for 

simultaneous recombination of Frankel pairs created during ion irradiation, which should be 

responsible in part for more irradiation resistance of the Fe3O4 shell to structural modification and 

phase transition. From Figure 9.10 and 9.13, the resistance changes in the low-dose regime are very 

rapid. A smaller step of dose was also applied to study the behavior quantitatively based on 2 MeV 

He+ ion irradiation at a significantly lower dose rate. Figure 9.15 shows the data for an 800 nm thick 

Fe-Fe3O4 nanocluster film; this thickness is small compared to the ion projected range of ~4 µm in 

the material under the irradiation conditions.  



162 

 

 

Figure 9.15 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 2.0 MeV He+ ion 

irradiation at nominal RT. A significant decrease of the resistance is observed within a narrow dose 

window in the low-dose regime. 

At the highest applied ion fluence of 8×1015 He+/cm2, the corresponding dose in the film is 

only ~1.3×10-3 dpa. Figure 9.15 suggests that even at a dose as low as 10 ion irradiation at nominally 

RT, there is a considerable decrease in the resistance by ~15% in the Fe-Fe core-shell nanocluster 

film. However, at the highest dose applied to the film, a noticeable change in the surface 

nanostructure is not observed (Figure 9.16) and phase transition also does not occur (Figure 9.17). 

This is probably because the dose is still too low to produce any major visible effects on the 

nanostructure, yet quite significant on the electrical resistance already. 
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Figure 9.16 HIM micrographs for the sample in Figure 9.15 (a) before and (b) after 2.0 MeV He+ ion 

irradiation to 8×1015 He+/cm2 at nominally RT. A dramatic change in the surface morphology does 

not occur. 

 

 

Figure 9.17 GIXRD patterns for the sample in Figure 9.15 (a) before and (b) after 2.0 MeV He+ ion 

irradiation to 8×10 15 He+/cm2 at nominally RT. Phase transition does not occur. 

 

9.5 Future Studies 

The nanocluster films used in this study has an inhomogeneous and anisotropic nature; their 

behavior of electrical resistance is complex under ion irradiation. Further studies are needed to better 

understand the basic mechanisms associated with the irradiation-induced microstructure changes, to 

develop an accurate interpretation to the observed dose dependence of the electrical resistance, and 



164 

 

to establish the relationship between the nanostructural evolution and the super-exponential decay of 

the electrical resistance with dose. Meso-scale modeling will be performed and the results will be 

compared to the experimental data to identify the dominant mechanisms in the structural evolution 

and its impact on the electrical resistance. The improved understanding, along with the verification 

of the material susceptibility to neutron irradiation, will help to lay a solid foundation for 

development of an advanced online, small neutron flux monitor based on nanocluster films as 

sensing materials. 

9.6 Conclusion 

It has been demonstrated that HIM provides a new, unprecedented capability for in-situ 

study of nanostructural evolution of bulk materials under He+ ion irradiation. Nanocluster films of 

Fe3O4 and Fe-Fe3O4 core-shells are found to undergo a dramatic change in nanostructures under ion 

irradiation. Crystalline grains grow likely through interfacial epitaxy from the surrounding 

amorphous material or through coalescence of smaller neighboring grains. A nanoparticle containing 

several crystalline grains aggregates and forms larger particles under ion irradiation. As dose 

increases, a nanowire-like network is formed along with nano-pores. The nanostructural evolution is 

activated by elastic nuclear collisions that produce atomic displacements. Both electronic and 

thermal processes can play a significant role once the evolution is activated. In-situ study of the 

nanocluster Fe-Fe3O4 films indicates that the electrical resistance has a super-exponential decay 

dependence with ion fluence or dose in dpa. The behavior may be attributed to tighter 

interconnections between nanoparticles, leading to an increase in the cross-sectional area for more 

efficient electron transport and orders of magnitude decrease in the electrical resistance. The 

observed phase transition of grain shells from cubic magnetite Fe3O4 to cubic wustite FeO at a higher 

dose could change intrinsic conductivity of the nanoclusters. The results from this study suggest that 

the nanocluster core-shell films may have a great potential as a candidate neutron sensor material for 

development of an advanced online neutron monitor that has high-sensitivity detection and long-term 
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applicability at RT or elevated temperatures. These monitors would be of great value and critical 

importance in many nuclear operations to enhance safety, such as those in existing and future nuclear 

power plants. 
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Chapter 10: Nanoclusters Embedded Thin Film Matrices and Multi-Layered Films  

10.1 Introduction 

Although studying the heat treatment and irradiation effects on nanoparticles gives insight to 

the mechanisms behind property changes and its direct use as radiation sensors and monitors in 

nuclear reactors, in order to find their applications in radiation resistant materials it becomes 

essential to embed these nanoclusters in the nuclear grade materials or other type of materials to 

form oxide dispersion strengthened (ODS) or nano-Ferritic alloy (NFA) type materials and study the 

effects. This chapter deals with the magnetic properties of Ni thin films and the effect of Mn & Bi on 

the Ni thin films as multilayer films and nanoclusters embedded thin films matrices in order to study 

the change in magnetic interaction. To alter the magnetic coercivity a layer of MnBi thin film was 

deposited between two layers of Ni thin films. There has been considerable interest in understanding 

the magnetic, optical, and magneto-transport properties of Manganese-Bismuth (Mn-Bi)-based 

materials because of their substantial magneto-optical and permanent magnet properties.1 By nature 

Manganese (Mn) exhibits paramagnetic behavior and Bismuth (Bi) exhibit diamagnetic behavior. 

When combined together in right proportion, Mn-Bi tends to exhibit high coercivity and other 

interesting properties. Due to such significance, Mn-Bi has become more popular and a good 

candidate for the replacement of certain widely used rare-earth magnetic materials, which are 

available rare in nature and can be used as a hybrid metal to enhance certain metal properties. Mn-Bi 

poses great material property like thermal stability, magnetic anisotropy, structural stability, spin 

polarization and high coercivity. Such properties give hopes for using Mn-Bi as an alternative for the 

rare earth elements and opens doors for further investigation on Mn-Bi. Our research finding in the 

past proved that the bulk low-temperature-phase (LTP) Mn-Bi permanent magnet of hexagonal Ni-

As structure prepared by spark plasma sintering (SPS) technique have better magnetic properties 

(Figure 10.1) at an optimal composition of Mn48Bi52 than compared with the other compositional 

ratios of Mn & Bi.2,3 It has also been reported that using MnBi thin films as a sandwich in a 
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multilayer film or as dopant in hybrid magnets has benefits in altering the magnetic properties to a 

great extent and by using this technique property changes can be controlled to a certain level.4,5 

Therefore in order to implement these findings at the micro and nano level, in our research we are 

focused on synthesizing and studying the structural, magnetic and electrical properties of this 

composition of Mn48Bi52 when it is used as a thin film sandwich layer in multilayered films and as 

dopants of nanoparticles embedded or dispersed in a metal matrix of thin film as shown in Figure 

10.2. In addition to this we focus on the thermal annealing effect on these thin film structures.  

 

Figure 10.1 Room temperature hysteresis loops of Mn100-xBix (x=40, 45, 52) magnets sintered at 287 

K. Max. field 2.2 T.2,3 

 

Figure 10.2 Mn-Bi thin film sandwiched in a multilayered metal film (Top). Mn-Bi nanoparticles 

embedded in a metal thin film matrix (Bottom) 
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10.2 Experimental Details 

Thin films and multilayered thin films were prepared by the thin film deposition system built 

in the cluster deposition system as shown in Figure 10.3.  It involves a magnetron sputtering gun 

(gun 2) where a 2-inch diameter target of particular metal is placed and sputtered at the supply of 

Argon gas. The sputtered atoms are allowed to deposit on a silicon substrate to form thin films. The 

heating element placed underneath the substrate holder can be used to control the deposition 

temperature and to perform vacuum annealing after deposition if required. The thickness of the thin 

films is measured simultaneously during deposition by a quartz sensor, which is placed adjacent to 

the substrate holder and measured by the INFICON XTC/2 deposition controller. Unlike the 

multilayer deposition of Mn/Bi followed by annealing to form the NiAs type low temperature phase 

(LTP) MnBi, the Mn-Bi thin films involved here were deposited directly from Mn50Bi50 target by 

sputtering. Further annealing of the deposited film was not done to form the LTP MnBi, instead the 

as-deposited Mn-Bi thin film which is a mixed solid solution of Mn and Bi was involved to study its 

impact on the magnetic properties of Ni thin films. Likewise, the Mn-Bi nanoparticles (NP) were not 

of the LTP MnBi instead directly sputtered from the three inch Mn50Bi50 target placed in the 

sputtering gun. The Mn-Bi nanoparticles were prepared by the state-of-the-art nanocluster deposition 

system, which combines magnetron sputtering with gas aggregation technique to form the desired 

NP. The Mn-Bi NP dispersed in a thin film matrix can be prepared by depositing both the 

nanoparticles (from gun 1) and thin films (from gun 2) simultaneously on the substrate placed at 45 

degree angle as shown in Figure 10.3 and by controlling the respective deposition rates. Scanning 

Electron Microscopy (SEM) images were taken in Zeiss Supra 35 variable-pressure SEM having 1 

nm resolution. The magnetic measurements were carried out in the DMS 1660 Vibrating Sample 

Magnetometer (VSM) at magnetic fields between -1.35 to 1.35 Tesla. The surface morphology and 

magnetic domain images were taken by Atomic Force Microscope (AFM), Magnetic Force 

Microscope (MFM). 
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Figure 10.3 Schematic representation of the nanocluster deposition system with provisions for the 

synthesis of both thin film and nanoclusters. 

10.3 Result and Discussion 

Figure 10.4 shows the Scanning electron microscopy (SEM) image of the Mn-Bi thin films 

as-deposited on silicon substrate at two difference scales. Minute grains of particles appear to be at 

the surface of this thin film, which makes the surface rough. These minute particle were formed due 

to the grouping of some atoms at the surface of the film due to the heat from the plasma of the gun. 

In order to study the enhancement of magnetic properties in metal and the change in magnetic 

interaction due to the Mn-Bi sandwiching in multilayered thin films, both Mn-Bi thin films and Mn-

Bi nanoparticle were sandwiched in between nickel thin films. In this study, Ni metal is chosen first 

as an initiative and since we have previously studied the other dopant effect (Cr doping) in Ni. In this 

thin film sandwich, the bottom Ni thin film layer thickness was 50 nm, the in-between Mn-Bi thin 

film layer and Mn-Bi nanoparticle layer thickness was 100 nm and the top Ni thin film layer 

thickness was 50 nm. The effect of thin film sandwiching is very effective compared with the 

nanoparticle sandwiching as shown in Figure 10.5 (a) and (b).  
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Figure 10.4 SEM images of Ni, Mn-Bi and multilayer Ni/Mn-Bi/Ni thin film deposited on Si 

substrate at two different scales, 10μm (a,b,c) and 1μm (d,e,f) 

It is clearly evident from the magnetic hysteresis of Figure 10.5 that the coercivity almost doubled 

after sandwiching Mn-Bi thin film in between Ni thin film layers while there was no notable change 

in the nanoparticle sandwich. This is because the nanoparticle size is so small such that they get 

oxidized when exposed to the atmosphere and are unable to retain the same magnetic properties of 

the bulk Mn-Bi. The drop in magnetic saturation after sandwiching is attributed to the presence of 

Mn-Bi layer.  
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Figure 10.5 Hysteresis loop of (a) Mn-Bi thin film sandwiched between Ni thin films and (b) Mn-Bi 

nanoparticle sandwiched between Ni thin films 

Therefore the nanoparticles sandwiched between Ni thin films have less effect on altering 

the magnetic properties of the metal. On the other hand, Mn-Bi nanoparticles dispersed or embedded 

in the 50 nm Ni thin film matrix seem to have similar prominent effect like that of the Mn-Bi thin 

films. As shown in the Figure 10.6, by increasing the concentration of Mn-Bi nanoparticles in the Ni 

thin film matrix the coercivity increases. The concentration of Mn-Bi nanoparticles was controlled 

by controlling the time of deposition of Mn-Bi nanoparticles in the matrix. As each nanoparticle is 

completely surrounded by the Ni film matrix there are fewer chances for the particles to get oxidized 

and thus they were able to bring the expected changes unlike the nanoparticle sandwich. Thus, both 

Mn-Bi thin films and Mn-Bi nanoparticles can enhance magnetic properties of a metal based on their 

respective multilayering or embedding technique.  

 

Figure 10.6 Hysteresis loop of Mn-Bi nanoparticles embedded in Ni thin film matrix. 
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In order to have more insight on the magnetic effect due to sandwiching Mn-Bi in between 

Ni thin films, AFM and MFM measurements were done and the results are shown in the Figure 10.7.  

 

Figure 10.7 AFM (a, b, c) & MFM (i, ii, iii) images of MnBi Thin film and Ni-MnBi-Ni thin film 

sandwich. 
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It is evident from this measurement that the SEM, AFM and MFM images are pretty 

consistent with the hysteresis data. After sandwiching MnBi layer between Ni layers there is no 

change in magnetic domain. However the interaction between the domains has a slight reduction as 

there is increase in the dark spots of MFM as shown in Figure 10.7 (b) and (d). After depositing Ni 

layers over the Mn-Bi thin film layer, the size of minute grains on the surface of the Mn-Bi film had 

increased due to the 50 nm Ni layer coating over these grains as shown in Figure 10.7 (a) & (c).  

10.3 Conclusion 

 The effect of Mn-Bi thin films and nanoparticles in the enhancement of the magnetic 

properties of metals is real and possible as it is evident from the coercivity changes after 

sandwiching Mn-Bi thin films in-between Ni thin films and embedding Mn-Bi nanoparticles in Ni 

thin film matrix. Although the presence of Mn and Bi as thin film sandwich layer tend to affect the 

coercivity of Ni films, the presences of Mn and Bi as nanoparticle-sandwich-layer tend to have no 

effect on the coercivity of Ni films, when the Mn-Bi nanoparticles were deposited as a sandwich 

layer. The dispersion technique where the Mn and Bi nanoparticles are dispersed uniformly 

throughout the Ni thin film matrix has an effect on the magnetic properties. Right proportion of Mn-

Bi thin film sandwiching and Mn-Bi nanoparticle embedding along with the combined effect of heat 

treatment can bring elevated structural and magnetic property changes.  Since the preliminary results 

are promising, it calls for more investigation in this area in the future.  
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Chapter 11: Summary and Conclusion 

This study contributes to the research in the area of identifying the irradiation effects on 

nanomaterials, which induces changes in magnetic, structural and electrical conductive properties. In 

regard to this, investigations were conducted on magnetic nanomaterials to study the underlying 

mysteries behind irradiation-induced property changes in nuclear materials, which plague the current 

generation nuclear reactor and to create materials that can have controlled property change under 

irradiation. In order to meet the objective, research was mainly focused on the study of magnetic, 

structural and electrical conductive property changes in nanomaterials due to irradiation. As this field 

of research is directly related to Nano Nuclear Technology (NNT), a literature review was done and 

presented in this dissertation, which unveils the ongoing research and research so far in this field. 

Results obtained from the previous researches and from this research, convey the message that 

nanomaterials are good candidates for the radiation impact analysis, radiation applications and for 

the further studies in the same genre. Nanoparticle-granular films chosen for this study were 

prepared using the third generation cluster deposition system. These granular films were prepared 

and exposed to irradiation at the ion accelerator facility at the Pacific Northwest national laboratory 

(PNNL), Richland, WA.  

Some of the granular films like the Fe3O4 films showed extreme sensitivity of irradiation 

with the increase of magnetization, growth in cluster size, growth in magnetic domain when exposed 

to 5.5 MeV Si2+ ion irradiation to a fluence of 1016 ions/cm2 at room temperature. Such kind of 

materials opens doors for application of in nuclear reactor sensors, monitor and detectors. On the 

other hands, materials like the FeO+Fe3N granular films when irradiated with 2 MeV He+ ions to a 

fluence of 3×1015 ions/cm2 at room temperature showed magnetic and structural stability proving 

their robust nature against irradiation. Similarly, Core-shell Fe nanoparticle shows magnetic stability 

under Si2+ ion irradiation. These results open new doors for applications in advanced data storage 

and material usage in extreme condition. Core-shell iron nanoparticles exposed to ion beam 
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irradiation showed phase change and reduction behavior. Upon further investigation it was revealed 

that such a behavior occur due the presence of Fe nanocrystals. Grain growth and increase in the 

thickness of the oxide layer in fully oxidized nanoparticles and core-shell nanoparticles are very 

common phenomenon observed under irradiation. The investigations done to explore such behavior 

reveal that the combined effect of vacancy/interstitial formation, diffusion under radiation-induced 

local temperature increase are the reason for the irradiation-induced particle size growth and oxide 

layer thickening, which ultimately results in structural and electrical conductivity changes.  

In addition to this, it has been confirmed from the research that the radiation stability or 

tolerance comes when the grain boundaries and interfaces in a material are enhanced. The core-shell 

Fe nanoparticles affirm this phenomenon as it proved the stability of Fe core when it had a oxide 

shell, which promoted grain boundary and interface effect. This also shows the importance of using 

nanomaterials in the future nuclear reactor grade material. The in-situ studies conducted on the core-

shell and fully oxidized nanoparticles under irradiation gave more insight in determining the 

contributors for the radiation induced property changes. Elastic scattering leading to atomic 

displacement was found to be a major reason behind the structural evolution in nanomaterials under 

irradiation. However, once the atomic displacement is initiated, the electron energy deposition and 

thermal effect works hand-in-hand to promote the furthering of the nanostructural evolution.  In-situ 

studies on the sensing ability of these nanostructural materials shows that these materials are capable 

of avoiding background noises and at the same time remain highly sensitive. Studies on Ni and Cr 

doped Ni nanoparticles show that the combined effects of doping and heat treatment are excellent 

ways of bringing controlled property changes in materials. The results from Mn-Bi NP dispersion in 

Ni thin films show that dispersion only affects the magnetic properties, but not the surface 

morphologies. On the whole, the results obtained from this research positively contribute in terms of 

radiation sensing and radiation tolerance to the assurance of enhanced safety of the future nuclear 

reactors or the Generation IV nuclear reactors, which are expected to be in use sooner or later.  



180 

 

Appendix A: Sputter yield for different materials 

Material Sputter Yield 
 

Material Sputter Yield 
 

Material Sputter Yield 

Al 0.77 

 

Ge 1.10 

 

Sb 3.96 

Al2O3 0.16 

 

Ir 0.66 

 

Si 0.38 

Ag 2.24 

 

Mo 0.51 

 

SiC 0.39 

Au 1.90 

 

Mn 1.07 

 

SiO2 0.49 

Be 0.19 

 

Nb 0.48 

 

Sm 1.21 

Bi 1.76 

 

Ni 0.70 

 

Su 1.41 

C 0.05 

 

Os 0.54 

 

Ta 0.46 

Co 0.62 

 

Pb 3.76 

 

Th 0.90 

Cr 0.65 

 

Pd 1.41 

 

Ti 0.41 

Cu 1.00 

 

Pt 0.97 

 

U 0.81 

Dy 1.27 

 

Rb 4.89 

 

V 0.41 

Er 1.08 

 

Re 0.57 

 

W 0.42 

Fe 0.52 

 

Rh 0.97 

 

Y 1.023 

GaAs 1.83 

 

Ru 0.71 

 

Zr 0.70 

 

 

 


