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Abstract 

This thesis was motivated by the different properties exhibited by magnetic 

nanoparticles when compared with the bulk. For example the coercivity and 

magnetocrystalline anisotropy vary with the particle size and the finite particle size 

can affect the spin-wave dispersion. When the nanoparticle radius becomes small 

enough it is possible to observe superparamagnetism with negligible hysteresis. The 

transport properties can also be different in nanoparticle composites when compared 

with the bulk. It is particularly interesting if the nanoparticles have a degree of 

electronic spin polarization because it is then possible to observe spin-dependent 

tunnelling. This thesis reports the results from a study of the structural, magnetic, and 

electronic properties of two partially electronically spin-polarized nanostructured 

compounds, iron-nickel alloy and magnetite, that were made using a new arc-

discharge method, ion implantation and annealing, and a co-precipitation method. 

It was found that permalloy powders could be made by arc-discharge where 

there were a range of particle sizes from nms to 10s of microns. Magnetoresistance 

was observed where it is due to the ordinary magnetoresistance and spin-dependent 

tunnelling between the particles. It was also possible to make magnetite using the arc-

discharge process and the powders contained nanoparticles, large faceted 

nanoparticles, and larger particles in the 10s of micron range. The temperature 

dependence of the saturation magnetization changes at 127 K, which can be attributed 

to the charge-ordering Verwey transition. A large magnetoresistance was observed 

and attributed to spin-dependent tunnelling between the magnetite particles. It was 

less than predicted due to a spin-disordered interfacial region. The electrical 

resistance was modelled in terms of small nanoparticles coating the larger particles 

and electrostatic charging during tunnelling between small nanoparticles. Magnetite 

powders were also synthesized via a chemical co-precipitation method where 

nanoparticles with diameters of ~14 nm were observed. The Verwey transition was 

only observed in the zero-field cooled field-cooled magnetization for the arc-

discharge powders. It was observed for the magnetite powders made using both 

methods in the temperature dependence of the saturation moment. The saturation 

magnetic moment for powders made using both methods has a power law dependence 



on temperature with an exponent of 3/2 at low temperatures and a higher value above 

the Verwey transition temperature 2. There was also a large magnetoresistance due to 

spin-dependent tunnelling for magnetite nanoparticle made using a chemical co-

precipitation method and the electrical resistance could be modelled in terms of 

electrostatic charging during tunnelling. 

NixFe1-x nanoparticles were made for the first time by ion beam implantation. 

Small superparamagnetic nanoparticles occurred after implantation. The saturation 

moment after implantation did not follow the Bloch’s T
3/2

 for x=0.82, which is likely 

to be due to spin-waves propagating in the nanoparticle/NiyFe1−ySizOn matrix.  A bi-

modal particle size distribution of mostly spherical nanoparticles was observed for 

x=0.82 after annealing. An x=0.45 sample showed large asymmetric NixFe1-x 

nanoparticles with minimal smaller nanoparticles. The different nanoparticle 

morphologies is likely to be due to the different nucleation centres and the different 

initial concentration profiles. The saturation moment had an exponent of 3/2 at low 

temperatures and there was a contribution from surface disordered spins. A higher Ni 

fluence with x=0.53 lead to the formation of superparamagnetic nanoparticles that had 

a higher blocking temperature, indicating the formation of larger nanocrystallites. 

There was an enhancement in the permeability.  
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Chapter 1 

Introduction 

Magnetic nanoparticles are being actively researched because they have a 

wide variety of potential applications that include magnetic resonance imaging 

contrast agents (Banerjee et al., 2010) (Pankhurst et al., 2003), medical treatment 

and diagnostics (Banerjee et al., 2010), (Pankhurst et al., 2003) waste water 

treatment (Shen et al., 2009), high density magnetic memory (Ross, 2001) (Sun et 

al., 2000) (Moser et al., 2002), and magnetic field sensors (Leveneur et al., 2011)  

(Chen et al., 2011) (Dai et al., 2011). Nanoparticles have been made with a range 

of techniques that lead to nanoparticle powders or nanoparticle composites.  

The nanoscale physics in magnetic nanoparticles is different when 

compared with the bulk. For example the magnon dispersion is known to change 

for small nanoparticles where the small nanoparticle size can lead to the opening 

of a magnon gap (Hendriksen et al., 1993) and the coercivity and 

magnetocrystalline anisotropy can depend on the nanoparticle size (Huber, 2005). 

When the nanoparticle radius becomes small enough it is possible for the thermal 

energy to exceed the magnetocrystalline anisotropy energy and this leads to 

superparamagnetism with negligible hysteresis (Cullity and Graham, 2011). This 

can be advantageous for magnetic sensing applications where negligible 

hysteresis makes it easier to measure small magnetic fields. Nanostructured 

composites containing magnetic nanoparticles can display magnetotransport 

properties not seen in the bulk (Leveneur et al., 2011) (Inoue and Maekawa, 1996) 

(Wang et al., 2006) (Wang et al., 2009). For example, spin tunnelling between 

nanoparticles in a semiconducting matrix can lead to large magnetoresistances 

(Inoue and Maekawa, 1996; Wang et al., 2009, 2006). 
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This thesis is a study of new methods to make magnetic nanoparticles and 

nanostructured materials and understanding their structural, magnetic and 

electronic properties. A layout of the thesis is described as follows. Chapter 2 is 

an introduction to the theoretical subject matter dealt with in this thesis. An 

introduction to research into magnetic nanoparticles and the various applications 

and synthesis methods is given. This is followed by a description of the magnetic 

phenomena that are relevant to this thesis with theoretical background and some 

examples. The various phenomena include magnetic anisotropy, demagnetization, 

superparamagnetism, magnetic ordering phenomena in bulk and nanoparticles, 

magnon dispersion, spin disorder effects and glassy behaviour.  Various origins of 

the magnetoresistance are explored in this thesis and the types that are relevant 

here are tunnelling magnetoresistance, ordinary magnetoresistance, and 

anisotropic magnetoresistance. A brief description of each of these is given. 

Conduction mechanisms are described next.  

Chapter 3 deals with the synthesis techniques and analysis techniques and 

the experimental methods used. Synthesis techniques used to make magnetic 

nanoparticles are the conventional chemical co-precipitation method, the arc-

discharge method, pressing of powders into pellets for resistivity measurements 

and low-energy ion implantation. Various techniques to study the structural 

characteristics include X-ray diffraction (XRD), ion beam analysis, Raman 

confocal microscopy, electron microscopy, scanning electron microscopy (SEM), 

transmission electron microscopy (TEM). The major analytical measurements on 

the magnetic properties and the transport properties were performed using a 

magnetic properties measurement systems and the physical properties 

measurement system and these are described in greater detail. The physical 

properties measurement system was used in the resistivity and the vibrating 

sample magnetometry modes.  
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Chapter 4 deals with the synthesis and properties of permalloy powders 

made using a novel arc-discharge mechanism. Samples were synthesised in 

nitrogen and air for two different compositions of iron and nickel and the 

structural properties studied by XRD, SEM, TEM and Raman measurements in 

order to determine the composition and crystalline quality. Field dependent 

magnetization measurements were presented for all the samples and compared to 

the values expected for bulk. Temperature-dependent magnetization 

measurements were also performed. Temperature-dependent resistivity 

measurements were performed on a pressed pellet of this sample that confirmed 

the metallic nature of the sample. Magnetoresistance measurements at different 

temperatures and angle-dependent magnetoresistance measurements helped 

establish the origins of the magnetoresistance. The low spin-tunnelling 

magnetoresistance was attributable to the degradation of the spin polarization. 

Chapter 5 is on magnetite powder made by the novel arc-discharge 

mechanism characterised by magnetic and magnetoresistance properties and iron 

oxide made by a chemical co-precipitation method. For each set of materials, the 

structural properties, constitution and crystalline quality were investigated via 

XRD, SEM, TEM and Raman measurements. Field-dependent measurements 

were performed to determine the saturation magnetization, coercivity and other 

quantities and compared to the expected value in bulk. Temperature-dependent 

magnetization measurements were performed in order to observe the Verwey 

transition, determine the blocking temperature and the Bloch exponent. 

Magnetoresistance measurements were done across various temperatures and it 

was modelled using a phenomenological model. Using this model, values of spin 

polarization were determined and the lower than expected magnetoresistance was 

explained using a model of a spin disordered region between the grains. 
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Chapter 6 deals with the synthesis of NixFe1-x by low-energy dual 

implantation of iron and nickel into silicon dioxide and their structural and 

magnetic properties. Two x values of 0.78 and 0.45 were studied with the same Ni 

fluence as well as x=0.53 with a higher Ni fluence. Dynamic Transport of Ions in 

Matter (D-TRIM) simulations were used for beam energy selection and to study 

the depth profile. After implantation, ion beam analysis and TEM were used to 

determine the composition and depth profile of the implanted and electron beam 

annealed (EBA) film. Magnetization measurements – field dependent and 

temperature dependent – were used to determine the magnetization saturation 

values and study the magnon dispersion for both the films before and after 

annealing. A model was used to account for the temperature dependence of the 

saturation moment that included a spin-disordered shell and the thickness of the 

disordered layer was determined. Electron energy loss spectroscopy (EELS) was 

also done for the x=0.45 sample to study the composition of core–shell particles.  

Chapter 7 is a summary on the results in this thesis and a comparison of 

the different nanoparticles and powders as well as the future outlook. 
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Chapter 2 

Background and theory 

2.1 Historical background 

The earliest nanotechnologists date back to as far as the 4
th

 century AD, 

when nanoparticles were used for paintings and sculptures (Horikoshi and 

Serpone, 2013) and interesting effects were observed, such as the change in colour 

of the material upon illumination. Metallic nanoparticles were used in medieval 

time for applications that included glass making where they produced vivid 

colours. This was described by Michael Faraday and it was called the Faraday–

Tyndall effect (Tweney, 2006). It was only with the advent of quantum mechanics 

and more detailed studies that it was shown that the different colours are due to 

surface plasmons in metallic nanoparticles. The detailed study and synthesis of 

nanoparticles started late last century due to the potential applications in medicine, 

electronics, sun screens, antibacterial agents, etc. Nanoparticles form part of the 

nanotechnology area that is most well-known in the semiconductor industry when 

electronic elements are now reaching the 10s of nm scale. 

The definition of nanoparticles can have different interpretations across 

academic circles, but in general, nanoparticles can range from 1–100 nm and the 

term nanostructures largely refers to structures that have been constrained at least 

in one dimension to the range of nanometres, although nanoparticles can be 

grouped randomly, fractally or closely packed among other arrangements, as 

shown in Figure 2.1. Metallic nanoparticles can have interesting properties such 

as higher specific surface areas, specific optical properties, mechanical strengths 

and specific magnetizations. 
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Figure 2.1 Examples of possible arrangements of nanoparticles. 

 

  



8 
 

2.2 Theory 

2.2.1 Methods of preparation 

Nanoparticles are made by a number of methods that include simple 

chemical co-precipitation methods (Aquino et al., 2005) (Maaz et al., 2010) 

(Wang et al., 2009), polyol processing (Qin et al., 2011), and microemulsion 

method (Cushing et al., 2004). Nanoparticles and nanoparticle composites are 

made by a number of methods like radio frequency plasma torch synthesis (Son et 

al., 2002), magnetron sputtering (Sun et al., 2003) and pulsed laser ablation that 

are being developed recently. The various methods also include ion implantation 

that can be used to create nanostructured magnetic materials that are embedded in 

silicon dioxide (Leveneur et al., 2011) (Amekura et al., 2004) (Malik et al., 2012) 

(Kennedy et al., 2011; Lobotka et al., 2007) (Sprouster et al., 2011) (Wang et al., 

2008) (Zhu et al., 2006). The advantages of ion implantation over other methods 

include the ability to control to high precision the depth and concentration at a 

nanoscale level (Ziegler, J. F. (Ed.), 2012). It has recently been shown that that 

low-energy Fe ion implantation into SiO2 followed by EBA leads to 

superparamagnetic Fe nanoparticles in the surface region that have a large room 

temperature magnetoresistance that can be useful for magnetic sensing 

applications (Leveneur et al., 2011). A range of other magnetic nanoparticles have 

been made by ion implantation into SiO2 that includes Ni (Amekura et al., 2004; 

Malik et al., 2012; Sprouster et al., 2011) and Co (Malik et al., 2012) 

nanoparticles. 

2.2.2 Spin-polarized materials 

In this section, we look at some highly spin polarized materials that are of 

interest in this thesis. Spin polarization is discussed in section 2.2.7. 
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2.2.2.1 Permalloy 

Permalloy is a well-known metallic alloy, made of iron and nickel and 

some additives (e.g. Cr, Mo, Mn and Cu) of lower concentration, used in industry. 

Of the various composition of iron–nickel alloy, permalloy 78 (P78, Ni0.22Fe0.78) 

and permalloy 45 (P45, Ni0.45Fe0.55) are face centred cubic (fcc). The phase varies 

from fcc to bcc as the concentration of the bcc iron is increased (Reck and Fry, 

1969). Iron–nickel alloy (to be distinguished from permalloy, which contains 

additives) with a bcc structure varies across x<0.30, as is apparent in Figure 2.2. 

The fcc structure varies across the concentration from x>0.30. The Curie 

temperatures of fcc iron–nickel alloy and bcc iron–nickel alloy are 871 K and 

553 K, respectively, which is much above room temperature, which is ideal for 

potential room temperature applications. 

The magnetic properties, including the saturation moment and the 

anisotropy can vary significantly according to the annealing regime that the alloy 

has been subjected to. Permalloy 78 has the least magneto-crystalline anisotropy 

in the well-annealed regime (Bozorth, 1951) and permalloy 45 has the maximum 

magnetization saturation. Permalloy 78 has a high Curie temperature of 1858 K 

and a low anisotropy (100–300 J m
−3

). Permalloy also has a very high 

permeability in the well-annealed regime. The permeability varies as the 

concentration of the ratios of iron and nickel change. 

The saturation moment varies as the relative ratios of the iron and nickel 

vary. The saturation moment of bulk bcc polycrystalline iron determined by low 

temperature magnetization is about 2.2±0.1 µB. The saturation moment of 

amorphous iron has been calculated to be ~1.7 µB (Grinstaff et al., 1993). The 

lowering of the saturation magnetization can be possibly due to the presence of 

random anisotropy, which is the case of correlated spin glasses (Chudnovsky et 

al., 1986). The magnetism of nickel also varies with the degree of structural 
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disorder and it has been found to decrease to as low as 0.4 µB (Al-Attar and 

Kakehashi, 1999). 

 

 

Figure 2.2 The variation of the magnetic moment of bcc (solid points) and fcc 

(open circles) with composition for iron-nickel alloys. The inset shows the low 

nickel content in a magnified scale. (Figure reproduced from Crangle, J. and 

Hallam, G.C., 1963, The magnetization of face-centred cubic and body-centred 

cubic iron-nickel alloys. In Proceedings of the Royal Society of London A: 

Mathematical, Physical and Engineering Sciences (Vol. 272, No. 1348, pp. 119-

132). The Royal Society.)  

The saturation moment of the permalloy 45 is ~1.8 µB. This is near the 

highest saturation magnetization and the highest flux density of the permalloys. At 

40 mT, the flux density is reported to be as high as 60 T (Elmen, 1935). The 

saturation moment of the permalloy 78 is 1.06 µB. 
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2.2.2.2 Magnetite 

Magnetite is ferrimagnetic up to 856 K (Levy et al., 2012), which is ideal 

for room temperature applications. The crystallized structure is cubic as shown in 

Figure 2.3a. The Fe
2+

 and Fe
3+

 cations are arranged tetrahedrally and octahedrally 

coordinated with oxygen atoms, as shown in Figure 2.3b. While the oxygen atoms 

have small magnetic moments µ < 0.1 µB, where µB denotes the Bohr magneton, 

those of the iron atoms are more than one order of magnitude larger and 

antiparallel on the two sub-lattices.  

An interesting feature of magnetite is that it shows the Verwey transition 

at TV~120 K. It has been attributed to a charge ordering transition where the 

conductivity decreases by up to two orders of magnitude. It is theoretically 

proposed that the Verwey transition is accompanied by a change from long range 

charge ordering below TV to short range ordering above TV. The transition can 

then be best described as a semiconductor-semiconductor transition with two 

states of different conductivities. Verwey proposed that there is a transition 

induced orthorhombic deformation and the ions in the Feoct sites becomes the c 

axis and Fe ions in the cubic [110] axes perpendicular to c become the 

orthorhombic a and b axes as shown in Figure 2.3c. The octahedral Fe
3+

 ions lie in 

rows parallel to a and the ferrous ions parallel to b  
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(c)  

Figure 2.3 (a) Structure of magnetite showing the Fe
2+

 (red circles, Fetet) and the 

Fe
3+

 (yellow circles, Feoct) ions arranged (b) tetrahedrally (top) and octahedrally 

(bottom) coordinated with the oxygen atoms (green smaller circles). [Figure 

reproduced from Friák, M., Schindlmayr, A. and Scheffler, M., 2007. Ab initio 

study of the half-metal to metal transition in strained magnetite. New journal of 

physics, 9(1), p.5.] (c) Orthorhombic structure of magnetite proposed by Verwey 

at T<TV [Figure from Verwey, E. J., P. W. Haayman, and F. C. Romeijn (1947), 

Physical properties and cation arrangements of oxides with spinel structure II. 

Electronic conductivity, J. Chem. Phys., 15, 181–187]. The large ions are Fe3+ 

and smaller ones are Fe
2+

.  
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Later magnetoelectric studies as well as neutron diffraction studies 

(Mizoguchi, 1978) have shown that the low temperature structure is actually 

monoclinic (Cc) although the details of the structure is still being researched 

(Martín-García et al., 2016). The exchange interaction between the valence 

electrons and the inner electrons can cause a localization of the conduction 

electrons and to a partial screening of the magnetic moment (Vonsovskii, 1946) 

(Walz, 2002). This leads to a decrease in the saturation moment of magnetite 

under the Verwey transition. 

2.2.3 Magnetic anisotropy 

The intrinsic magnetic anisotropy comes from the magneto-crystalline 

anisotropy that arises from the spin-orbit interaction. It means that there is a 

preferred direction of the moments in a lattice called the easy-axis. The 

application of a magnetic field at 90 degrees to the easy axis is required to rotate 

the moments from the easy axis to this hard-axis. For cubic systems that 

additional contribution to the magnetic energy density can be written as, 

E=K0+K1(α1
2
α2

2
+α2

2
α3

2
+α3

2
α1

2
)+K2(α1

2
α2

2
α3

2
)+...   (2.1) 

where αi are direction cosines and Ki are the magneto-crystalline anisotropy 

constants. The important Ki are for i>1 and usually K2 and greater are small. For 

uniaxial symmetry the magnetic energy density can be written as, 

E=K1Sin(ϑ)
2
.        (2.2) 

It is possible to define an anisotropy field HK that acts on the magnetic 

spins that are parallel to the easy direction and of a magnitude such that for small 

deviations θ, the torque acting on the spins can be expressed as  
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–0.5 

–1.1 
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45 

1.8 (Sankar et al., 1975) 

0.5 

–0.2 
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Table 2.1 Magnetocrystalline anisotropy constants of some magnetic materials 

(Cullity and Graham, 2011) at room temperature. 

Table 2.1 shows the magnetocrystalline anisotropy of some magnetic 

materials. Permalloy has a very low average magnetocrystalline anisotropy energy 

and this anisotropy is also found to be independent of its atomic structure and 

relies on the local FeNi bonding of the system that varies as the ratios of the Fe 

and Ni in it (Yin et al., 2006). This leads to the FeNi system being a soft magnet 

with vanishing anisotropy.  
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2.2.4 Demagnetization factors 

The susceptibility can be written as 

,
H

M
          (2.5) 

where M is the magnetization (A/m), and H is the applied field in T. The 

permeability µ is 

 1 ,        (2.6) 

Demagnetization occurs because there is demagnetizing field Hd in a body 

that can be written as 

,dd MNH          (2.7) 

where Nd is the demagnetization factor or demagnetization coefficient. The value 

of Nd depends mainly on the shape of the body and has a calculable value only for 

an ellipsoid, for which it is the sum of the three orthogonal axes of an ellipsoid, 

and for a sphere (like in a nanoparticle), the value comes out to be  

3

1
sphere N .        (2.8) 

 The effect of demagnetization is to stretch out the magnetization loop and 

this leads to a reduced measured susceptibility, χmeasured, that can be written as, 

 χmeasured=χtrue/[1+N×χtrue]      (2.9) 

where χtrue is the actual susceptibility in the absence of demagnetization. 
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2.2.5 Magnetic order  

Magnetic order occurs when there are exchange interactions between 

magnetic moments. For 3D ions that display orbital quenching the simplified 

Hamiltonian will include a term that can be written as  

,21

spin SJSH 
        (2.10) 

where J is the exchange energy and S1 and S2 and the spins on the adjacent sites. If 

J is positive then the spins will align parallel and this will lead to ferromagnetic 

order. A negative J will results in the moment being antiparallel and this results in 

antiferromagnetic order.  It is also possible to have antiferromagnetic order with 

moments that have different magnitudes and this leads to ferrimagnetism (e.g. as 

seen in magnetite and maghemite (α-Fe2O3)). In this case additional magnetic 

terms are required in the Hamiltonian and it can be treated for example in terms of 

a two sub-lattice system. 

For a Heisenberg ferromagnet that has a Hamiltonian as shown in 

Equation 2.10 it can be shown that the low wavevector magnon dispersion is 

quadratic and at low temperatures it can be shown that this leads to a saturation 

moment per ion that can be written as, 

],–[1 (0) = (T) sion,sion,

βTBmm                              (2.11) 

where mion,s is the saturation moment per implanted ion, mion,s(0) is the saturation 

moment per implanted ion at 0 K, B is a constant, and β=3/2. B is inversely 

proportional to D
3/2

 where D is the spin-stiffness. Equation 2.11 with β=3/2 is 

known as Bloch's Equation. 
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2.2.6 Superparamagnetism 

When the nanoparticle radius becomes small enough it is possible for the 

thermal energy to exceed the magnetocrystalline anisotropy energy and this leads 

to superparamagnetism with negligible hysteresis (Cullity and Graham, 2011). For 

example, there can be assembly of uniaxial, single-domain particles, each with 

anisotropy energy density given by Equation 2.2. If the single-domain particles 

are small enough, the thermal fluctuations would be larger than the anisotropy 

energy in the nanoparticles and hence the moments would become randomly 

orientated in the absence of an applied magnetic field. It is possible to define a 

temperature, known as the blocking temperature, TB, where there is ferromagnetic 

order with the moments are in the easy-axis direction far below TB and where they 

are randomly orientated with respect to the easy axis far above TB. TB can be 

written as, 

 
B

B
25k

KV
T  .        (2.12) 

where K is the effect magnetocrystalline anisotropy energy, V is the nanoparticle 

volume, and kB is Boltzmanns constant. For T>TB then the magnetic moments are 

still ordered within a nanoparticle but the nanoparticle can be treated as having a 

super moment. 

The materials that have been chosen for the studies are existing 

ferromagnetic materials with a relatively low coercivity and low 

magnetocrystalline anisotropy in bulk (see Table 2.1). A system such as Co–Sm 

and other hard magnetic materials with a large coercivity and the resulting 

nanoparticles that form would require a smaller size of nanoparticles to exhibit 

superparamagnetism. 
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2.2.7 Spin disorder 

There are a number of examples of magnetic systems where there are 

exchange interactions between magnetic moments but there is no long range 

magnetic order. It can occur for example in Cu doped with Mn where the Mn 

moments are coupled by the Ruderman-Kittel-Kasuya-Yosida interaction but the 

random positions mean that there are ferromagnetic and antiferromagnetic 

exchange. These types of systems are known as spin-glasses. Spin disorder is also 

known to occur in magnetic nanoparticles where there are uncompensated spins at 

the surface. 

In a ferromagnet with random anisotropy, below a transition temperature, 

the spins freeze in a random orientation. This temperature is the spin glass 

transition temperature TSG. For an ensemble of noninteracting nanoparticles, the 

time needed to reverse the magnetic moment is given by )/exp(0 SGBTkKV  , 

where the characteristic time constant τ0 is the characteristic time constant. The 

susceptibility can then be expressed as a function of the nanoparticles sizes f(V). 

The behaviour of the magnetization approaching saturation can be analyzed to 

derive structural information. Studies indicate that the random anisotropy of 

materials can result in the H
-1/2

, H
-1

 or H
-2

 contributions at high fields (Brown, 

1963).  

2.2.8 Spin polarization 

In ferromagnetic metals, electronic bands are exchange split, which 

implies that there are different densities of states at the Fermi energy for the up- 

and down-spin electrons. For two ferromagnetic films separated by an insulator, 

the number of electrons that can tunnel through the barrier depends on the spin 

and consequently the tunnelling conductance depends on spin. If the films are 

magnetized parallel (as shown in Figure 2.4 (top)), the minority spins tunnel to the 
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minority states and the majority spins tunnel through to the majority states. If 

however, the two films are magnetized antiparallel, the identity of the majority 

and minority spin electrons are reversed, so the majority spins of the first film 

tunnel to the minority states in the second film, and vice versa. Hence, if the spin 

polarizations of the two layers are very high, it is possible to have a high 

magnetoresistance.  

Highly spin polarized materials that are ferromagnetic include magnetite, 

permalloy or iron–nickel alloy and iron. Magnetite, being a half metallic, is 

predicted to have 100% spin polarization (Zhang and Satpathy, 1991). Andreev 

reflection studies on permalloy have been used to determine the polarization of 

permalloy with a superconducting contact study reporting that the spin 

polarization at the point of contact is 37±5% (Soulen Jr. et al., 1998).  

Spin polarization can be expressed as  

                          ,     (2.13) 

where N(↑) is the spin-up density of states and N(↓) is the spin-down density of 

states (Žutić et al., 2004). The resulting spin-dependent TMR (Inoue and 

Maekawa, 1996) can be written as  

                   ,      (2.14) 

where P1 is the degree of electronic spin polarization in one layer and P2 is the 

degree of electronic spin polarization in the other layer. 
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Figure 2.4 Two ferromagnetic films separated by an insulator with the two 

films magnetized parallel (top) and the two films magnetized antiparallel 

(bottom). 

2.2.9 Magnetoresistance 

A change in the resistivity in the material with an applied field is called the 

magnetoresistance (MR), which is expressed as  

MR(B) = (R(B)-R(0))/R(0)       (2.15) 

where R(B) is the resistance for an applied magnetic flux density, B, and R(0) is 

the resistance when B=0. There are various types of magnetoresistance and some 

spin dependent ones are the giant magnetoresistance, spin-dependent tunnelling 

magnetoresistance and anisotropic magnetoresistance. The types that are dealt 

with in this thesis are discussed here in brief. 
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2.2.9.1 Tunnelling magnetoresistance 

Tunnelling magnetoresistance occurs in materials that show a degree of 

electronic spin polarization as noted above. An example is magnetite has a high 

spin polarization that is theoretically up to 100% (Dedkov et al., 2002; Yanase 

and Siratori, 1984; Zhang and Satpathy, 1991) (Liu et al., 2003) (Cushing et al., 

2004; LaGrow et al., 2012; Vázquez-Vázquez et al., 2011). Spin polarization 

studies performed using photoemission measurements show that the polarization 

can be as high as 80% (Dedkov et al., 2002). From Equation 2.14 is can be shown 

that an electronic spin polarization of 80% for tunnelling between two magnetic 

films with an insulating layer should result in a very high magnetoresistance of -

355%. 

A spin-dependent tunnelling magnetoresistance can also be seen in 

granular systems. In this case the MR can be written as  

])(1/[)( 22 BmfBmfMR       (2.16) 

where f is the spin polarized fraction and m(B) is the reduced magnetization. If f=1 

then the best possible MR is −50% when m(B)=1.  

2.2.9.2 Ordinary magnetoresistance 

The ordinary magnetoresistance arises from the Lorentz force that occurs 

when a moving charge experiences a force, expressed by 

)( BvqF  .       (2.17) 

The additional force causes a change an increase in the path-length and hence an 

increased resistivity that leads to a positive magnetoresistance.  
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2.2.9.3 Anisotropic magnetoresistance 

Spin-orbit coupling introduces scattering between up- and down-spin d 

states with a small proportionality factor which is about 0.01 for the 3d transition 

metals. The Campbell-Fert-Jaoul (CFJ) model has been remarkably successful in 

accounting for Δρ/ρ=(ρ∥ ρ⊥)/ρ⊥ in a permalloy and other dilute nickel-based 

crystalline alloys (Campbell et al., 1970) (Malozemoff, 1985). Hence, anisotropic 

magnetoresistance arising from spin-orbit coupling has been a subject of interest 

and there are various examples (Jan, 1957; Malozemoff, 1985; Mcguire and 

Potter, 1975; Smit, 1951; Van Gorkom et al., 2001). In the two-current conduction 

model schematized in Figure 2.5, conduction proceeds through two parallel 

channels with resistivities ρ↑ and ρ↓ corresponding to spin-up and spin-down 

conduction electrons, respectively. In the absence of spin-orbit coupling, each 

channel has series resistivity contributions ρss arising from scattering between like 

spin s states and ρsd arising from scattering between like-spin s and d states; spin 

mixing can be ignored for high resistivity materials.  

 

 

Figure 2.5 Schematic two-current conduction model for ferromagnetic 

transition-metal alloys with s and d scattering. Figure reproduced from 

Malozemoff, A. P. "Anisotropic magnetoresistance of amorphous and 

concentrated polycrystalline iron alloys." Physical Review B 32, no. 9 (1985): 

6080. 
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2.2.10 Mechanisms of resistivity: resistivity in metals 

Different carrier scattering mechanisms can result in electrical resistivity 

that is ultimately limited by the impurity concentration. Most metals display a 

resistivity that is linear in temperature due to electron-phonon scattering. For 

strongly correlated materials it is important to also consider Coulomb interactions 

between electrons and this can lead to a Fermi liquid where the resistivity has a 

quadratic dependence on temperature. 

In disordered materials it is possible to have a hopping conductivity either 

via localized states at the band edge or at the Fermi level. For variable range 

hopping at the Fermi level, the resistivity, ρ, can be written as 

ρ=ρ0×exp((T0/T)
n
)       (2.18) 

where T0 is a constant. For hopping in a 3D system n=1/4 and for 2D systems this 

changes to 1/3. In the presence of Coulomb interaction n=1/2 (Efros and 

Shklovskii, 1975). 
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Chapter 3 

Experimental details 

This chapter discusses the methods, equipment and experimental details 

that were used to make nanoparticles. 

3.1     Synthesis techniques 

The different methods to synthesize the samples are explained below.  

3.1.1   Arc-discharge synthesis of magnetic powders 

Powders containing nanoparticles were synthesized using the new in-

house designed arc discharge system at GNS Science (Fang et al., 2009) (Fang et 

al., 2011). A schematic can be seen in Figure 3.1. Arc discharge involves a 

process of electrical arcing of the bulk metal to obtain powders. An arc induced 

from touching of the electrodes and then separating these results in a field 

emission of the electrons and hence a plasma arc is created. The type of plasma is 

determined by the atmosphere and the pressure. The temperatures formed in a 

plasma aids the formation of a uniform phase of material from the anode that 

newly forms from the bulk rod that was the anode and the cathode was Fe that sat 

on a water-cooled graphite disc. The cathode and part of the anode were 

surrounded by a metal shield that sat on the graphite disc. The anode and cathode 

were located inside a sealed chamber. The arc-discharge is typically carried out 

using a current of 74 A and maintaining a gap of ~5 mm between the electrodes 

(Fang et al., 2014). Previous studies on Ni nanoparticles clearly show that the 

increase in arc current away from the optimal value would result in an increase in 

particles size (Förster et al., 2012). The syntheses were performed in oxygen, 
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nitrogen or argon at  a pressure of ~400 Torr. The powder was collected inside the 

base of the metal shield after arc-discharge.  

 

 

Figure 3.1: Schematic of the arc discharge system used to synthesise powders 

containing nanoparticles 

Powders have been made by other arc-discharge methods that are 

variations on the method used here. Powders containing Fe or Ni nanoparticles 

have been made using horizontal rods and a quenching solution to obtain powders 

that have nanoparticles with sizes from 10 nm to 120 nm (Chang and Ren, 2004). 

However, no scanning electron microscope measurements were made at lower 

magnifications to see if larger particles were present. A vertical rod assembly has 

been used with horizontal flow gas and a quenching region to make powders 

containing copper nanoparticles (Förster et al., 2012). Horizontal rods have also 

been used in solution and the suspended nanoparticles were obtained after the arc-
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discharge process. This process was used to make powders with bimetallic 5 nm 

Ag/Pt nanoparticles (Pootawang et al., 2012). 

Non-magnetic powders made by arc discharge include zinc oxide (Wu Xu-

Feng et al., 2006) nanorods that grow along a particular plane, and also tungsten 

oxide nanostructures. Arc discharge synthesis has often been used to synthesize 

highly directional nanowires and nanorods, including metallic oxides (Fang et al., 

2009; Yao et al., 2005) and is potentially an easier method to synthesize well 

aligned crystalline nanoparticles in larger quantities. 

3.1.2    Chemical co-precipitation method 

The chemical co-precipitation method (see (Pootawang et al., 2012) is a 

technique that is used to synthesise nanoparticles from FeCl2 and FeCl3 precursors 

mixed in solutions to precipitate out the salt that can be separated out to obtain 

nanoparticles. Precursors were mixed in beakers aided by magnetic stirrers. The 

mixed precursors produce a salt as well as nanoparticles that can be dissolved in 

solution. The solution in water is often subjected to a temperature to aid 

crystallisation. In this process, the nanoparticles favour nucleation over growth 

and Ostwald ripening leading to the formation of nanocrystallites. A flowchart of 

the process can be seen in Figure 3.2.  

Magnetite nanoparticles synthesized by this method have been reported to 

vary from 2 nm to 11 nm and a saturation magnetization of 64 emu/g to  68 emu/g 

(Pootawang et al., 2012). The size distribution has been reported to vary with the 

Fe
2+

/Fe
3+

 ratios of the starting materials. The particles synthesized have been 

reported to be polycrystalline (Pootawang et al., 2012).  
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Figure 3.2: Flowchart for a typical chemical co-precipitation process. 

3.1.3   Pressing and sintering 

Powder metallurgy techniques were adapted for this thesis in order to 

synthesise materials for analysis appropriate to current technologies. Pressing of 

the powders would enhance the density of the powder that aids conduction 

mechanisms and the reduction of voids.  Diffusion of the particles during 

consolidation results in two competing mechanisms: that of microstructural 

coarsening and densification. Nanoparticle powders were pressed into pellets 

using a powder press tool in the aim of retaining the nanocrystalline structure and 

merely achieve densification (Chang and Zhao, 2013). 

A die was designed at GNS Science for unidirectional compaction with 

double action or punches. Powders were packed into a die made of tool steel with 

diameters of either 3 mm or 5 mm and a hydraulic press was used to subject 

pressure onto the die containing powders. Cold pressing was adopted in order to 

avoid undesirable phase transformations. A typical die with 5 mm diameter is 
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shown in Figure 3.3. The die consists of a cylinder with an opening for the lower 

punch as shown in the figure, a rod or an upper punch containing a holder, and a 

base or a lower punch. The length to thickness ratio of the dies were ~3:1. The die 

is placed on top of the base, which is placed on a smooth surface. 

 

Figure 3.3 A 5 mm diameter die made of tool steel that was used for pressing of 

powders.  

The powder is weighed and an appropriate amount is dropped into the die, 

tapping on the sides to ensure that the powder settles with a flat surface. The rod 

is then inserted into the die slowly and after full insertion, it is then turned by a 

few degrees to ensure that the powder is flattened and there is no un-uniformity. 

The design on the die allows for the removal of the pellet by removing the base 

creating a leeway for the rod pressing the pellet as well as space for the pellet to 

be pushed out. Hence, the die is then subjected to an appropriate amount of 

pressure. A few trials are necessary in order to achieve the required uniformity 

and rigidness. Next, the pressure is removed slowly. The powder should be 

compact and the base is removed without disturbing the rod. The rod in this 

particular design has been made slightly longer than the cylinder length and 

allows pushing out of the pellet in the same direction as the pressing. A 

compacted pellet appears shiny on either disc surface and does not crack or 

crumble when handled with a (preferably demagnetized) metallic tweezer. 
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Studies on nanostructured TiO2 and Y2O3 powders reported an increase in 

the surface area density after pressing of unagglomerated spherical particles of 

size 7–10 nm (Skandan, G et al., 1991). A review on studies that have been 

carried out on the sintering temperature of the compacted material reports a range 

of ratios of temperatures chosen for a material with respective to the melting 

point. This ratio ranges from 0.35 to 0.52. However, studies on iron nanoparticles 

25 nm wide have shown that the particles in vacuum are extremely sensitive to 

oxidation during sintering. 

3.1.4   Ion implantation 

Ion implantation techniques are widely used in the semiconductor industry 

to dope silicon and germanium films. It allows to dope a precise concentration at a 

desired depth (Ziegler, J. F. (Ed.), 2012). It is a versatile technique using which 

virtually any element can be implanted into any other element in the periodic table 

can be doped into the materials. The penetration depth of the ions is controlled by 

the energy and the concentration by the fluence (number of atoms per unit area). 

Low energy ion implantation enables the formation of particles at the surface 

(Leveneur et al., 2011). Assisted by EBA, ion implantation can be used to create 

nanoparticles on the surface. Implantation with large fluences has been arguably 

known to create nanocrystalline particles 
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Figure 3.4 Schematic of the ion implanter with a Penning source from the GNS 

Science Consultancy Report 2014/123 May 2014. A is approximately 1 m. 

The ion implanter used for this study is the MARK-3 implanter at GNS 

Science (Figure 3.4). It has a range of 5–40 keV for single charge ions. It includes 

a Penning ion source that consists of an anode, a metal cathode with an aperture to 

allow ions to exit, metal ion source targets and a gas inlet and outlet. An arc 

creates the plasma which is confined between the electrodes with help of a 

magnetic field along the axis of the ion source. The plasma produced between the 

electrodes and the anode voltage potential accelerates the plasma towards the 

cathodes in order to induce sputtering. The spiralling electrons in the magnetic 

field increase the ionization resulting in an enhanced sputtering process. A high 

terminal voltage accelerates these ions through electrostatic focussing lenses 

toward an isotopically sensitive magnet for mass separation. The ions that get 

through the slit are only of the selected species. The Y steerer assists in steering 
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the beam and quadrupole lenses (Q1 and Q2 in Figure 3.4) held at a high potential 

are in place to focus and steer the beam onto the target that is encased in a 

viewing chamber. A Faraday cup (F.C. in Figure 3.4) placed before the target 

allows for measurement of the current. Scanners in the beamline leading to the 

target are present to allow for raster scanning of the beam across the target for 

uniform intensity of the beam across the sample. The current at the target is also 

measured using the current integrator. This helps for a precise determination of 

the fluence used via a charge integrator that is connected to an automated system 

that allows to shut the beam off from the target when the desired fluence level is 

achieved. The beamline and the source are under a vacuum level of 1E-7 mbar 

and the target is at 1E-6 mbar.  

In this study, iron and nickel were used as sputtering targets in the source 

with neon gas to create plasma. Clean cut wafer substrates that were washed in DI 

water containing 2% Decon 90 and subsequently repeatedly washed with 

isopropanol in a sonication bath were used for implantation. The substrates were 

cut into a size that was larger than the implantation area. Dual implantation was 

carried out one implantation after another, changing the source targets in the ion 

source. The substrates were marked with the implanted area of the first ion, the 

substrate removed, then the ion source was changed and the scanning adjusted to 

match the first one. The previously implanted substrate was placed back at the 

target ready to be implanted. The dual implantation resulted in a noticeable 

change in the reflectivity of the substrate. This was done for uniform implantation 

of the resultant dual implantation.  

Monte Carlo simulations using a binary collision approximation method 

are used to model the depth and concentration profile during implantation. In the 

binary collision approximation method, a screened Coulomb potential is used to 

model the nuclear collisions. Electron energy loss due to interaction with matter is 

modelled using the nuclear stopping cross section. DYNAMIC TRIM is the set of 

programs that calculates the stopping range and damage profiles upon 



35 

 

implantation using these simulations. The main disadvantage of this method in the 

low energy range is that it disregards the defect clustering of atoms. TRIM takes 

into account the change in the composition and density of the atoms in each depth 

channel, according to the transport of matter by recoils and ions. 

3.1.5    Electron beam annealing 

The EBA was done at GNS Science (Kennedy et al., 2011). Annealing of 

samples is possible with a temperature gradient while heating as well as cooling 

of the sample. The beamline consists of an electron gun to generate electrons, a 

Wehnelt cylinder that is used to control the current that is biased at a negative 

voltage from the cathode, Einzel lens and a two-directional scanner (see Figure 

3.5). The voltage and current of the beam, and the electron gun current can be 

measured. A tungsten cathode is used to generate electrons and the bias voltage is 

used to control the beam current. The temperature control is allowed by a 

thermopile for the lower temperatures and a two-colour pyrometer for higher 

temperatures attached to a proportional-integral-derivative controller. This allows 

for accurate measurement of the temperature and also allows precise control over 

the temperature. 

EBA has been used after ion implantation and it has been known to result 

in the diffusion of the particles and etching of the silicon dioxide. The substrates 

were held in a chamber that is evacuated to 10
-7 

mbar with a liquid nitrogen trap. 

The region of interest was aligned with the region of the electron beam with the 

help of a laser pointer. The film sample to be annealed was not more than 4 mm * 

4 mm in order to maintain a uniform temperature gradient throughout the film. A 

blank silicon substrate of similar area was tested in order to reach the required 

temperature and the uniformity of the beam. The sample was then annealed to 

obtain a film that was kept in desiccated chambers. 
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Figure 3.5 A sample held on a tungsten wire being EBA at a temperature of 

1000°C. 

3.2       Characterization techniques 

3.2.1   Elemental Composition - Ion beam analysis (IBA) 

Ion beam analysis techniques were used in this thesis to analyse elemental 

composition of materials using particle-induced X-ray emission and the surface 

profile using Rutherford backscattering spectroscopy (RBS). Ion beam analysis 

(IBA) techniques use energetic ion beams to detect backscattered particles from 

the material or the X-rays emitted from the materials as a result of excitation of 

atoms. At GNS Science, the beamline provides for simultaneous particle-induced 

X-ray emission and RBS detection.  

3.2.1.1 Rutherford backscattering spectroscopy 

In RBS, the backscattered ions are detected in order to obtain the 

composition and depth profiles of a sample. Elastic collisions between the 

incident beam and the stationary nucleus of the sample leads to an energy loss that 

is relative to the scattering cross sections of the nucleus of the sample. The RBS 
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set-up includes a high energy ion beam  (4He
2+

 ions in this case), a surface barrier 

detector that was positioned at 165˚. The high potential required for the 

accelerations is generated by a Van de Graff generator. The ion beam generated is 

guided by a set of electromagnetic systems that include focussing magnets and 

steerers. The solid angle of the experiment was set to 0.075 msr. The samples 

were mounted on a stepper motor stage and the entire process of beam exposure, 

positioning of the sample and collection of the data was automated. For each ion 

detected (N(E)), a count is produced and amplified by electronics that are then 

received by an analog to digital converter.  The spectrum is calibrated using a 

silicon nitride film prior to the experiment. A typical charge amount collected 

during an experiment is ~40 µC.  

A well-established library of scattering cross-sections and recoil energies 

for elements of different masses exists. These can be used to simulate RBS 

spectrum by modelling multiple layers comprised of given compositions and 

thicknesses. In practice, this model is refined until the best fit is obtained where 

the simulated spectrum most closely matches the experimental spectrum. In this 

study the RBS simulation program RUMP (Thompson, n.d.) was used to find the 

desired values.  

3.2.2    X-ray Diffraction 

XRD was used to determine sample phase and crystalline quality. 

Constructive interference of X-rays passing through a crystalline sample can be 

used to obtain information on the lattice spacing of the sample and irregularity in 

the lattice planes. Waves that interfere constructively can be used to determine the 

lattice spacing through Bragg’s law 

 nd sin2 ,  

where d is the spacing between diffracting planes, θ is the incident angle, n is the 

diffraction order, and λ is the X-ray wavelength of the beam. 
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XRD was performed on the powder samples by pressing them flat onto an 

Al powder holder that held the powder in a plastic disc. The wavelengths used 

were Cu Kα radiation from copper and Co Kα radiation from cobalt tubes. The 

XRD of the powder samples were used for phase identification, average crystallite 

determination, any preferential grain orientation, relative amounts of the multi-

component powders and the relative amounts of amorphous material. The XRD 

was compared to XRD spectra of the bulk, which had narrow widths compared to 

that of the nanoparticles. For every given reflection, the finite size of the domains 

over which the diffraction is coherent can affect the breadth of the diffraction 

peaks. The XRD spectra that were obtained were corrected for the baseline, 

instrumental broadening and the Kα component. 

3.2.3   Scanning electron microscopy 

SEM was used to image the surface profile and the contrast and 

dimensionality of the nanoparticles and powders. This was useful in obtaining a 

particle size distribution and a surface profile of the samples. Because of the limits 

on the methods, we adopted the study of the finer particles using the TEM and 

focused on these in order to determine the phase and quality of the materials. The 

larger particles were understood through the SEM imaging. 

 Samples were loaded into the chamber in a low vacuum mode. In the 

JEOL JSM 6610F SEM at Victoria University, backscattered electron mode 

(BSE) as well as low energy secondary electron (SE) mode is possible. The areas 

with different compositions can be detected due to differences in the BSE emitted 

by different elements. To obtain a surface topography, the SE emitter from the k-

shell of the sample atoms can be detected by inelastic scattering of beam 

electrons. Typical SEM images can be seen in Figure 3.6. Note that for the SEM 

study, the same particles as was used for the TEM were used, but without 

dispersion and use of a lower magnification mode meant that microparticles were 

seen.  
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Figure 3.6: SEM images of a magnetic iron oxide powder in BSE mode (left) 

and the SE mode (right)  

3.2.4   Transmission electron microscopy 

The particles and films were imaged in transmission mode in order to 

study the high resolution, detect the presence of nanoparticles, survey features like 

the crystallinity and shape and detect lattice planes of samples. The TEM and 

EELS measurements were done at the University of Melbourne. The TEM uses 

electrons rather than light and thus allows viewing of particles in a nanometre 

scale. The de Broglie wavelength of an electron accelerated to 100s of keV is 

∼10−12 m. A typical energy of the TEM is 200 keV and the resolution possible is 

thus ~0.16 nm (Used 0.753/(aV^1/2); V is 200 kV, a is about 0.01 A for TEMs. 

The value obtained is in nm). The structure of nanometre-sized regions within the 

film can be examined and the structure correlated with the diffraction pattern. The 

thin sample edge was coated with a protective layer of ∼100 nm of Pt, and each 

side of the sample was thinned using a focussed ion beam (FIB) of Ga+ ions. The 

remaining sample was ∼100 nm thick. Figure 3.7 is a FIB image of a typical thin 

film being prepared by FIB. Large trenches are sputtered on either side of the area 

of interest. The thin membrane is thinned and lifted out.  
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Figure 3.7: Preparation of a thin lamellae from the implanted silicon dioxide 

film during FIB of a film. 

The TEM was carried out on the finer ground particles as is required for 

the TEM study. These particles were dispersed in the matrix and this allowed 

imaging of the finer nanoparticles that was the focus of the study. It was also 

possible to obtain selected area diffraction patterns of powder and film samples, 

although the lattice planes of different oxides of iron and nickel as well as the 

lattice planes of iron and nickel are quite different.  

3.2.5   Raman confocal spectroscopy 

Raman spectroscopy is a method to probe the phonons in a material. The 

light is incident on the material and there is an inelastic interaction that leads to 

energy loss by phonon emission (Stokes) or energy gain by phonon absorption 

(anti-Stokes). This can be written as Ef=Ei±Ep where Ei is the incident phonon 

energy, Ef is the final phonon energy and Ep is the phonon energy. Raman 

measurements were made using a LabRam confocal Raman microscope with a 

HeNe laser or the laser lines from an Ar ion laser. The objective magnification 

could reach ×100 and this results in a spot size in the order or microns.  
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3.2.6    Magnetic properties measurement system (MPMS) 

Magnetization measurements were performed on a Quantum Design 

magnetic properties measurement system. Measurements were performed on the 

synthesized powders as well as the films. The superconducting quantum 

interference device (SQUID) magnetometer consists of a superconducting 

magnet, a superconducting detection coil and a SQUID connected to the detection 

coil. A voltage flux is induced in the pick-up coils in the presence of a magnetic 

moment. This voltage is transferred to the SQUID. A SQUID sensor is composed 

of superconducting loops that are separated by a Josephson junction. Changes in 

the magnetic flux in the loop induce the formation of a current in the ring. The 

sample is moved back and forth over a fixed scan length, and stopped at a number 

of specified points. At each stop, several readings of the SQUID voltage are 

collected and averaged. The complete scans are repeated a number of times and 

the signal averaged. A linear drift is calculated in a detrend program and is 

subtracted from each data point. The output signal obtained is analyzed by an 

iterative regression algorithm. This can accommodate of position offsets (up to 

±5 mm) using an additional correction term to the calculated moment.  

Finer sieved particles from the powder samples were used for the 

magnetization as well as the magnetoresistance studies. Powder samples were 

weighed and loaded on a powder capsule holder that was sealed with a hot wire. 

The samples, often those with a high moment, are sometimes additionally densely 

packed with Teflon or PTFE tape. Initial measurements on the loosely packed 

powders resulted in a false indication of non-saturation of the magnetic moment at 

high fields. This is brought about by the signal from samples moving around 

giving a false centre that exceeds the threshold of iterative regression. The 

program proceeds with the measurement using a linear regression method that 

assumes a linear background and applies a correction to the moment that leads to 

a slope in the corrected moment value that is apparent linear to the applied field. 

A typical dipole response curve can be seen in Figure 3.8. 
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Figure 3.8: Dipole response curve from the Quantum Design magnetic 

properties measurement system. 

3.2.7      Physical properties measurement system (PPMS) 

3.2.7.1 Resistivity measurements 

The PPMS was used for resistivity and magnetoresistance measurements. 

The Quantum Design PPMS was capable for the field of +/−9 T and the current 

range from 0.01 µA to 5000 µA. The voltage range was from 1 to 95 mV. The 

resistivity option required a puck holder that could hold a pellet or a film on a 

substrate and was held on a plastic holder with welded metal contacts that the 

sample could be wired to. Contacts on the samples were prepared using a 

multimetal evaporator. Two terminal electrical resistance measurements were 

used for samples that were highly resistive and four terminal measurements were 

used to measure samples with low resistivity. Measurements can be made with the 

current at different angles to the applied magnetic field. Temperature 

measurements from 2 K to 400 K are possible. Figure 3.9 shows a sample on a 

resistivity puck.  
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Figure 3.9: Typical arrangement of a pellet placed on a sapphire substrate and 

soldered on to a resistivity puck set-up for four terminal measurements. 

3.2.7.1 Vibrating sample magnetometer 

A vibrating sample magnetometer was used for some powder samples, the 

advantage being the higher limit on the maximum moment that can be measured 

due to the measurement technique being that of the detection of the voltage as it is 

passed through a coil. The sample can be arranged so that the powder sits at the 

right position and then vibrates. The voltage induced in the coil is detected by a 

gradiometer pickup coil configuration. The centre of oscillation of the sample is 

positioned at the vertical centre of the pickup coil. An optical linear encoder 

signal read back controls the alignment and the setup of the amplitude of the 

oscillation. The detected voltage and the position are used to generate a complete 

and independent magnetization measurement every cycle of oscillation and these 

data are averaged over a time that is specified by the user.  
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Chapter 4  

Permalloy powders containing nanostructures 

synthesized by arc-discharge 

In this chapter, permalloy powders containing nanoparticles were 

synthesized by a novel arc-discharge method. The structural, magnetic and 

electronic properties were studied and the origin of the magnetoresistance was 

determined. Many studies on permalloy films have been performed indicating the 

origin to be anisotropic magnetoresistance (Van Gorkom et al., 2001). However, 

for nanoparticles of a spin polarized material and in the presence of a barrier, it is 

expected that there will be a tunnelling magnetoresistance along with sd scattering 

and it would be interesting to investigate the origins of the magnetoresistance of a 

permalloy pressed pellet that contains nanoparticles.  

Permalloy is a well-known industrial material that has been used since the 

early 1920s. Since then, the material has been intensively investigated owing to its 

magnetic properties that include a very high permeability. Enhancement methods 

have focussed on additives (Elmen, 1935) and intensive processing (Chicinas et 

al., 2005) techniques. The initial permeability of permalloy is low and it can be as 

low as 500 when standard heat treatments are used (Elmen, 1935). A specialized 

heating, annealing and quenching method along the addition of a low 

concentration of other 3d metals (Cr, Mo, Mn and Cu) is used to significantly 

increase the permeability to values greatly exceeding 100 thousand. The 

permeability is highest for a permalloy concentration of 78.5%. Permalloy 45 with 

a Ni fraction of 45% has a high saturation moment but a lower Curie temperature. 

There have been a few reports of iron–nickel alloy nanoparticles (Zhang et al., 

1998) (Dong et al., 1999). But synthesising nanoparticles of permalloy have not 

been attempted before and it would be interesting to study the properties of such 

an alloy and investigate the origins of the magnetoresistance. 
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4.1 Arc-discharge synthesis 

Permalloy powders were synthesized using the arc-discharge system 

described in section 3.1.1 in Chapter 3. A permalloy rod was the anode and the 

cathode was Fe that sat on a water-cooled graphite disc. Rods of permalloy 45 and 

permalloy 78 were used. Permalloy-45 (P45) contained 45% Ni and the remainder 

was predominately Fe with low concentrations of Mo, C and Mn. Permalloy-78 

(P78) contained 78% Ni and the remainder was predominately Fe with low 

concentrations of Mo, C and Mn. The anode and cathode were located inside a 

sealed chamber. The arc-discharge was carried out using a current of 74 A and 

maintaining a gap of ~5 mm between the electrodes. The syntheses were 

performed in nitrogen or argon at a pressure of ~400 Torr. Two different 

atmospheres were used to see if the atmosphere affects the resultant composition. 

The powder was collected inside the base of the metal shield after arc-discharge. 

Some of the powder from the P78 sample made in N2 was cold pressed into a 

3 mm diameter pellet at a pressure of 14 MPa for magnetoresistance 

measurements. 

The structural properties were studied by XRD using Cu-Kα radiation. 

SEM measurements were performed on the as-made powders that were carbon 

coated. High resolution TEM or HRTEM were performed on the fine powders 

ground in isopropanol that were dispersed on a TEM grid. Magnetic 

measurements were made using a MPMS from Quantum Design on the powders 

packed compactly in a capsule powder holder. Magnetoresistance measurements 

were made on a pressed pellet using the four-terminal method in a Quantum 

Design PPMS and with the current parallel or perpendicular to the applied 

magnetic field. The four-terminal magnetoresistance measurements were made by 

first evaporating silver electrodes and then using silver epoxy bonded contact 

wires.  
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4.2  Structural, magnetic and magnetoresistance measurements 

4.2.1  X-ray diffraction 

XRD data from the P45 and P78 powders synthesized by arc-discharge in 

nitrogen or argon that were pressed on to a powder holder are shown in Figure 

4.1. The XRD peak positions are consistent with face centred cubic (FCC) Ni1-

xFex where the space group is Fm3m (JCPDs No. 65-3244). There is no evidence 

for body centred cubic Fe (space group Im3m) in any of the powders. There is 

also no evidence for other phases in the P78 powder made in N2. The P78 powder 

made in Ar contains some impurity phases. Impurities are clearly seen in the P45 

powders and the P45 powder made in N2 contains split peaks that indicate 2 

permalloy phases. The impurity peaks are due to phases containing Mo, Mn, Fe, 

Ni and their oxides. The full-width half maximum of each powder is in the range 

of 0.2˚–0.3˚, which is quite large and it is apparent that the particles are affected 

by strain. Hence, there is a large proportion of large particles present that are 

affected by strain. The peak at 41.9° for the P45 made in N2 is possibly from the 

maghemite (marked *). The peak at 42 for the P45 made in Ar is also from 

maghemite (marked *). There is also a small peak in the P78 Ar, but no indication 

in the P78 N2. In P78 Ar, there is an indication of the Fe or Ni peak at 52° and of 

Ni at 62°. These peaks are present in P45 Ar and N2 as well.  

The lattice parameter was obtained for each of the powders from the XRD 

data and the results are listed in Table 4.1. The P78 powders have a lattice 

parameters, a, that are intermediate between that expected for Ni (3.5236 Å) and 

Fe (3.6468 Å). It is also close to that expected for permalloy for a similar 

concentration where a = 3.5556 Å (Lutts and Gielen, 1970). Thus, the lattice 

parameters are consistent with the powders containing permalloy. 
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Figure 4.1. Upper figure: XRD data from P45 and P78 made in Ar or N2. The 

data are offset for clarity and normalized to the same (111) peak intensity. The 

peak from P45 N2 is fit to two Gaussians with centres at 43.7˚ and 44.1˚. Lower 

figure: Lower intensity peaks of the spectra. The asterisk denotes the magnetite 

or maghemite. 

The lattice parameter for P45 made in Ar is higher and based on a simple 

linear interpolation of the Ni and Fe lattice parameter, it would be expected that a 
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is ~3.58 Å, which is close to the observed value. Therefore, P45 made in Ar 

contains a significant fraction of permalloy with a Ni content close to that of the 

starting material. The P45 powder made in N2 has split FCC peaks that indicate 2 

phases where the lattice parameters are close to that expected for P45 and P78. 

The peak from P45 N2 is fit to two Gaussians with centres at 43.7˚ and 44.1˚.  

Sample code Gas Lattice constant (Å) 

P45 N2 3.582 and 3.55 

P45 Ar 3.583 

P78 Ar 3.559 

P78 N2 3.553 

Table 4.1: Lattice parameters of the P45 and P78 samples made in nitrogen and 

argon. 

4.2.2  Scanning electron microscopy and tunnelling electron 

microscopy 

SEM measurements show that all of the powders have a range of particle 

sizes. This is evident in Figure 4.2 (upper figure) that shows a typical SEM image 

of the P78 powder made in N2, where it can be seen that the particles sizes extend 

up to ~20 μm. There are also some nanoparticles in the powders as can be seen in 

the HRTEM image in Figure 4.2 (lower left figure) of P78 made in Ar. The 

particle size distribution for this powder was obtained from a HRTEM image and 

it is shown in the lower right of Figure 4.2. The particle size distribution is typical 

of that seen for all of the powders where there are some small nanoparticles but 

the particle size distribution extends beyond 50 nm, which is the upper limit of 

nanoparticle size that could be observed by HRTEM. 50 nm is conveniently also 

the critical radius for observing superparamagnetism at 300 K. This can be shown 
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from equation 2.12, TB=[Keff(4πr
3
/3)]/[25kB] and taking TB=300 K and using the 

measured magnetocrystalline anisotropy energy of 200 Jm
-3

 for quenched P78 

(Cullity and Graham, 2011). Thus, there are some crystalline nanoparticles with 

radii less than the critical superparamagnetic radii (50 nm) although there is a 

wide particle size distribution that extends up to ~20 μm.  

 

 

Figure 4.2. (upper figure) SEM image of the P78 powder made in N2. (lower 

left figure) HRTEM of P78 made in Ar and (lower right figure) the size 

distribution obtained from a HRTEM image of P78  made in Ar. 

Figure 4.3 (a) shows a TEM image of an aggregate of nanoparticles. The 

larger particles are 60–70 nm and the smaller particles are below 15 nm wide. The 

particles are clustered and tend to aggregate.  
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Figure 4.3 (a) TEM image of an aggregated cluster of permalloy 78 

nanoparticles that were synthesised in Argon. (b) SAED pattern of powders of 

permalloy 78 made in Ar showing the presence of some magnetite (solid rings) 

and a permalloy phase (dotted rings). 

Figure 4.3 (b) shows the SAED pattern of the particles of permalloy 78 

powder made in Ar that has been dispersed in a TEM grid. The rings are diffuse 

and there are some spots. Each spot represents a lattice plane of the crystal. 

However, in the particles are a number of randomly oriented grains leading to a 

number of planes with the same lattice spacing that forms a circle. The values of d 

spacings obtained from the SAED are given in Table 4.2. The inner rings solid 

rings correspond to the magnetite (220) and (311) peaks. The corresponding 

values of d spacings of magnetite are also shown in Table 4.2. This could also 

correspond to the maghemite phase. The outer dotted rings made by relatively 

brighter less diffuse spots correspond to the permalloy (111), (200) and (211) 

planes, as shown in Table 4.2.  
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d spacings 

(Å) 

Correspondi

ng Fe3Ni d 

spacings (Å) 

Miller indices Corresponding 

magnetite d 

spacings (Å) 

Miller indices 

2.972   2.967 220 

2.544   2.532 311 

2.039 2.047 111   

1.623 1.7725 200   

1.483 1.253 220   

Table 4.2 Summary of the d spacing values obtained from Figure 4.3 and the d 

spacings of the corresponding phases and Miller indices.  

4.2.3   Magnetization measurements 

4.2.3.1     Field-dependent magnetization measurements 

The magnetization data from the P78 powders and the P45 powders made 

in N2 and Ar are plotted in Figure 4.4 against the applied magnetic field at 5 K and 

300 K. The saturation magnetization of each of the powders is only slightly lower 

at 300 K compared to the 5 K, which indicates that the Curie temperature is far 

above room temperature. The resulting saturation moments and coercive fields 

from all of the powders are listed in Table 4.3. It can be seen that ms/μB is similar 

for P78 made in Ar or N2 and consistent with permalloy with similar Ni 

concentrations. P45 made in Ar has a larger ms/μB, which is expected for a larger 

Fe fraction. However, ms/μB is lower for P45 made in N2. This is due to the 2 

permalloy fractions that are close to P45 and P78. The values for the P45 powders 

are slightly less than that expected for a similar concentration of permalloy (ms/μB 

~1.8 (Li et al., 1997)). The saturation moment per formula unit for P78 made in 

N2 is ms/μB, is 0.74, which is in-between that expected for Fe (ms/μB =2.2 (Li et 

al., 1997)) and Ni (ms/μB =0.62 (Li et al., 1997)). It is also less than that expected 

for bulk permalloy with a similar Ni concentration (ms/μB = 1.08 (Swartzendruber 

et al., 1991)).  
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It is apparent in the insets to Figure 4.4 that there is some hysteresis at 5 K 

and 300 K. This is expected because most of the particles are greater than 50 nm 

and hence the hysteresis arises from these non-superparamagnetic particles. The 

coercive field is low at 300 K and it is 0.3 mT. This is consistent with permalloy 

that has Ni concentrations comparable to P78 because of domain wall pinning.  

The saturation field for P45 and the P78 is high at it is ~0.6 T. This is far 

higher than that expected for permalloy that has undergone the specialized 

processing method. It is even higher than that found in permalloy processed using 

standard methods. It is likely to be high owing to significant Ni and Fe site 

 

 

Figure 4.4. The magnetization from P45 made in N2 and Ar at 5 K (closed 

circles) and 300 K (open squares) and that of P78 made in Ar and N2 at 5 K 

(closed circles) and 300 K (open squares) made in N2. The inset shows the same 

data for small magnetic fields. 
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disorder as well as crystal defects and impurities that result in domain wall 

pinning. It is also likely that it is large owing to demagnetization effects. 

Sample code Gas ms/μB (at 5 K) Bc (mT) 

P45 N2 1.30 

 

0.7 

P45 Ar 1.48 0.5 

P78 Ar 0.78 1.6 

P78 N2 0.74 0.3 

Table 4.3. Table of the saturation moment per formula unit at 5 K, and the 

coercive fields at 300 K for P45 and P78 made in different gases. 

4.2.3.2    Temperature-dependent magnetization measurements 

Zero-field cooled (ZFC) and field-cooled (FC) measurements were 

performed on the powder sample at 10 mT in Figure 4.5. There is still 

irreversibility up to the highest temperature that indicates that any blocking 

temperature is above 300 K. This is indicative of particle sizes greater than 50 nm, 

consistent with the particles seen in the electron microscopy images. A transition 

at ~110 K can be seen in the ZFC and FC curves. This is possibly from the 

presence of magnetite in the powder that has a charge ordering Verwey transition 

at ~120 K. The occurrence of Verwey transition in the magnetization data is 

discussed in more detail in the following chapter that deals with magnetite 

(Chapter 5).  
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Figure 4.5. ZFC-FC curves of the magnetization from P78 made in Ar in the 

range from 5 K to 360 K, in the presence of a magnetic field of 10 mT.  

High-field temperature-dependent measurements were performed on the 

permalloy powders from 5 K to 360 K. Figure 4.6 shows a plot of the data from 

P78 made in Ar. The saturation magnetization decreases with increasing 

temperature due to spin-waves. The data were fitted to Eq. 2.11, 

],1[0s

TBMM   where M0 is the magnetization saturation at 0 K. It can be 

seen in Figure 4.6 that the fit is not good at low temperatures where there is an 

additional decrease in the saturation magnetization to ~25 K. This initial decrease 

may come from parts of the powder that are spin-disordered. This is discussed in 

chapter 6 where an initial decrease is seen in Ni1-xFex implanted nanoparticles and 

attributed to a spin-disordered region in the nanoparticle shells and a range of 

spin-freezing temperatures. It is likely that this also occurs in the P78 made by 

arc-discharge as well as spin disorder in larger particles. The fit gives β=1.96, a 

Bloch constant of 1.03E
 

and a saturation magnetization of 64 emu/g at 
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0 K. The Bloch constant is higher than the values reported on permalloy 

nanoparticles (Zhang et al., 1998). The higher Bloch exponent compared to that 

expected (βbulk=1.5) for a ferromagnet may be due to large particles that are 

strained. 
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Figure 4.6. Temperature-dependent curves of the magnetization from P78 made in 

Ar at 5 T. Also shown is a fit to equation 2.11. 

The relative permeability of the P78 powder made in Ar was calculated to 

be a maximum of 10 at 25 mT and this is plotted in Figure 4.7. It is approximately 

the same for all of the powders. The permeability is not as high as expected, 

which may be due to demagnetization effects discussed in Chapter 3 from the 

particles in the powder.  
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Figure 4.7. Permeability of P78 powder made in Ar at room temperature. 

4.2.4  Magnetoresistance measurements 

Electrical resistance measurements were performed on the pressed pellet 

of P78 made in N2 and the results are plotted in Figure 4.8. Temperature is plotted 

against the normalized resistance, which is the resistance normalized to the 

highest resistance value. Measurements were done in the absence of field in order 

to determine whether there was any deviation from the expected linear behavior of 

metals (Milchberg et al., 1988) that could indicate intergranular tunneling or 

variable range hopping (Sheng et al., 1973). The resistance showed a linear 

dependence that is a result of the phonon scattering. 
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Figure 4.8: Normalized electrical resistance for the P78 (N2) pressed pellet. 

Magnetoresistance measurements were performed on a pressed pellet of 

P78 made in N2. The magnetoresistance is defined as MR(B) = (R(B)−R(0))/R(0) 

where R(B) is the resistance for an applied magnetic flux density, B, and R(0) is 

the resistance when B=0.  This powder was chosen because there was no evidence 

of impurity phases in the XRD data. The magnetoresistance at 5 K, 100 K and 

300 K are shown in Figure 4.9. At low temperatures and at low fields, the 

magnitude of the magnetoresistance increases with increasing field and then there 

is an upturn where the magnetoresistance decreases with increasing field. This is 

similar for the magnetoresistance at 100 K where the magnetoresistance decreases 

with increasing field till 1.5 T and then is nearly constant, varying only from 

0.22% to 0.25%. The magnitude of the magnetoresistance is only 0.21% for 100 K 

and there is a less of a decrease of the magnetoresistance at higher fields. The 

magnetoresistance at 300 K is even less so and there is only a continual increase 

with field. The magnetoresistance at 300 K is 0.59% at 8 T. 
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Figure 4.9: The magnetoresistance of the pressed pellet of P78 made in N2 at the 

temperatures of 5 K, 100 K and 300 K.  

Magnetoresistance measurements in the low field range (–20 mT to 

20 mT) showed a larger coercivity than that seen from the magnetization (see 

Figure 4.10). The sweep rate used was 0.1 mT/s. There is a peak in the 

magnetoresistance at ~0.05 T, which is much higher than that seen in the field 

dependant magnetization. The magnetizations of the grains point randomly at low 

fields and results in a higher resistance state compared to that at higher fields. This 

is typical of spin polarized materials with grain boundary regions (Serrate et al., 

2005b). Spin dependant scattering can cause a high resistivity as electrons travel 

across grains. There is a low resistivity in the presence of a lower field when the 

domains are aligned (Gupta et al., 1996). Intergrain tunnelling magnetoresistance 

has been observed in polarized materials with grain boundaries (Serrate et al., 

2005b). The presence of a ‘butterfly’ loop at low fields has also been observed in 

systems with spin orbit interaction resulting in a positive magnetoresistance at low 

fields, or weak localization (Gunnarsson, 2012; Milchberg et al., 1988).  
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Figure 4.10. (color online) The magnetoresistance from P78 made in N2 at 5 K 

as a function of the field perpendicular and parallel to the field.  

It is possible that the decreasing magnetoresistance at moderate B 

(20 mT< B <1.5 T) and at 5 K is due to spin-dependent tunnelling between the 

permalloy particles because permalloy has a degree of electronic spin polarization. 

Spin-dependent tunnelling has previously been reported in electronically spin 

polarized thin films (Žutić et al., 2004) (Prinz, 1998), polycrystalline samples 

(Serrate et al., 2007) (Kobayashi et al., 1998) (Hemery et al., 2007), and 

nanogranular materials (Liu et al., 2003) (Serrate et al., 2005a) (Yue et al., 2011) 

(Inoue and Maekawa, 1996). It occurs at the interface between two magnetic 

domains that are not exchanged coupled (e.g. when there is an insulating barrier) 

(Žutić et al., 2004) (Liu et al., 2003) (Serrate et al., 2005a) (Inoue and Maekawa, 

1996) (Prinz, 1998) (Kobayashi et al., 1998) (Serrate et al., 2007) (Hemery et al., 

2007). The resulting magnetoresistance for granular materials can be written as 
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(Inoue and Maekawa, 1996), from equation 2.16, 
22

22

)(1

)(
MR(B)

Bmf

Bmf


 , where 

m(B) is the reduced magnetization and f is the carrier spin polarized fraction. f is 

0.35 for P78 at low temperatures and hence from equation 2.16 the 

magnetoresistance should be ~−11% when the magnetization has saturated, which 

is above ~0.6 T as can be seen in Figure 4.9. However, it is apparent in Figure 4.9 

that the magnetoresistance at 5 K only reaches ~−0.26%.  

 

 

Figure 4.11: (a) The magnetoresistance from P78 made in N2 at 5 K for the 

current parallel or perpendicular to B. (b) The magnetoresistance from P78 

made in N2 at 300 K where the current was perpendicular or parallel to B. 

Magnetoresistance values smaller than those expected from equation 2.16 

have also observed in other granular (Serrate et al., 2007) (Hemery et al., 2007) 

and nanoparticle (Liu et al., 2003; Serrate et al., 2005a; Yue et al., 2011) 
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materials. It can be caused by disorder near and at the interface that leads to spin-

flip scattering and degrades the spin polarized current (Serrate et al., 2007).  

The results 5 K and 300 K for the current parallel or perpendicular to B are 

shown in Figure 4.11. The increasing magnetoresistance at high B (>1.5 T) and 

5 K includes a large contribution from the OMR. This is a Lorentz force effect 

that is positive and can be proportional to B
2
 (Van Gorkom et al., 2001) (Jan, 

1957) (Falicov and Sievert, 1965). However, the exact magnetic field dependence 

depends on the band structure (Van Gorkom et al., 2001). In this case the 

resistivity for the current perpendicular to B is larger than the resistivity for the 

current parallel to B. This is in fact observed at 8 T and 5 K as can be seen in 

Figure 4.11. 

Further evidence for an OMR contribution to the high field 

magnetoresistance can be seen in Figure 4.12 where the resistance is plotted 

against the angle between the current and the applied magnetic field. We find that 

the resistance can be fitted to the expected OMR MR angle dependence that can 

be written as,  

2

paraperppara )][sin(][)(   RRRR ,     (4.1) 

where ϑ is the angle between B and the current, Rperp is the resistivity for ϑ = 90°, 

and Rpara is the resistivity for ϑ=0°. For anisotropic magnetoresistance due to s-d 

scattering the sin(ϑ)
2
 angle dependence is replaced by a cos(ϑ)

2
 angle dependence 

that is clearly not evident and hence any anisotropic magnetoresistance 

contribution is small. 

The magnetoresistance at 300 K (Figure 4.11b) systematically decreases 

with increasing B. The absence of an upturn in the magnetoresistance at high 

fields and the weak magnetoresistance anisotropy when compared with the 5 K 

data may be because the OMR contribution is small. This is known to occur in 

metals because the OMR also depends on the mean free path and hence the OMR 
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can be larger at lower temperatures (Van Gorkom et al., 2001). Thus, the 

magnetoresistance at 300 K is dominated by spin-dependent tunnelling. The 

magnetoresistance decreases with increasing B even above the saturation B of 

~0.6 T, which is not expected from equation 4.1. However, it can occur when 

there is disorder near the interface regions and hence the reduced magnetization in 

this disordered region should be used in equation 4.1 (Serrate et al., 2007) 

(Hemery et al., 2007). In one magnetoresistance model, the reduced magnetization 

near the surface of each particle at high B approaches that of a non-saturating 

spin-glass, which results in a magnetoresistance that continually decreases with 

increasing B (Serrate et al., 2007).  

 

 
 

Figure 4.12. (color online) The resistance from P78 made in N2 at 5 K as a 

function of the angle between the current and applied magnetic field at 8 T. The 

solid curve is a fit to the data using Equation 4.1. 
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This spin-disorder model explains the non-saturation of the 

magnetoresistance provided that the volume fraction of this spin-disordered 

region was significantly less than that from the ferromagnetically ordered core 

regions, otherwise the measured magnetization would continually increase to high 

magnetic fields, which is not observed (see Figure 4.4). The presence of a 

coercivity in the magnetoresistance (Figure 4.10) has also been seen in systems 

with intergranular tunnelling magntoresistance (Serrate et al., 2005b). In our case 

the SEM and magnetization data show that while there are some small 

nanoparticles, most of the particle sizes are beyond the superparamagnetic limit 

(>50 nm) and the particle sizes extend up to 20 μm. Thus, there is a spin-

disordered region in most of the particles that extends tens of nanometres into the 

particles and where the magnetoresistance is dominated by spin-transport in these 

regions and between the particles. 

4.2.5  Improving the design of the arc-discharge system 

Further work will focus on altering the arc-discharge design to maximize 

the nanoparticle volume fraction. A schematic of the particle aggregation is shown 

in Figure 4.13 (right), where the finer particles are seen to aggregate away from 

the arcing area and the larger coalesced particles are seen closer to the cathode. 

The present collection point is the area close to the arcing and a possible design of 

the arc-discharge would be to allow for a collection point that is toward the outer 

walls where the finer particles are found. Another modification would be rotating 

the rods by ninety degrees and allowing the powder to drop into a solution and use 

the small particles that are suspended in the solution. 
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Figure 4.13 Arc-discharge schematic showing the schematic of the present 

design (left) and the prominent areas of the design where the particles aggregate 

(right). 
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4.3 Conclusions 

In conclusion, permalloy powders have been made by arc-discharge using 

permalloy rods with 78% or 45% Ni concentrations and made in N2 or Ar. The 

resulting powders contain permalloy with some nanoparticles as well as particles 

up to ~20 μm in diameter. The highest quality powders were made using a P78 

anode in N2 and the resulting powder composition was close to that expected for 

P78. ms/μB was less than that expected in the bulk and the coercive field was as 

low as 0.3 mT. The permeability was low, which may be due to demagnetization 

effects. Magnetoresistance measurements were made on a cold pressed pellet 

containing the P78 powder made in N2 and a magnetoresistance was observed that 

had significant contributions from the ordinary magnetoresistance and spin-

dependent tunnelling between the particles. The low magnetoresistance is 

attributed to the presence of spin disorder at the boundary region.  
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Chapter 5 

Iron oxide made by arc-discharge method and a co-

precipitation method 

 

This chapter looks at the synthesis of powders of the highly spin polarized 

material magnetite and its structural, magnetic and magnetoresistance properties. 

Magnetite was made by a novel arc-discharge method and then using a 

conventional chemical co-precipitation method. The results from the two different 

preparation methods are compared in the summary.  

5.1 Iron oxide nanostructured particles with a spin disordered 

region at the interface 

In this section, the properties of magnetite prepared by a novel arc-

discharge method are discussed. The permalloy powders made in chapter 4 

showed a magnetoresistance of −0.26% at 300 K and 8 T. It would be interesting 

to investigate the magnetoresistance of magnetite powders made by a similar 

method. It would also be interesting to understand the contribution to the spin 

disorder in granular materials that leads to a decrease in the spin polarization that 

was observed for the permalloy. The magnetic and magnetoresistance properties 

are investigated and the contribution to the spin disorder is modelled.  

5.1.1 Synthesis technique 

Iron oxide powders were synthesized using the arc-discharge system at 

GNS Science (Prakash et al., 2014),(Fang et al., 2009). The anode was an iron rod 

and the cathode was a thick Fe disc that sat on a larger diameter water-cooled 
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graphite disc. They were located in a sealed chamber where the separation 

between the anode was attached to a stepper motor so that it could be raised or 

lowered to create a ~5 mm gap. An electrical current of 74 A was used to create 

the arc. The iron powder synthesis was performed in an oxygen atmosphere at a 

pressure of ~53 kPa. The powder at the base of the metal shield was collected and 

cold pressed at 14 MPa into 3 mm diameter pellets for four-terminal 

magnetoresistance measurements. The electrical contacts were made by first 

evaporating silver electrodes and then using silver epoxy bonded contact wires. 

XRD was done using Co Kα radiation (λ=1.78 Å) to determine the phase 

composition of the powder. SEM was performed using a JEOL JSM 6610F after 

carbon coating of the samples using a Quorum 150 T carbon coater. The SEM 

was operated in the secondary electron mode in order to obtain the surface 

topography. HRTEM images of powders were taken using a Tecnai TF20 with an 

acceleration voltage of 200 kV at the University of Melbourne. SAED was also 

recorded. Confocal microscope Raman spectroscopy was performed using a 

LabRam equipped with a cooled charge-coupled device (CCD) detector. The 

Raman spectra were collected using the 514.5 nm line from an argon ion laser. 

The laser spot size was ~1 µm. Magnetic measurements were performed on the 

powder using a vibrating sample magnetometer in a PPMS from Quantum Design 

as described in Chapter 2. Magnetoresistance measurements were made using the 

four-terminal method in a Quantum Design PPMS and with the current parallel to 

the applied magnetic field.  

5.1.2 Structural analysis 

5.1.2.1     X-ray diffraction 

The XRD data from the iron oxide powders are shown in Figure 5.1.1. The 

prominent peak positions in the powder synthesized by arc-discharge at 35.22˚, 
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41.46˚, 50.57˚, 63.04˚, 65.35˚ and 74.23˚ correspond to magnetite, indicating that 

the structure is cubic with the space group m3Fd  (JCPDS pattern no. 019-0629). 
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Figure 5.1.1. (colour online) XRD data from the iron oxide powder. Also shown 

are the Miller indices for magnetite peak. The * symbols show the hematite 

peaks. The small peaks at 49.0° and 52.40° are from FeO and iron, respectively. 

The inset shows a Lorentzian fit to a high angle peak. 

There is also an additional phase clearly indicated by the low intensity 

peaks (marked with *) attributed to a low concentration of hematite (α-Fe2O3), 

which has a rhombohedral crystal system phase (R-3c, JCPDS pattern no. 033-

0664). Hematite is a semiconductor that antiferromagnetically orders at 263 K. 

There is an indication of the presence of body centred cubic Fe (space group 
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Im3m) at 52.4°. It is difficult to determine the presence of maghemite γ-Fe2O3 

(JCPDS 00-039-1346) from the XRD spectrum as the structures of magnetite 

Fe3O4 (a=8.3515 Å) and maghemite γ-Fe2O3 (8.3690 Å) are the same and they 

have almost identical lattice parameters (Fang et al., 2012) (Cullity and Graham, 

2011). But the presence of maghemite should be evident at higher angles. The 

peak at 74.11º can be fit to a Lorentzian (shown in the inset to Figure 5.1.1) with 

the centre at 74.2º, attributed to the 440 peak of magnetite. In addition, there is no 

indication of a peak at 74.6º, which can be attributed to the (440) peak of 

maghemite. This is indicative of the concentration of maghemite being below the 

detection limit of 2%. Maghemite is ferrimagnetic with a Curie temperature of 

610 K (de Boer and Dekkers, 1996) but unlike magnetite it is semiconducting 

(Barakat, 2012). There are two low intensity peaks at 49.0° and 52.40° that can be 

attributed to small impurity phases of FeO (R-3, JCPDS pattern no. 039-1346) and 

iron, respectively. The lattice parameter for the magnetite from the sample is 

8.3885 Å, which is comparable to that of the magnetite references, which is 

8.3832 Å (Cullity and Graham, 2011). This is greater than the lattice parameters 

of maghemite (8.3419 Å).  

 Size and strain can broaden the diffraction peak. The Scherrer equation  is 

used to determine the contribution from the average crystallite size (Koch et al., 

2007).  

 
D

kλ
θcossize         (5.1a) 

where βsize  is the full-width half maximum from the 2θ plot, k is the shape factor, 

given by 0.9 (Langford and Wilson, 1978), and D is the average crystallite 

diameter for the particles. The apparent internal tensile strain caused by internal 

strains, regardless of the angle of reflection, is given by θcotstr where 
str  is the 
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integral breadth from strain. For a volume average in the hkl direction, the strain is 

given by θcot/2)0( str hkl
. If assumptions are made of the stress being 

statistically isotropic on average, then the 
2

)0(


 hkl
, which gives us 

 4θcotstr  ,       (5.1b) 

where ε is the effective strain (Stokes and Wilson, 1944). The Williamson–Hall 

equation is the additive combination the contributions from the strain with plot 

can be used to determine the contributions from each. A Williamson–Hall plot of 

the magnetite peaks from Figure 5.1.1 was done using βcosθ vs. sinθ for the peaks 

at (111), (220), (311), (400), (511) and (440) and the results are shown in 

Figure 5.1.2. β is the full width half maximum corrected for instrumental 

broadening from the 2θ plot, β = 
str + βsize. The Williamson–Hall equation is 

given by (Williamson and Hall, 1953), 

θsin4
λ

θcos  
D

k
      (5.1) 

Only magnetite peaks are taken. The plot is linear as shown by the fit, the 

slope of which can be used to obtain the strain, which is 0.17%. The particles 

seem to be affected by strain and this does affect the particle size. The particle 

size, obtained from the intercept of the line is 162 nm and indicates that the 

average particles size is large. The FWHM is also greatly affected by the 

instrumental resolution, which is as large as 0.4, assumed to be constant with the 

variation of angle. Strain reported for other magnetite nanoparticles synthesized 

by a conventional co-precipitation method has been reported to be 0.4% for ~6 nm 

particles (Chaki et al., 2015). Similarly, magnetite nanoparticles ~7 nm wide 

prepared by a sol-gel process have been reported to experience a strain of 1.2% 

(Sciancalepore et al., 2015). Magnetite particles synthesized by a chemical route 

have also reported negligible strain for 16 nm magnetite particles (Mürbe et al., 



 

74 

 

2008). 0.3% for 15 nm magnetite particles (Rudolph et al., 2010). 0.02% for 31 

nm magnetite particles (Jafari et al., 2014).   

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.0050

0.0055

0.0060


c
o

s


ra

d
ia

n
s


sinradians

 
 

Figure 5.1.2. (colour online) Williamson–Hall plot of β×cosθvs. sinθ for the 

magnetite peaks in the XRD data with a linear fit (dashed line) to the data. 

5.1.2.2     Transmission electron microscopy 

The HRTEM images are shown in Figures 5.1.3a and 5.1.3b where it can 

be seen that there is a range of nanoparticle sizes and the nanoparticles are 

agglomerated. The agglomeration is likely to be partly due to magnetic dipole 

interactions between magnetic nanoparticles (Gass et al., 2006). There are 

numerous studies on nanoparticles; and many chemical studies focus on using 

surfactants to reduce agglomeration. When the particle sizes are above the 

superparamagnetic limit, the particles tend to aggregate because of the strong 

magnetic interactions. In some instances, although the particles sizes are below 
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the superparamagnetic limit, the particles agglomerate and surfactants are needed 

to stabilize them (Chin et al., 2002; Gass et al., 2006).  

The nanoparticle sizes in Figure 5.1.3a range from 7 nm to 75 nm where 

the average particle size is ~25 nm. There are large octahedral particles that are 

more evident in Figure 5.1.3b. Faceted magnetite nanoparticles have also been 

reported in studies where particles were found to be octahedral (Zhang et al., 

2009) (Zhao and Duan, 2010) or cubic in shape (Dewi et al., 2014) for different 

methods of preparation. There are also a large number of smaller particles that 

appear to be spheres or truncated shapes without any faceting. Such an occurrence 

has also been reported for nanoparticles that are octahedral (Zhang et al., 2009). 

Using TEM to focus on different regions, it has become clear that the range in 

particles sizes is too varying to be understood by just one method to get an overall 

fraction of the particles under the superparamagnetic limit. 

The SAED obtained from the powder is shown in Figure 5.1.3c. There are 

bright spots that form a series of rings, which is due to electron diffraction from a 

small number of orientated nanoparticles. Some of rings can be attributed to cubic 

magnetite as shown in Figure 5.1.3c by the red rings that are due to (111), (220), 

(311), (400), (511), and (440). Rhombohedral hematite is also observed where the 

(012), (104), (024), and (116) planes are indicated by green rings. 

5.1.2.3     Scanning electron microscopy 

 An SEM image is shown in Figure 5.1.3d. There are some large particles 

up to 25 µm as well as an agglomeration of much smaller particles. Thus, from 

Figure 5.1.3 it is apparent that the powder contains magnetite and hematite 

particles with sizes ranging from 7 nm to 25 µm. Although the fractional limit of 

the superparamagnetic particles in the overall sample cannot be determined, it is 

clear from the SEM and TEM measurements that there is a large fraction over the 
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limit. The BEC image (not shown) indicates that there is uniform density of the 

particles, with the large particles being denser and metallic. The aggregation of 

the clusters is similar to that seen in the powder made by co-precipitation method 

in the next section. The strong magneto-interactions are evident. 

 

Figure 5.1.3. Transmission electron microscopy images showing (a) an 

aggregate of different sized nanoparticles, (b) an aggregate that has larger 

nanoparticles with some smaller nanoparticles, (c) SAED pattern of the iron 

oxide powders where the scale is in d-spacings. Also shown are circles that show 

diffraction from magnetite (red) and hematite (green), (inset shows the pattern 

without the marked rings) and (d) scanning electron microscopy image of the 

powders showing a range of particle sizes.  



 

77 

 

5.1.2.4      Raman confocal microscopy measurements 

Raman spectroscopy measurements were made and the results from 

measurements on different parts of the powders can be seen in Figure 5.1.4. 

Figure 5.1.4a shows Raman spectra from a spot containing only magnetite. The 

three peaks at 310 cm
−1

, 545 cm
−1

 and 670 cm
−1

 are due to the T2g, T3g and A1g 

allowed Raman modes of Fe3O4 (Jubb and Allen, 2010). The full width half 

maximum for the A1g peak is 47 cm
−1

 and it is comparable to that reported in 

Fe3O4 thin films (Jubb and Allen, 2010). Raman measurements on another part of 

the powder show magnetite as well as a higher wavenumber shoulder on the 

Fe3O4 A1g peak as can be seen in Figure 5.1.4b. This can be attributed to a small 

fraction of maghemite and the maghemite A1g allowed Raman mode at 700 cm
−1

 

(Jubb and Allen, 2010) (Daou et al., 2006) (Slavov et al., 2010). Also shown in 

Figure 5.1.4b are the expected Raman shifts for the other two weaker magnetite 

peaks. This shows that there is some maghemite that is not observed in the XRD 

data. The appearance of maghemite in the Raman data but not in the XRD data is 

probably due to the larger Raman cross section for maghemite when compared 

with magnetite. Hematite is also seen in conjunction with magnetite in Figure 

5.1.4c at another spot. The peaks at 227 cm
−1

, 248 cm
−1

, 295 cm
−1

, 303 cm
−1

, 

413 cm
−1

 and 503 cm
−1

 can be attributed to the A1g, Eg, Eg, Eg, Eg and A1g allowed 

Raman modes from hematite (Chernyshova et al., 2007) (Owens and Orosz, 2006) 

(Chamritski and Burns, 2005). There is also a shoulder at ~615 cm
−1

 that is due to 

the allowed hematite A1g mode. Thus, the Raman data show that the main phase is 

magnetite and there is also some hematite and maghemite and there is a spatial 

distribution in the phase fractions. 
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Figure 5.1.4. Raman spectra on the iron oxide powders taken at different spots 

and showing (a) magnetite, (b) magnetite and hematite, and (c) magnetite and 

maghemite. The Raman peaks are identifies by the allowed Raman modes for 

magnetite (red), hematite (green), and maghemite (blue).  

 

5.1.3 Magnetization measurements 

The magnetization data are plotted in Figure 5.1.5 against the applied 

magnetic field, B, at 10 K and 300 K. The saturation magnetization is only 

slightly lower at 300 K than that at 10 K, which indicates that the Curie 

temperature is far above room temperature. The expected value of saturation 

magnetization for bulk magnetite is 505 kA/m (Cullity and Graham, 2011; Smit 

and Wijn, 1959) and is also shown in Figure 5.1.5. The saturation moment for our 
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iron oxide powder is lower and it is 375 kA/m at 10 K. The lower value of the 

measured saturation moment is likely to be due to the antiferromagnetic hematite 

phase fraction. From the reduced measured saturation it can be estimated that 

~26% of the powder contains hematite. (26% is from the decrease in the 

saturation magnetization value as compared to magnetite. Magnetite has a 

magnetization saturation value of 90 emu/g, which is 26% lower than the value of 

80 emu/g seen for this iron oxide powder.) 

 

Figure 5.1.5. Magnetization, M, a function of applied field at 5 K (empty circles) 

and 300 K (solid circles). Also shown is the saturation magnetization from bulk 

Fe3O4 at low temperatures (dashed line). Inset: Magnetisation at 300 K over a 

smaller field range.  
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A field loop was also done over a smaller field range at 300 K and the 

results can be seen in the inset to Figure 5.1.5. There is some hysteresis at 300 K 

and the coercive field is 17 mT. This is expected because most of the particles are 

large and hence the hysteresis arises from these non-superparamagnetic particles 

of radii that are larger than the superparamagnetic diameter (Lin et al., 2006). 
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Figure 5.1.6. Zero-field-cooled (solid curve) and field-cooled (dashed curve) 

magnetization curves for the iron oxide powder at 0.5 mT and at 10 mT (inset). 

Zero-field-cooled (ZFC) and field-cooled (FC) magnetization 

measurements were made at 0.5 mT and 10 mT and the results can be seen in 

Figure 5.1.6 and the inset within this figure. In the 0.5 mT data, there is 

irreversibility up to the highest measured temperature, which is consistent with the 

absence of superparamagnetism. The ZFC and the FC magnetization show a large 

decrease below 120 K that can be attributed to the Verwey transition in magnetite 

(Senn et al., 2011),(Ziese and Blythe, 2000). The Verwey transition is at the 
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expected temperature for the bulk Fe3O4 stoichiometry. It is not observed in the 

ZFC-FC data from small magnetite nanoparticles but it is reported in faceted 

Fe3O4 nanoparticles (Mitra et al., 2014),(Ma et al., 2014). From the inset, there is 

a further decrease in the ZFC magnetization below ~50 K for a higher applied 

magnetic field of 10 mT and the origin cannot be attributed to any magnetic or 

structural transition in magnetite, maghemite, or hematite. This transition has been 

seen for magnetite nanoparticles that are 30–50 nm wide and been attributed to a 

spin-glass transition (Lopez Maldonado et al., 2014). However, this is unlikely the 

case in these iron oxide powders because of the low fraction of nanoparticles. It is 

not seen in the 0.5 mT data and hence it is clear that the transition is not intrinsic 

to the material. It is possible that it is due to domain wall pinning. 

There have been very few studies of the temperature dependence of the 

saturation magnetization in bulk Fe3O4 from low temperatures up to 300 K. One 

study showed that there is a change in the temperature dependence of the 

saturation magnetization below the Verwey transition temperature, TV, in a Fe3O4 

single crystal (Aragón, 1992). This also occurs in the Ms(T) data. It is clearer in 

the inset to Figure 5.1.7 where [Ms(0)-Ms(T)]/Ms(0) is plotted and there is a 

departure from the high temperature power law behaviour below 127 K. This 

departure has not been reported in small 4 nm diameter Fe3O4 nanoparticles where 

the Verwey transition is not observed (Goya et al., 2003). Ms(T) was fitted to 

Equation 2.11, ],1)[0(ss

TBMM   over the full temperature range up to 300 

K and β=3/2 was found (Goya et al., 2003).  One study on magnetite nanoparticles 

reported β=2 but there were few data points and the data range was limited to 

~100 K to just above 300 K (Ortega et al., 2010).  
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Figure 5.1.7. Saturation magnetization, Ms, as a function of temperature at an 

applied field of 6 T (solid curve). Also shown are fits to Equation 2.11 in the low 

and high temperature regions (dashed curves). Inset: Log plot of [Ms(T)-

Ms(0)]/Ms(0) as a function of the log of the temperature (solid curve) showing a 

linear dependence in the temperature range of 130 K to 350 K (dashed curve). 

Ms(T) data was fitted above TV to Equation 2.11 (see Figure 5.1.7) and it is 

found that β=2.26 and B=1.6×10
-7

 K
2.26

. β is higher than that reported in Fe3O4 

nanoparticle studies
 
(Goya et al., 2003). It is significantly smaller than that in a 

stoichiometric Fe3O4 single crystal (Aragón, 1992) where analysis of the 

saturation magnetization data gives β=3.0. The lower β found in polycrystalline 

Fe3O4 made by the arc-discharge method may be due to averaging of spin-waves 

over all crystallographic directions that does not occur in the single crystal.  

At low temperatures it is possible to fit Ms(T) to Equation 2.11 with β=3/2 

(see Figure 5.1.7) and this has also been reported from a magnetization study on a 
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Fe3O4 single crystal  (Aragón, 1992). β=3/2 at low temperatures is predicted in 

Fe3O4 if the exchange interactions between ions in the same sublattice are weak 

when compared with exchange interactions between ions in different sublattices 

and in the absence of significant excitation of optic branch spin-waves (Aragón, 

1992). In this case B can be used to estimate the exchange energy, Jab, between 

the spins on the tetrahedral and octahedral Fe sites (Aragón, 1992). Using the 

experimental B=4.4×10
-6

 K
3/2

 it is possible to show that Jab/kB=42 K. This can be 

compared with a lower Jab/kB of 23 K found in a Fe3O4 single crystal (Aragón, 

1992). The higher Jab/kB found in the unorientated powder made by the arc-

discharge method may be due to averaging over all crystallographic directions. 

5.1.4 Magnetoresistance measurements 

Magnetoresistance measurements were performed on a pressed pellet and 

the resultant magnetoresistance is plotted in Figure 5.1.8a against the applied 

magnetic field for different temperatures. The magnetoresistance, MR, is defined 

as MR=[R(B)−R(0)]/R(0) where R(B) is the resistance at an applied magnetic field 

B and R(0) is the resistance for zero applied magnetic field. The 

magnetoresistance reaches −9.5% at 120 K and for high magnetic fields. Similar 

magnetoresistance values and magnetic field dependences of the 

magnetoresistance have previously been reported in Fe3O4 nanocomposites 

(Kumar et al., 2014; H. Liu et al., 2003; Venkatesan et al., 2003) and attributed to 

spin-tunnelling between Fe3O4 particles (K. Liu et al., 2003). Thus, the 

magnetoresistance in our powder is due to intergrain spin-tunnelling and the 

semiconducting hematite fraction is below the percolation limit and does not 

significantly contribute to the electrical resistance.  

Magnetoresistance measurements performed over a smaller field range 

with a sweep rate of 1 mT/s are shown in Figure 5.1.8b. The coercivity is evident 

from the low field measurements as there is a small peak in the magnetoresistance 
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at 0.029 T and 0.003138 T. This value of coercivity is much more than the value 

seen in the field dependant magnetisation. This is typical of materials with grain 

boundary regions where the intergrain tunnelling magnetoresistance effect arises 

from spin dependant scattering at the grain boundaries (Serrate et al., 2005b). This 

effect results in a very pronounced low field magnetoresistance. Lattice shifts 

across the lattice parameters can also cause such spin dependant scattering which 

has been reported in magnetite thin films (Eerenstein et al. 2002). However, in 

this case the magnetoresistance depends on the magnetic field and is ruled out in 

this case (Serrate et al., 2007).  

For granular systems, the intergrain spin-tunnelling magnetoresistance can 

be written as (Inoue and Maekawa, 1996), from equation 2.14, 

,
)(1

)(
)(MR

22

22

BmP

BmP
B


  where m(B) is the reduced magnetization and P is the 

fraction of spin polarized carriers.  

Bulk magnetite has P=80% at 300 K and it is 6% higher at very low 

temperatures (Dedkov et al., 2002) and hence it is expected that MR=-42% in 

granular Fe3O4 at low temperatures and high magnetic fields. The 

magnetoresistance that is measured here is clearly less than this and the 

magnetoresistance does not saturate even at 8 T (Figure 5.1.8a) while the 

magnetization has saturated above 1 T (Figure 5.1.5). This has been observed 

before in granular systems and it has been attributed to a spin disordered region at 

the grain boundaries as shown in Figure 5.1.9 (Serrate et al., 2005b). 
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Figure 5.1.8. (colour online) (a) Magnetoresistance plotted against the applied 

magnetic field at 120 K, 150 K, 180 K, and 300 K (solid curves). The arrow 

shows increasing temperature. Also shown are fits to the data using Equations 

2.14 and 5.2 (dashed curves). Inset: Plot of the fitted degree of electronic 

polarization, P, against temperature. The solid line is a guide to the eye. (b) Plot 

of the low-field magnetoresistance against the applied field at 300 K showing 

the magnetoresistance for decreasing and increasing B.  
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 The disordered region will degrade the spin polarized current and reduce 

the magnetoresistance. The resultant magnetoresistance has been previously 

modelled by replacing m(B) in Equation 2.14 with mgb(B) where mgb(B) is the 

reduced magnetization from the spin-disordered grain boundary region (Serrate et 

al., 2005b). Different functions have been used to model mgb(B) and the 

magnetoresistance (Inoue and Maekawa, 1996; K. Liu et al., 2003; Park et al., 

2005). It is possible to use a phenomenological mgb(B) that can be written as, 

)/exp()1()/tanh()( 0gb BaBBBm   ,                 (5.2) 

where γ, B0, and a are fitting parameters. At high fields, mgb(B)~1a B . This has 

been expected reduced magnetization for a spin-glass with weak random 

anisotropy (Serrate et al., 2005b).

 

Figure 5.1.9 Schematic diagram of the model of the grain boundary region with 

disordered spins and ordered spins in the bulk. 
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In Figure 5.1.8, Equations 2.14 and 5.2 give a good fit to the 

magnetoresistance data for all temperatures with γ=0.37, a=0.34 T
1/2

, and 

B0=6.9 T. The fitted |P| is plotted in Figure 5.1.8b where it can be seen that it is 

as high as 37% at 120 K and reduces to 25% at 300 K. These values are clearly 

lower than reported in bulk Fe3O4, which is consistent with a reduction in the 

spin polarization in the spin disordered region at the grain boundaries. The 

change in |P| between 120 K and 300 K is larger than that measured in bulk 

Fe3O4 where |P| is only reduced by 6% between 0 K and 300 K due to spin wave 

excitation (Dedkov et al., 2002). A significant reduction in |P| has been reported 

in other granular spin polarized systems and shows that there is significant spin-

scattering in the disordered region that increases with increasing temperature 

(Cerri et al., 1983; Garcia et al., 2004; Shang et al., 1998).  

It can be seen in Figure 5.1.10 that the electrical resistance strongly 

increases as the temperature is reduced. Furthermore, the resistance as a function 

of temperature, R(T), can be fitted to, 

))/exp(()( 00
TTRTR 

                (5.3) 

where T0=38800 K and α=1/2. This temperature dependence has been reported in 

disordered compounds and attributed to variable range hopping about localized 

states at the Fermi energy in the presence of Coulomb interactions (Efros and 

Shklovskii, 1975). It is unlikely that this occurs in our granular sample because it 

is not compatible with spin-dependent tunnelling that provides a good description 

of the magnetoresistance data.  
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Figure 5.1.10. Plot of the electrical resistance against (a) temperature and (b) 

1/T
0.5

. The inset shows the model for the mechanism of tunnelling between 

grains dominated by conduction through the smaller nanoparticles found 

surrounding the larger particles and are also in close contact with other small 

nanoparticles.  

A value of α=1/2 has been reported in Fe3O4 nanoparticle composites 

where there is spin-dependent tunnelling (H. Liu et al., 2003; Park et al., 2005; 

Serrate et al., 2005a; Song et al., 2006). It can occur because the electron 

tunnelling process leads to a positive charge on one nanoparticle and a negative 
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charge on the other nanoparticle. This introduces an electrostatic charging energy, 

Ec, for each tunnelling electron that can be written as Ec=[e
2
/d]f(s/d) where d is 

the particle size, s is the particle separation, e is the electronic charge, and f(s/d) is 

a function that depends on the particle shape (Sheng et al., 1973). If s/d is the 

same value for different regions in the nanocomposite then s×Ec is a constant. 

Using a steepest decent method it is then possible to show that the resultant 

tunnelling electrical resistance can be written (Sheng et al., 1973), 

]]]/[[2exp[),( 2/1
B00 TkCRBTR                (5.4) 

where C0=2χs0Ec, 
2/12

F ]/)(*2[ Em   , s0 is the average s,  is the 

effective barrier height, m* is the effective mass of the electrons, EF is the Fermi 

energy,   is Planck's constant divided by 2π, and R0 is a constant. In the presence 

of spin-dependent tunnelling in granular magnetic samples, R0 in equation 5.4 can 

be rewritten as R0(B,T)=R01/[1+P(T)
2
m(B,T)] where R01 is independent of 

temperature
 
(Inoue and Maekawa, 1996). However, the temperature dependence 

of the electrical resistance is still dominated by the exponential factor in Equation 

5.4. It is unlikely that Equation 5.4 is applicable for conducting particles with d on 

the micron length scale due to rapid charge redistribution that would result in an 

electrostatic charging energy that would be too small to measure. In our case there 

is a range of particle sizes from 7 nm to 25 µm. Thus, electrostatic charging is 

only possible in our powders if the percolation pathway is dominated by spin-

dependent tunnelling between the small particles. This could occur if the larger 

metallic Fe3O4 particles were surrounded by the small Fe3O4 particles as shown in 

the inset of Figure 5.1.10b. In this scenario, the percolation pathway would be 

through large Fe3O4 particles with low resistances and also through small Fe3O4 

particles where the spin tunnelling between the small Fe3O4 particles would 

dominate the resistance. κC0/kB obtained in our powders by fitting the data in 
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Figure 5.1.10b to equation 5.2 (9700 K) is in the range of that observed in other 

studies on Fe3O4 powders (Park et al., 2005; Serrate et al., 2005b). Further 

structural and theoretical study is required to definitively ascertain the origin of 

the α=1/2 temperature dependent resistance that is beyond the scope of the present 

study. 

5.1.5   Conclusions 

In conclusion, magnetite powders can be made using a new arc-discharge 

method with an iron anode and a partial oxygen atmosphere. XRD and SAED 

measurements show that the resulting powder is predominantly ferromagnetic 

magnetite with some antiferromagnetic hematite (α-Fe2O3). There is also some 

ferromagnetic maghemite (γ-Fe2O3) that is seen in the Raman data but not the 

XRD data where measurements taken at different spots showed that iron oxide 

phases are inhomogeneously distributed in the powder. The powder contained 

nanoparticles as small as 7 nm as well as large particles with sizes up to 25 µm. 

The magnetization saturation is less than that observed for the bulk magnetite, 

which is due to the presence of ~26% of antiferromagnetic hematite. The 

temperature dependence of Ms(T) changes at TV, which has also been reported in a 

Fe3O4 single crystal. Ms(T) is observed to have a power law dependence above TV 

where β=2.23. At low temperature Ms(T) can be fitted with β=3/2 and Jab/kB=42 

K. Pressed pellets of the powder display a magnetoresistance that reaches −9.5% 

at 120 K and is dominated by the spin-dependant tunnelling between the 

magnetite grains. This value is significantly greater than that observed for 

permalloy nanoparticles synthesized using the same arc-discharge method owing 

in part to the higher intrinsic degree of electronic polarization in Fe3O4. A 

phenomenological model was used to fit the magnetoresistance and find that the 

fitted magnitude of the electronic spin polarization is 37% at 120 K and decreases 

with increasing temperature. This is less than the maximum of 80% expected at 
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300 K because of a reduction in the spin polarized current near the grain 

boundaries in a spin-disordered region. The temperature dependence of the 

resistance is exponential and has an exponent of 1/2. This exponent may be due to 

small nanoparticles coating larger grains and the effect of electrostatic charging 

during spin-dependent tunnelling between the nanoparticles. 
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5.2 Magnetite nanoparticles synthesized by a co-precipitation 

method 

This section looks in detail into magnetite made by a co-precipitation 

method. The aim is to study the magnetic properties and a model the 

magnetoresistance magnetoresistance in order to study the contribution of the spin 

disorder and how particle sizes or shape affect the magnetic properties.  

5.2.1  Synthesis technique 

An 8.5 M solution of 25 mL of NaOH was prepared. 6 g of FeCl2 and 12 g 

of FeCl3 were dissolved in 25 mL de-ionized water. Then, the 25 mL NaOH 

solution was added to the mixture of iron salts under mechanical stirring for 30 

mins at room temperature at 1100 rpm. After the reaction, the precipitate was 

washed twice with distilled water by centrifugation for 5400 s (Karaagac and 

Kockar, 2012). Structural properties were investigated by XRD using Co Kα (λ = 

1.74 Å) radiation. TEM was employed to examine the microstructural properties 

of the magnetite nanoparticles. SQUID magnetometer from Quantum Design was 

used to investigate the magnetic properties of the nanoparticles. Magnetization 

measurements were made at 5 K and 300 K and temperature-dependent 

magnetization measurements were performed with stable temperatures. 

Magnetoresistance measurements were made on a pressed pellet using the four-

terminal method in a Quantum Design PPMS and with the current parallel or 

perpendicular to the applied magnetic field. The four-terminal magnetoresistance 

measurements were made by first evaporating silver electrodes and then using 

silver epoxy bonded contact wires. The electrical resistance was measured as a 

function of temperature with a sweep of the temperature at a rate of 1 K/min. 

Magnetite particles made by a chemical process described by Schwertmann and 

Cornell (2008) were used as a reference powder for XRD measurements  
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(Schwertmann and Cornell, 2008). Maghemite and hematite particles made by a 

chemical synthesis process were also used as reference powders for Raman 

characterization (Schwertmann and Cornell, 2008).  

5.2.2 Structural investigation 

5.2.2.1 X-ray diffraction 

XRD data from the powder synthesized are shown in Figure 5.2.1. The 

XRD peak positions are consistent with face centred cubic structure of magnetite 

( m3Fd ). XRD data from the powder synthesized and the corresponding Miller 

indices for each peak are shown in Figure 5.2.1. Also shown are the peaks to a 

magnetite reference powder that was made using a similar co-precipitation 

method. The particles that were synthesized had a larger crystallite size 

(Schwertmann and Cornell, 2008). The XRD peaks correspond to magnetite (00-

039-1346) with no indication of hematite (JCPDS 033-0664). The lattice 

parameters for maghemite (JCPDS 00-039-1346) are very close to that of 

maghemite (γ-Fe2O3) and it is difficult to rule out the presence of maghemite in 

the powder. The broad peaks of the magnetite powder in comparison to the 

magnetite reference indicate that the magnetite powder that was synthesized has 

very small crystallite sizes. Using the Scherrer equation (Azaroff and Buerger, 

1958), given by  

,
θβ

λ
=D

cos

0.9

        (5.1)
 

whereis the wavelength of the cobalt radiation (1.74 Å),  is the Bragg angle 

and  is the full width half maximum corrected for instrumental broadening, the 

average crystallite size was determined to be ~14 nm. The lattice spacing derived 

from the most intensive peak at 41.465˚ is 4.865 Å, which corresponds closely to 
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4.922 Å, which was seen in the magnetite reference powder. This corresponds to 

the (311) peak of magnetite. No other peaks from iron or other phases of iron 

oxide are seen. The average crystallite size seen from a similar co-precipitation 

method report similar sizes of nanocrystals that are on average ~5 nm with a range 

from ~2 nm to ~7 nm (Cai and Wan, 2007; Sun et al., 2004; Wu et al., 2007). The 

average crystallite size for the magnetite reference powder was found to be 60 nm.  
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Figure 5.2.1. XRD data from the chemical iron oxide (black line) and reference 

sample of magnetite (dashed line) powders normalized to the (311) peak 

intensity.  
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A Williamson–Hall plot of the peaks was done using cosvs. sinfor the 

peaks at (111), (220), (311), (400), (422), (511) and (440) were plotted and the 

results are shown in Figure 5.2.2 (see overleaf), where the Williamson–Hall 

equation is given by (Williamson and Hall, 1953) θε+
D

kλ
=θβ sin4cos

 
(Equation 

5.1) where β is the full-width half maximum from the 2θ plot and k is the shape 

factor, given by 0.9, D is the average crystallite diameter for the particles and ε is 

the effective strain. The slope of the line for Williamson–Hall plot of the 

synthesized powder is zero and hence strain is negligibly low. Hence the size 

determined by the Scherrer equation remains true. This is similar to other studies 

on magnetite particles synthesized by a chemical route that also have reported 

negligible strain for 16 nm magnetite particles (Mürbe et al., 2008). 0.3% for 15 

nm magnetite particles (Rudolph et al., 2010). 0.02% for 31 nm magnetite 

particles (Jafari et al., 2014). Other reports on smaller nanoparticles give a strain 

of 0.4% for ~6 nm particles (Chaki et al., 2015). Similarly, magnetite 

nanoparticles ~7 nm wide prepared by a sol-gel process have been reported to 

experience a strain of 1.2% (Sciancalepore et al., 2015). The Williamson Hall plot 

for the reference sample also shows no strain from the Williamson Hall plot 

(Figure 5.2.2b, please see overleaf). 

5.2.2.2       Scanning electron microscopy and transmission electron 

microscopy 

SEM images of the magnetite nanoparticles made by a co-precipitation 

method show that have aggregates formed. Figure 5.2.3a shows a low 

magnification image that illustrates that there are large agglomerations that are 

~200 µm wide. Figures 5.2.3b and 5.2.3c show aggregates of ~1.5 µm size. These 

are composed of smaller grains that are in the range of nanometres. There are 

large clumps with aggregates on the surface. In Figure 5.2.3d, it can be seen that 
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there is a 15 µm wide cluster that is composed of many small ones. The shapes are 

irregular and random.  
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Figure 5.2.2. Williamson–Hall plot for the XRD data of the (a) synthesized iron 

oxide and (b) the magnetite reference sample. The straight lines are a guide to the 

eye. 
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Figure 5.2.3. SEM image of the chemical iron oxide nanoparticles synthesized by a 

co-precipitation method. 

From TEM images in Figure 5.2.4, we see that Figure 5.2.4 (top) shows 

nanoparticles are present in the powder. These are largely spherical particles and 

these tend to agglomerate and form clusters. The small spherical particles are in 

contrast to the arc-discharge particles that are faceted and large as seen in section 

5.2.1. Figure 5.2.4 (top) shows some of the clusters from the dispersion. Most of 

the particles are greater than 12 nm, which is greater than the average crystallite 

size. This is possibly attributed to the presence of aggregates and also the presence 

of amorphous material that is surrounding cores that are crystalline. Within these 

particles loosely dispersed in the TEM grid, most of the aggregates are ~50 nm, as 

shown in Figure 5.2.4 (lower right). A large cluster is 300 nm long. There are 

some isolated nanoparticles as well. The nanoparticles present are largely uniform 
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in size and these aggregate and form cross links due to the formation mechanism 

as well as the magnetic interactions.  

 

Figure 5.2.4. TEM images of the chemical iron oxide powder showing nanoparticles 

and SAED pattern of the chemical iron oxide powder with the d-spacings indicated 

from magnetite with the corresponding Miller indices and red circles (lower left). 

The units are in reciprocal space. TEM image showing clusters of nanoparticles 

aggregates (lower right). 

The SAED pattern from a cluster of particles is shown in Figure 5.2.4 

(lower left). The sample is clearly polycrystalline with some large crystals 

indicated by the diffuse rings and the presence of dots on the pattern (Garnett et 
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al., 2012). The dots are representative of the planes of the crystal and the grains 

are randomly oriented, leading to spotty rings. The spots forming the different 

rings are indicated by circles in the figure along with the d-spacings and Miller 

indices from magnetite. As-mentioned earlier, the d-spacings for magnetite are 

very close to those from maghemite and hence maghemite could also fit the 

SAED. We show below from the analysis of the Raman data that there is 

magnetite with some maghemite.  

5.2.2.3       Raman spectroscopy analysis 

Raman spectra performed using the 514.5 nm laser line from reference 

powders of magnetite, hematite and maghemite are shown in Figure 5.2.5. A large 

Rayleigh scattering background is seen, especially at the lower wavenumbers. 

Magnetite reference powder has a prominent peak at 667 cm
–1

 (A1g) with a width 

of 57 cm
-1

. The other peaks are at 547 cm
-1

 (T2g) and 363  cm
-1

 (T2g). There is no 

indication of a shoulder peak of maghemite at 700 cm
-1

. The peak fits to the Gauss 

at 667 cm
-1

.  

The maghemite reference has a prominent peak at 700 cm
-1

 (A1g). The 

peak width is 101 cm
-1

. The other peaks are at 345 cm
-1

 and 530 cm
-1

 from the T2g 

and Eg modes. The peak at ~1400 cm
-1

 is possibly a second order phonon.  

Hematite is indicated by the peaks at 299 cm
-1

 (Eg) and 425 cm
-1

 (Eg) and 

also a low intensity peak at 257 cm
-1

 (Eg). Hematite has a prominent peak at 

1324 cm
-1

 that could be from 2
nd

 order phonon (Massey et al., 1990). Hematite 

also has a 2 magnon peak at this wavenumber that is more prominent at low 

temperatures. The peak width is 60 cm
-1

. The other peaks are at 299 cm
-1

 (Eg) and 

425 cm
-1

 (Eg). There is also a low intensity peak at 234 cm
-1

 (A1g). 
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Raman spectra at 633 nm from the magnetite powder are shown in Figure 

5.2.6a. Magnetite is clearly indicated from the prominent peak at 664 cm
-1

 (A1g). 

There is an indication of the presence of maghemite from the peak at 700 cm
-1

. 

The Raman spectra for the iron oxide powder using the 514.5 nm laser line is 

shown in Figure 5.2.6c. The position of the peaks are 677 cm
−1

 and 717 cm
−1

. The 

peak width is 103 cm
−1

, which is made of two peaks that have contributions from 

magnetite and maghemite. The Lorentzian fits to these peaks give widths of 52 

cm
−1

 and 44 cm
−1

 for the maghemite and the magnetite peaks (as shown in the 

inset), respectively. The presence of maghemite is evident from the shoulder peak 

at 717 cm
−1

. The presence of the maghemite peak is more evident using the 

514 nm laser because the band gap is closer to the laser line (2.2 eV; (Hashimoto 

et al., 1996)) and there is a resonance enhancement effect, causing an 

enhancement of the maghemite peak. The broadening could also be partly 

attributed to finite size effects. However, the bulk magnetite has been reported to 

have linewidths of ~30 cm
-1

 (Shebanova and Lazor, 2003) which is comparable to 

the values seen here.  

Raman spectra at 633 nm from the magnetite powder are shown in Figure 

5.2.6a. Magnetite is clearly indicated from the prominent peak at 664 cm
-1

 (A1g). 

There is an indication of the presence of maghemite from the peak at 700 cm
-1

. 

The Raman spectra for the iron oxide powder using the 514.5 nm laser line is 

shown in Figure 5.2.6c. The position of the peaks are 677 cm
−1

 and 717 cm
−1

. The 

peak width is 103 cm
−1

, which is made of two peaks that have contributions from 

magnetite and maghemite. The Lorentzian fits to these peaks give widths of 52 

cm
−1

 and 44 cm
−1

 for the maghemite and the magnetite peaks (as shown in the 

inset), respectively. The presence of maghemite is evident from the shoulder peak 

at 717 cm
−1

. The presence of the maghemite peak is more evident using the 

514 nm laser because the band gap is closer to the laser line (2.2 eV; (Hashimoto 

et al., 1996)) and there is a resonance enhancement effect, causing an 
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enhancement of the maghemite peak. The broadening could also be partly 

attributed to finite size effects. However, the bulk magnetite has been reported to 

have linewidths of ~30 cm
-1

 (Shebanova and Lazor, 2003) which is comparable to 

the values seen here.  
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Figure 5.2.5. Figure description and part (c) overleaf. 
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Figure 5.2.5. Raman spectra of reference powders of (a) magnetite, (b) maghemite 

and (c) hematite that were made by a chemical synthesis process. 

Effect on broadening with increase in size was investigated by exposing 

the powder to a high intensity laser beam with a power of 90 mW for 7 minutes. 

The results from this experiment are shown in Figure 5.2.6b. There are prominent 

peaks (and modes) of 229 cm
−1

 (A1g), 247 cm
−1

 (Eg,), 500 cm
−1 

(A1g), 620 cm
−1

 

(Eg) and 1350 cm
−1

 (2LO) and these are of hematite. There was no evidence of 

magnetite peaks. This is a result of transition of phase to large particles of 

hematite. The exposure to high laser power results in the narrowing of the peak 

width of the magnetite, still found at ~664 cm
-1

 by 36 cm
-1

. The peak at 1350 cm
−1

 

is attributed to second order phonon scattering. The origin of the peak has been 

investigated to be from magnon scattering and is seen more prominently at low 

temperatures (Massey et al., 1990). This is an indication of agglomeration and 

clustering of the magnetite phase. The finite size effects result in the confinement 

of the phonon modes that result in narrow peak widths. There is also no indication 

of the peak at 700 cm
−1

, indicating the oxidation of maghemite. This is another 
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reason for the narrowing of the width. Figure 5.2.6d shows the spectra from the 

annealed powder of magnetite. Here the peak is clearly only at 664 cm
−1

 and the 

full width half maximum of the peak is 39 cm
-1

, which is comparable to the 

magnetite peak width seen in Figure 5.2.6c.  There is no evidence of a shoulder of 

maghemite.  

 

Figure 5.2.6. Raman spectra showing (a) magnetite with the laser spot with low 

power of 50 µW and using the 633 nm laser and (b) magnetite with the laser spot with 

low laser power of 0.03 mW using the 514 nm laser and inset showing that the peak 

fits to two peaks at 677 cm
-1

 and 717 cm
-1

, (c) hematite seen after exposure of the 

magnetite powder to high laser power of 90 mW for 7 minutes, and (d) magnetite 

powder annealed in hydrogen atmosphere at 600 °C. 
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5.2.3 Magnetization measurements 

Magnetization measurements at 300 K and 5 K were performed on the 

magnetite powder with a maximum applied field of 6 T. The results are shown in 

Figure 5.2.7a. The sample is clearly ferromagnetic. The saturation moment is 

~78 emu/g. It is noticeable that the moment does not show a saturation after 0.2 T, 

but slowly increases up to 6 T, and does not show any signs of saturation. It is 

possible that this is due to spin-glass effects. The coercivity of the sample at 

300 K is <10 mT, indicating that there could be a superparamagnetic contribution 

to the magnetization from some of the nanoparticles. The reported values of the 

saturation moment of magnetite nanoparticles is 98 emu/g at 0 K (~3.2 B per 

formula unit (Cullity and Graham, 2011)). The measured magnetization at 6 T is 

less than this, which is also seen in other small magnetite nanoparticles and can 

occur due to a spin-disordered shell.  

Large particles are seen to dominate the magnetization in Fig 5.2.7b. The 

zero-field cooled field cooled (ZFC-FC) curves with the temperature range from 

5 K to 300 K are divergent. There is irreversibility up to 300 K. This indicates that 

any blocking temperature is higher than room temperature (Vitta, 2007). This is 

possibly due to the size of the nanoparticles where there average particle size 

estimated from the XRD data is 14 nm, which is higher than the 

superparamagnetic limit. There is also a small transition at ~100 K. However, the 

magnitude of the change in magnetization is insignificant and it is possible that 

the Verwey transition is not seen here in the ZFC-FC data.  
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Figure 5.2.7. (a) Magnetization in emu/g as a function of applied field of the 

chemical iron oxide powder at 300 K (closed circles) and 5 K (open circles). (b) 

Zero-field-cooled field-cooled curves of the iron oxide powder taken at 10 mT.  

The saturation magnetization as a function of temperature, as shown in 

Figure 5.2.8a, indicates a decrease with increasing temperature due to spin waves. 

The data were fitted to equation 2.11, ,TBM=TM β

ss ](0)[1)(   over the fill 
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temperature range where Ms(0) is the magnetization saturation at 0 K. A value of 

β=2.05 is obtained (not shown) but the fit is not good. The reason for this is that 

there are two temperature regions as seen in chapter 5.1 for magnetite made by the 

arc-discharge method. This can be seen more clearly in Figure 5.2.8b where 

[m(0)-m(T)]/m(0) is plotted. It is apparent that there is a departure below ~110 K 

that likely to be due to the Verwey transition. This has not been reported before in 

small magnetite nanoparticles. There are very few studies but one study on 4 nm 

diameter magnetite nanoparticles found that the magnetization could be fitted to 

Equation 2.11 from low temperatures to β=1.5 up to room temperature without 

any evidence of a Verwey transition (Goya et al., 2003). A fit to Equation 2.11 

was done in the low temperature region and it can be seen in Figure 5.2.8a that 

this provides a good fit to the data where β=1.28 and the B=3.74E-5 K
-1.28

. β is 

less that the 1.5 reported for 4 nm diameter magnetite nanoparticles (Goya et al., 

2003) or for a magnetite single crystal (Aragón, 1992). The lower β found by 

fitting the low temperature data in Figure 5.2.8a may be due to a spin-disordered 

region in the nanoparticle shells and spin wave propagation from the core into the 

shell region.  

Low values of β are known to occur in nanoparticles and it has been suggested 

that it can be less than 1.5 due to the effect of uncompensated surface spins 

(Zhang et al., 1998) that can result in temperature dependent spin-glass behaviour 

(Aquino et al., 2005). It is possible to obtain a good fit to the data using Equation 

2.11 in the high temperature region as can be seen in Figure 5.2.8a. The fitted 

value of β=1.96 and B=1.61e-6 K
-1.96

. The value of β is slightly less than the β 

=2.26 found for the arc-discharge powder. It is also larger than that reported for 4 

nm diameter magnetite nanoparticles (Goya et al., 2003). 
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Figure 5.2.8. (a) Saturation magnetization against temperature with the fit to the Eq 

2.11at low temperature and at higher temperature above the Verwey transition 

temperature. (b) Plot of [m(T)-m(0)]/m(0) against temperature. 
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Fig 5.2.9. Plot of the magnetization at different temperatures of 300 K, 200 K, 110 K 

and 5 K. The inset is a plot of the slopes of the field loops at different temperatures 

and high magnetic fields. 

Spin-glass effects are evident from the non-saturation of the magnetization 

seen in Figure 5.2.9 and can arise from uncompensated surface spins. This most 

likely arises from the shell, where there are disordered spins and field-dependent 

magnetization measurements were performed to study this. The magnetization at 

different temperatures is an indication of the spin disorder increasing with 

decrease in the temperature. The plot of slopes of the field loops at different 

temperatures against the applied field is shown in the inset in Figure 5.2.9. This 

non-saturation seen at high fields is typical of spin glass behaviour (Binder and 

Young, 1986).  
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Figure 5.2.10. (a) Magnetization in emu/g as a function of applied field of the 

synthesized magnetite powder annealed at 600˚C at 300 K. Inset: Magnetization at 

300 K with a maximum applied field of 0.15 T showing the hysteresis. (b) Zero-field-

cooled field-cooled curves of the annealed iron oxide powder taken at 10 mT. 
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The extent of the rate of change with temperature is not significant. The 

slope of the magnetization plotted against the applied field is comparable for the 

temperatures from 5 K to 300 K. This is indicative of thermal effects not being 

significant compared to the surface disorder. The increased spin disorder could be 

attributed to the smaller nanoparticles in this material. Dutta et al. (2009) reports a 

similar finding where 4 nm particles display a non-saturation of the magnetization 

and larger 6 to 12 nm particles display a saturation of the magnetization.  

The magnetization measurements of the magnetite powder annealed for 

1 hour at 600 ˚C in hydrogen is seen in Figure 5.2.10a. The magnetization is 

plotted against the field for measurements taken at 300 K. The saturation moment 

corresponds to 90 emu/g and the coercivity is a bit lower than the powder before 

annealing at <10 mT.The zero-field cooled field-cooled measurements at 10 mT 

are shown in Figure 5.2.10b. The curves do not converge up to 360 K indicating 

that the large particles are a significant fraction of the powder, resulting in the 

lack of divergence. There is transition in the ZFC data at 125 K that is attributable 

to the Verwey transition, which is seen in larger magnetite particles that maybe 

octahedral and stoichiometric (Dewi et al., 2014) (Mitra et al., 2014) (Zhang et al., 

2009). Thus, the higher saturation magnetization and the clear appearance of the 

Verwey transition in the ZFC data indicate that annealing has resulted in larger 

nanoparticles. 

5.2.4 Magnetoresistance measurements 

The magnetoresistance of the pressed pellet plotted against the field at 

200 K and 300 K are shown in Figure 5.2.11. The magnetoresistance at 8 T 

reaches a value of 8% at 200 K and 6.2% at 300 K. The value at 200 K is 

comparable to that seen in the arc discharge powder in chapter 5.1 and it is larger 

at room temperature. The temperature dependence of the magnetoresistance is 
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also similar to that seen in Figure 5.2.7 and indicates that the magnetoresistance is 

also due to spin-dependent tunnelling. This shows that the semiconducting 

maghemite fraction is not high and below the percolation threshold. The 

magnetoresistance decreases with increasing temperature due to the degradation 

of spin polarization with increase in the temperature. Similar to the arc-discharge 

magnetite data it can be seen that the magnetoresistance data cannot be modelled 

using Equation 2.14. In particular, the magnetoresistance does not saturate at high 

fields, and this behaviour has been seen in granular systems and it is attributed to 

a spin disordered region at the grain boundaries. This leads to a phenomological 

mgb, given in equation 5.2 that was used to fit the data in conjunction with 

Equation 2.14. The resultant spin polarization at 300 K was 34% and the spin 

polarization at 200 K was 38%. It is larger than that seen in the magnetite powders 

made by arc-discharge and it is less than the value expected for bulk magnetite 

(Dedkov et al., 2002). 

 

Figure 5.2.11. Plot of magnetoresistance as a function of the field at 200 K and 300 

K with the fit to Equation 2.14 and using Equation 5.2 (dashed line) for a chemical 

iron oxide powder pressed into a pellet. 
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R(T) in the absence of a magnetic field is shown in Figure 5.2.12. The 

resulting plot of ln(R) against T
0.5

 is shown in Figure 5.2.12. 
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Figure 5.2.12. (a) Plot of Ln(R(T)) against T/1  and (b) plot of the resistance 

against temperature for the chemical iron oxide powder. 
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The temperature dependence is similar to that seen in Chapter 5.1 and the 

presence of spin-dependent tunnelling indicates that it is not from variable range 

hoping and it is due to a Coulomb charging effect and tunnelling. A fit to 

Equation 5.4 gives κC0/kB=25600 K. This is larger than that seen in the iron oxide 

made by the arc discharge method in chapter 5.1, which is likely to be due to the 

smaller nanoparticle sizes that lead to a larger Ec from Ec=[e
2
/[4πε0d]]f(s/d). This 

results in a larger C0 because C0=2χs0Ec. It is also possible that there is a 

difference in the tunnelling barrier height that leads to a larger κ.
 

5.2.5 Conclusions 

The iron oxide powder made by a chemical co-precipitation method had 

an average crystallite size of 14 nm as estimated from the XRD measurements. 

The Raman spectra showed that there is magnetite and some maghemite. The 

moment per ion of the powder was less than that of the bulk magnetite, which has 

been reported in other magnetic nanoparticles. There was also a lack of saturation 

of the magnetization, possibly due to a spin-glass like effect, most likely an 

indication of the spin disordered layer at the surface. The Verwey transition was 

not apparent in the ZFC-FC data. However, it could be seen in the Ms(T) data at 

~110 K. It was not observed in the Ms(T) data from a previous study on 4 nm 

diameter magnetite nanoparticles and shows that the Verwey transition disappears 

for magnetite diameters between 4 nm and ~14 nm. The Verwey transition is seen 

in the ZFC-FC data after annealing the powder at 600 ˚C in hydrogen, which is 

likely to be due to a large increase in the particle size. The exponent β for the 

unannealed powder is less than that reported for bulk and 4 nm diameter 

nanoparticles, which may be due to a spin-disordered shell. Magnetoresistance is 

observed that is due to spin-dependent tunnelling. The resulting spin polarization 

from modelling the data in a phenomological model for the magnetite made by a 

chemical method was ~38% at 8 T. This is considerably higher than that obtained 
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for the powders made by arc discharge. Further study could focus on using 

surfactants that could potantially bond with the nanoparticles surface and hence 

reduce the surface disorder. However, this approach is not expected to yield an 

improvement in the saturation magnetization values (Guardia et al., 2007). The 

temperature dependence of the resistance is due to a Coulomb charging effect and 

tunnelling.  
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5.3     Summary 

Iron oxide was made by an arc discharge synthesis method, with the 

powders containing magnetite with a small proportion of hematite phase. The 

powder contained nanoparticles as small as 7 nm as well as large particles with 

sizes up to 25 µm. Raman spectroscopy measurements also showed that there was 

some maghemite in the powders. The iron oxide powders made by co-

precipitation method had an average crystallite size of 14 nm. Raman 

spectroscopy measurements showed that there was magnetite with some 

maghemite.  

The magnetization saturation of the arc-discharge powder is less than that 

observed for bulk magnetite, which is due to the presence of ~26% of 

antiferromagnetic hematite. Ms is also lower for iron oxide powder made by the 

co-precipitation method but in this case it is likely to be due to a spin-disordered 

nanoparticle shell. The Verwey transition is clearly seen in the ZFC-FC 

magnetization and Ms(T) data for the arc-discharge powder, which is consistent 

with there being large magnetite nanoparticles. It is not seen in the ZFC-FC data 

for the 14 nm diameter powders, which has also been noted in other studies on 

magnetite nanoparticles. It can be seen in the Ms(T) data and, by comparison with 

a previous study, that the Verwey transition disappears for nanoparticles sizes 

between 4 nm and 14 nm. 

There have been very few studies of Ms(T) on magnetite reported in the 

literature. It was found in this study that the Ms(T) exponent for the arc-discharge 

powder was 1.5 at low temperatures and the same as that reported for a single 

crystal. It was found that Jab/kB=42 K. Above the Verwey transition is was 

β=2.26. The 14 nm diameter powder had β=1.28. This is less than that the 

expected value due to a spin-disordered shell. The exponent above the Verwey 
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transition was β = 1.96, which is slightly less than that found in the arc-discharge 

powder and close to that found in a previous study on 4 nm diameter magnetite 

nanoparticles. 

The arc-discharge powder and the power containing 14 nm magnetite 

nanoparticles had a magnetoresistance that could be attributed to spin-dependent 

tunnelling between magnetite nanoparticles when pressed into pellets. In both 

cases the maximum magnetoresistance was large and magnetic field dependence 

of the magnetoresistance that could be modelled in terms of a spin-disordered 

region that resulted in a magnetoresistance that did not saturate at the highest 

measured magnetic field. 

The electrical resistance for both powders in pressed pellet form had an 

exponential dependence on temperature with a temperature exponent of 1/2. This 

can be attributed to a Coulomb charging effect and tunnelling between magnetite 

nanoparticles. In the case of the arc-discharge powders, the presence of a 

significant fraction of large particles means that the resistance is likely to be 

dominated by tunnelling between small nanoparticles that coat the larger particles. 

κC0/kB=25600 K for the 14 nm magnetite nanoparticles. It is larger than that seen 

in two other studies on magnetite nanoparticles, which may be due to a smaller 

nanoparticles size or increased barrier height. It is also larger than the 

κC0/kB=9700 K found for the arc-discharge powder and indicates that the average 

nanoparticles size seen in the percolation pathway is higher in the arc-discharge 

powder.  
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Chapter 6 

Dual implantation of iron and nickel into silicon dioxide 

It has previously been shown that dual sequential ion implantation can be 

used to create alloy or intermetallic nanoclusters. For example it has been used to 

create Cu–Ni alloys in silicate glasses (Zuhr et al., 1998) and Ag–Cd nanocluster 

composites in silica (Anderson et al., 1997). Previous studies have reported the 

dual implantation of iron and nickel into silicon and annealing has resulted in the 

formation of silicides (Li et al., 1997) and also the formation of NiSi2 and FeSi2 

with the increase in annealing temperature (Li et al., 1998). This is similar to iron 

implantation studies where high doses of iron leads to the formation of silicide 

(Balakirev et al., 2014) (Lakshantha et al., 2015), the potential for silicide 

formation being favourable in the absence or lower concentration of oxygen 

(Leveneur et al., 2014a).  

A range of magnetic nanoparticles have been implanted that include Ni 

(Amekura et al., 2004a) (Malik et al., 2012) (Sprouster et al., 2011) and Co 

nanoparticles (Malik et al., 2012). Previous studies on ion implantation of iron 

into silicon dioxide followed by electron beam annealing have resulted in the 

formation of surface superparamagnetic nanoclusters (J. Leveneur et al., 2011) 

(Kennedy et al., 2011). Dual implantation of Co and Pt has been reported that 

leads to an enhanced coercivity and magnetic remanence. This is due to the 

formation of alloy that has formed successfully upon implantation (Malik et al., 

2012). However, the formation of alloy nanoparticles of permalloy that could 

potentially have a low anisotropy, low coercivity and high permeability has not 

been reported.  

This chapter presents the results from a study of the magnetic and 

structural properties of clusters formed by dual implantation of iron and nickel 

with two different Ni concentrations and the effects of electron beam annealing. 
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Specifically, implantation and annealing was done with two nickel to iron fluence 

ratios of 82:18 and 45:55 with the same Ni fluence. A higher Ni fluence was also 

studied with a nickel to iron ratio 50:50. The ratios of 82:18 and 45:55 have 

concentration profiles that are roughly comparable to the P78 and the P45 

synthesized in Chapter 3. As discussed in Chapter 2, these ratios were chosen 

because these exhibit a low magnetocrystalline anisotropy and the highest 

magnetization saturation, respectively. 

6.1  Implantation of Ni0.82Fe0.18 in SiO2 

This section reports the results from the dual implantation of iron and 

nickel into SiO2 with a Ni to Fe fluence ratio of 82:18. As shown below, this 

results in a peak ratio of Fe0.82Ni0.18 that is close to the commonly used permalloy 

concentration ratio of 78:22. The structural properties and the magnetic properties 

were studied and the compared to previous iron and nickel implantation studies. 

6.1.1 Synthesis technique 

NixFe1-x nanoclusters embedded in silicon dioxide were made using the 

low-energy implanter and EBA systems mentioned in chapter 3 where the EBA 

was done at 1000 °C under high vacuum. The implantation was done into 500 nm 

SiO2 on 0.3 mm crystalline silicon substrates with an implantation energy of 10 

keV. The implantation of 
58

Ni
+
 was carried out first and then followed by 

56
Fe

+
 

with a low current of <2 µA and pressure of 10
−7

 mbar. The implanted nickel 

fluence was 2×10
16

 at./cm
2
. 

56
Fe

+
 was implanted into the nickel-implanted 

samples with the fluence of 4.5×10
15

 at./cm
2
. The nickel to iron fluence ratio was 

82%. EBA was used to anneal the sample at 1000 °C for a duration of 1 hour. The 

heating rate used was 5 °C/s. After holding at 1000 °C for 1 hour, the sample was 

slowly cooled at a rate of 3 °C/s down to 300 °C and furnace-cooled down to 

room temperature. D-TRIM simulations (Biersack et al., 1991) were used for 

depth and concentration profiling. RBS measurements were performed using a 

2 MeV He
+
 beam and current of ~20 nA. The fluences were obtained by fitting 
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using RUMP software. Cross-sectional TEM was performed on samples prepared 

using the focused ion beam (FIB) lift-out technique (Gianuzzi, 1998). To reduce 

charging, the samples were carbon coated (~10 nm film thickness). For sample 

preparation, a ~100-nm thick Pt protection layer was deposited using the electron-

beam deposition facility of the FEI Nova Nanolab 200 dual-beam FIB system. 

FIB milling at 5 keV was used at the final stage of sample preparation process. 

TEM study was conducted using FEI Tecnai TF20 electron microscope operated 

at 200 kV. Magnetization measurements were performed on a Quantum Design 

SQUID magnetometer. 

6.1.2 Structural measurements 

6.1.2.1 D-TRIM simulations 

The results from D-TRIM simulations of the nickel and iron concentration 

profiles can be seen in Figure 6.1.1 after nickel implantation into silicon dioxide 

with a fluence of 2×10
16

 at./cm
2
 that was followed by iron implantation with a 

fluence of 4.5×10
15

 at./cm
2
. The Fe fraction was calculated from the values and 

the resultant ratios of the relative concentrations of iron to nickel with depth are 

also plotted in Figure 6.1.1. The simulated average estimated depth of the nickel 

in silicon dioxide is ~15 nm and the maximum depth is 35 nm. The average 

straggling depth is ~20 nm and the depth of the iron implanted into this system 

with nickel implanted into silicon dioxide is similar, which implies that the 

implanted layer could be a mixture of the iron and nickel with a surface-rich Ni 

layer. Of the atoms with depth >13 nm, 59% of these implanted atoms have an 

average nickel to iron ratio equivalent to 82:18. As the depth is reduced, the Ni 

fractional concentration goes from 82% to 100%. Thus, the Fe fraction after 

implantation is expected to vary from 0 at the surface to ~0.18 further into the 

film. 
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Figure 6.1.1. D-TRIM simulations for the implantation of Ni into silicon dioxide 

at a fluence of 2×10
16

 at./cm
2
 (filled circles) and subsequent implantation of Fe 

with a fluence of 4.5×10
15

 at./cm
2
 (open circles) into the Ni-implanted films at 

10 keV and the resultant Fe fraction as a function of depth (filled squares).  

6.1.2.2 Rutherford backscattering analysis 

Figure 6.1.2 shows the RBS data for the as-implanted film and the film 

annealed for 1 hour at 1000 °C. The silicon edge, the silicon dioxide on silicon 

interface edge, and the oxygen edge can be clearly seen in the data. The peak at 

~1.5 MeV is due to Ni and Fe in the film where the Ni and Fe edges that are 

indicated on the figure cannot be clearly resolved. After annealing, the Ni/Fe peak 

has significantly broadened and shifted to lower energy, which indicates that there 

has been diffusion into the SiO2 film. This was not observed after Fe implantation 

with a similar fluence and EBA at 1000 °C for 1 hour (J. Leveneur et al., 2011) 

(Kennedy et al., 2012b). There is also some Ni/Fe at the Si/SiO2 interface after 

annealing as can be seen by the small peak at 1.17 MeV in the inset to Figure 

6.1.2. Some Fe at the Si/SiO2 interface was also seen after Fe implantation and 

EBA (Kennedy et al., 2012a) and hence it is not clear if it is Fe, Ni, or NixFe1-x. 
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EBA of Fe implanted films is known to sputter Si and oxygen and reduce the SiO2 

layer thickness by ~11 nm/hour (Kennedy et al., 2012b). This is likely to also 

occur for the NixFe1-x films after EBA but it cannot be resolved in Figure 6.1.2. 

The RBS data were fitted using RUMP software to obtain the total Ni and Fe 

fluences. They were 2.45×10
16

 at./cm
2
 and 2.67×10

16
 at./cm

2
 for the as-implanted 

film and after EBA, respectively, where they are the same as the implanted 

fluence within the experimental uncertainty of ±4%. 
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Figure 6.1.2. Rutherford backscattering data for the as-implanted sample (dashed 

curve) and the sample annealed for 1 hour at 1000 °C (solid curve) with RUMP 

simulations. Inset: expanded RBS plot. 

6.1.2.3 Transmission electron microscopy measurements 

 TEM measurements were made of the as-implanted sample and the 

images can be seen in Figure 6.1.3a. The Pt, carbon, and SiO2 layers are indicated 

on the main image. There is also a NixFe1-x layer that can be seen clearer in the 

inset to Figure 6.1.3a. It has a width of ~20 nm, which is comparable to the 

straggling depth seen in the D-TRIM simulations. It is apparent in Figure 6.1.3a 
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that the implanted region contains some small nanoparticles that are ~4 nm wide. 

Nanoparticles are known to occur after ion implantation when the implanted ion 

concentration exceeds the solubility limit (Yuan et al., 2009). A previous study on 

15 keV Fe implantation into SiO2 found that this solubility limit ranged from 

2.3% to 6.7% (Jérôme Leveneur et al., 2011) where Fe nanoparticles were 

observed by TEM with diameters less than 5 nm for fluences of 10
16

 at./cm
2
 and 

~20 nm for fluences of 10
17

 at./cm
2
 (Leveneur et al., 2014b). Ni nanoparticles 

have also been observed to form after implantation into SiO2 with a fluence of 

3.8×10
16

 at./cm
2
 and an implantation energy of 60 keV (Amekura et al., 2004b). 

From D-TRIM calculations, it is estimated that the corresponding peak 

concentration is 12%, which is lower than our peak Ni concentration of 18%. The 

resultant nanoparticles diameters from the 60 keV study were less than 6 nm with 

an average value of 2.9 nm and hence comparable to the nanoparticle diameters 

found in our study. 

Figure 6.1.3b shows TEM images after EBA for 1 hour where it can be 

seen that there is a bimodal particle size distribution where there are large nearly 

spherical nanoparticles near the surface and smaller nanoparticles that extend 

further into the SiO2 film. The larger particles have diameters that range from 

40 nm to 75 nm and a 44 nm diameter nanoparticle can be seen in the right inset 

to Figure 6.1.3b. From these and other TEM images (not shown), it was found that 

particle size of the larger particles ranged from 35 to 110 nm with an average 

diameter of 56 nm. Some sputtering of the SiO2 surface has occurred that leads to 

partial penetration of some large nanoparticles through the surface as can also be 

seen in the inset. There is also a nanoparticle that appears to be flattened close to 

the surface of the film that could be due to the growth mechanism. 
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Figure 6.1.3. Cross-sectional TEM images of (a) the iron–nickel implanted film 

showing a uniform NixFe1-x layer in the SiO2 film, and small particles in the as-

implanted NixFe1-x layer (inset) and (b) the film annealed for 1 hour at 1000 °C 

showing large particles at the surface as well as predominately deeper diffused 

smaller particles. The inset to (b) shows one of the smaller 8 nm wide particles 

(left) and one larger protruding particle (right). Each sample had platinum and 

carbon layers followed by the silicon dioxide film containing the implanted Fe 

and Ni on the thick Si substrate. 

From Figure 6.1.3b and other TEM images (not shown), it was found that 

the average nanoparticle separation was ~280 nm and the distance between the 

nanoparticles ranged from 140 nm to 393 nm. The smaller nanoparticles have 

diameters ranging from 2 nm to 15 nm, with an average diameter of ~6 nm, and a 

volume fraction of ~12%. A ~8 nm diameter nanoparticle can be seen in the left 

inset to Figure 6.1.3b. A small nanoparticle can be seen near the SiO2/Si interface. 
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There are very few small nanoparticles near the surface and most of the small 

nanoparticles are predominately in the 60 nm to 120 nm depth range with an 

average depth of 75 nm. Unfortunately, the Ni, Fe and NixFe1-x lattice parameters 

are very close so that it is not possible to use electron diffraction to determine the 

composition of the nanoparticles after 1 hour of EBA.  

The bimodal particle sizes and their spatial distribution in the SiO2 films is 

completely different from previous measurements after Fe implantation at 15 keV 

and fluencies of 10
16

 at./cm
2
 and after 1 hour of EBA where ~10 nm diameter 

nanoparticles only formed within the implantation region (J. Leveneur et al., 

2011),(Yuan et al., 2009) as well as some at the Si/SiO2 interface (Kennedy et al., 

2012a). In that case, EBA led to sputtering of Si and oxygen that exposed the Fe 

nanoparticles. Some hemispherical core-shell nanoparticles were reported for 

short EBA times that had ~12 nm diameter Fe cores and a total diameter of 

~30 nm where the shells were Fe deficient (Yuan et al., 2009). However, the shell 

disappeared for longer annealing times and only small Fe and spherical 

nanoparticles could be seen after 1 hour of EBA (J. Leveneur et al., 2011),(Yuan 

et al., 2009). Our results are also different from those reported after 60 keV Ni 

implantation with a fluence of 5.5×10
16

 at./cm
2
 where the magnetic data suggests 

that the average Ni nanoparticle diameters did not significantly change from 

2.9 nm after 800 °C annealing in a vacuum for 1 hour (Amekura et al., 2004b). 

The nanoparticle sizes are also significantly greater than those reported after 

50 keV Ni implantation into SiO2 with a fluence of 6×10
16

 at./cm
2
 followed by 

1 hour annealing in a nitrogen atmosphere at 900 °C (Malik et al., 2012). In that 

case a bimodal Ni nanoparticle size distribution was found but the average 

diameters were 3 nm and 8 nm. 

It is not clear why a bimodal particle size distribution occurs after Ni and 

Fe implantation and EBA that has not been reported for Ni or Fe implantation into 

SiO2. At this stage, a possible growth mechanism can only be speculated upon. 

The presence of largely isolated particles is possibly an indication of nucleation 
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centres that are formed during ion implantation. For example, the implanted film 

contains NixFe1-x regions that could act as nucleation sites for large nanoparticle 

formation during EBA because NixFe1-x has a negative Gibbs free energy of 

formation that depends on x (Zhang et al., 2013), (Kubaschewski and von 

Goldbeck, 1949) (Swartzendruber et al., 1991). These nucleation sites will be 

distributed in the implantation region and the nanoparticles could grow around 

them via Ostwald ripening and result in large nanoparticles near the surface. The 

nucleation sites at or close to the surface of the film possibly resulted in the 

aggregation and growth of large particles growing into spheres with a flattened 

surface that are seen in the TEM images. Fe or Ni near the tail end of the initial 

implantation distribution will be at a concentration that is below the solubility 

limit and hence they could diffuse further into the film and result in the smaller 

nanoparticles that are observed at greater depths. Any model to describe the 

bimodal particle size and the different spatial distributions would need to take into 

account the Ni and Fe diffusivities that are completely different; the Ni diffusivity 

into SiO2 at 1000 °C (2.5×10
−16

 cm
2
/s (Ramappa and Henley, 1999) 

(Ghoshtagore, 1969)) is ~2 orders of magnitude less than that of the respective Fe 

diffusivity (3.8×10
−14

 cm
2
/s (Topkaya et al., 2012)). However, it is possible that 

the diffusivities will be modified in the implantation regions that have high Ni and 

Fe concentrations. A detailed study of the growth mechanism will require a 

comprehensive study with different fluences and annealing temperatures and 

times that is beyond the scope of the present study. 

6.1.3 Magnetization measurements 

Magnetization measurements were made on the as-implanted sample and 

the resultant moment per implanted ion, mion, is plotted in Figure 6.1.4 against the 

applied magnetic field, B. The data in Figure 6.1.4 were obtained by first 

subtracting the silicon substrate contribution from the measured moment, m. The 

resultant moment mion was obtained from 
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where Si is the measured Si substrate susceptibility (−3.26×10
−6

), V is the sample 

volume, 0 is the permittivity of free space, n is the fluence in ions per unit area, 

and A is the sample area.  

 

Figure 6.1.4. The moment per implanted ion against the applied magnetic field 

for the as-implanted film at 5 K (filled circles) and 300 K (open circles). 

The data are shown below 2 T because mion saturates at the much lower 

field and there are signal-to-noise issues near 2.4 T where the measured moment 

is close to zero owing to the Si substrate contribution. 

It is apparent in Figure 6.1.4a that the as-implanted film is ferromagnetic 

with a Curie temperature above 300 K. mion at 5 K initially increases to 0.48 µB 

and then slowly increases, while at 300 K it reaches a much lower value of 0.28µB 

and then slowly increases with increasing B. This is significantly less than the 
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expected low temperature saturation mion that is 1.06 µB for bulk NixFe1-x with 

x=0.2 and it is even less that the expected saturation mion of 0.61µB found in bulk 

ferromagnetic Ni or 2.22µB found in bulk ferromagnetic Fe (Swartzendruber et 

al., 1991). The gradual increase in mion above ~0.2 T may indicate that there is 

also a spin-glass (Topkaya et al., 2012) (Ma et al., 2012) that can have a non-

saturating mion (Chudnovsky et al., 1986) (Tejada et al., 1991). The significantly 

lower moment at 5 K when compared with bulk NixFe1-x with a similar x may 

either be due to some of the magnetic ions not magnetically ordering or the 

appearance of antiferromagnetic phases (e.g. NiO, Fe2O3). mion values lower than 

those measured in the bulk have been reported from other studies on small NixFe1-

x nanoparticles (Cushing et al., 2004) (Zhang et al., 1998). 

mion for the as-implanted sample is plotted in Figure 6.1.5a against 

temperature at 1 T, where it is apparent that it decreases significantly with 

increasing temperature. Bulk NixFe1-x follows the Bloch temperature dependence 

that arises from a quadratic magnon dispersion and thermal excitation of magnons 

that results in a thermal average moment that decreases with increasing 

temperature. The Bloch function can be written as (Bloch, 1930), as per equation 

2.11, ],–[1 (0) = (T) sion,sion,

βTBmm  where mion,s is the saturation moment per 

implanted ion, mion,s(0) is the saturation moment per implanted ion at 0 K. It is 

clear in Figure 6.1.5a that mion at 1 T does not follow the temperature dependence 

expected from Equation 2.11 with β=3/2. This can be seen by a fit to Equation 

2.11 that β is far lower and it is β=0.38 where B=0.053 K
−0.38

.  
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Figure 6.1.5. (a) The moment per implanted ion, mion, at 1 T against temperature 

from the as-implanted film at 1 T (filled circles). Also shown is a fit to the data 

using Equation 2.11 (solid curve). (b) The zero-field-cooled (solid curve) and 

field-cooled (dashed curve) curves at 10 mT for the as-implanted film. 

It is known that β different from 3/2 can occur in small nanoparticles 

(Hendriksen et al., 1993)(Aquino et al., 2005)(Maaz et al., 2010),(Zhang et al., 

2013). This can arise from the finite number of magnon modes as well as the long 

wavelength cut off where wavelengths of the allowed magnon modes are limited 

by the finite nanoparticle size (Hendriksen et al., 1993). This can lead to a 



 

133 

 

magnon energy gap that increases B and results in β=2 (Hendriksen et al., 1993) 

that has been reported for ferrite nanoparticles with diameters up to 24 nm. 

However, it has been reported from measurements on Fe nanoparticles capped 

with MgF or MgF2 that β~1.5 for core diameters greater than ~6 nm. β was 

observed to decrease with decreasing core diameter and is low at 0.37 for MgF2 

capped nanoparticles with core diameters of 3 nm. At the same time B increases 

from the bulk value of 3×10
−6

 K
−1.5

 to as high as 0.6 K
−0.37

. Thus, the observation 

of a low β and a high B is consistent with the available literature on Fe 

nanoparticles. It has been suggested that the lower β for small Fe nanoparticles is 

due to the effect of uncompensated surface spins (Zhang et al., 1998) that can 

result in temperature dependent spin-glass behaviour (Aquino et al., 2005). The 

situation in our case is more complicated because the nanoparticles are not free 

standing. Instead they are concentrated in a narrow layer and in an 

inhomogeneous NiyFe1−ySizOn matrix where magnons can propagate between 

nanoparticles. In one study it was shown that the temperature dependence of mion 

will depend on the boundary conditions as well as the shape and size of the 

nanoparticles for nanoparticles that are embedded in a matrix when β<1.5 can 

occur when the nanoparticle surfaces are not free and magnons propagating 

throughout the matrix need to be considered (Cojocaru et al., 2014). 

In Figure 6.1.5b, the zero-field-cooled and field-cooled magnetizations are 

plotted against an applied magnetic field of 10 mT. The ZFC magnetization has a 

peak around 13 K and at higher temperatures the magnetization has a Curie-Weiss 

temperature dependence. This behaviour is consistent with small 

superparamagnetic nanoparticles with a blocking temperature of TB=13 K. The 

blocking temperature is defined as (Cullity and Graham, 2011), as per equation 

2.12, 
B

B
k25

|| VK
T  . Using the average radius of 2 nm found from the TEM analysis 

and TB=13 K, Equation 6.1.2 is used to show that |K|~13×10
4
 J m

−3
. This value is 

comparable to that found for 5 nm diameter Ni0.8Fe0.2 nanoparticles (Cushing et 
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al., 2004) where |K|=17×10
4
 J m

−3
. This is greater than that found for ~4 nm 

diameter Ni0.8Fe0.2 nanoparticles that had TB=7 K (Ban et al., 2006) and hence 

|K|=7.2×10
4
 J m

−3
 from Equation 6.1.2. The value of K for bulk Ni0.8Fe0.2 at low 

temperatures is not known. Based on measurements at room temperature (Bozorth 

and Walker, 1953), the bulk K might be expected at low temperatures to be in 

between that of Fe (K=5.3×10
4
 J m

−3
 (Westerstrand et al., 1975)) and Ni 

(K=−12×10
4
 J m

−3
 (Ban et al., 2006),(Westerstrand et al., 1975). Our estimated |K| 

is slightly outside this range that suggests that there is an enhancement of |K| that 

has also been reported for other studies of small magnetic nanoparticles (Cushing 

et al., 2004; Demortière et al., 2011), (Gangopadhyay et al., 1992).  

 

 

Figure 6.1.6. The moment per implanted ion against the applied magnetic field 

for the film annealed for 1 hour at 1000 °C at 5 K (filled circles) and 300 K (open 

circles). 

It can be seen in Figure 6.1.6 that EBA at 1000 °C for 1 hour significantly 

changes mion. mion was obtained from the measured moment using equation 6.1.1 
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to subtract the silicon substrate contribution. Ferromagnetic order is observed and 

mion still saturates at ~0.2 T, however, mion does not change above ~0.2 T and it is 

also higher than that found in the as-implanted film. The saturation mion is 

1.00±0.09 µB at 5 K, which is close to the bulk value of 1.06 µB reported for 

NixFe1-x with a similar composition of x=0.2 at low temperatures (Swartzendruber 

et al., 1991). This indicates that all of the implanted Ni and Fe have magnetically 

ordered. The saturation moment is considerably larger than that reported in 

previous studies where other methods have been used to make NixFe1-x 

nanoparticles(Cushing et al., 2004) (XG Li et al., 1997) (Ban et al., 2006). mion is 

slightly lower at 300 K, which is expected due to spin waves that reduce the 

thermal average moment as the temperature is increased.  

In Figure 6.1.7a, the moment per implanted ion mion at 1 T is shown 

plotted against temperature for the sample annealed for 1 hour. mion decreases 

with temperature but the change from the lowest to the highest temperature is 

much smaller than that seen for the as-implanted sample (Figure 6.1.7a). It can be 

seen that mion can be fitted to Equation 6.1.1 with β=0.83 and B=4.3×10
−4

 K
−0.83

. 

The low value of β is surprising since ~88% of the Ni and Fe are in isolated 

nanoparticles with diameters greater than 40 nm and hence β=1.5 is expected 

(Zhang et al., 1998) (Vitta et al., 2008). The departure from β=3/2 may be due to a 

spin-glass component from the magnetic ions at the surface. This was assumed for 

ferrite nanopowders where the surface contribution to the magnetization was 

modelled with a phenomenological term, exp(−T/Tf), where Tf is the surface spin 

freezing temperature and the core was modelled using equation 2.11 (Aquino et 

al., 2005). Thus, mion was fitted to,  

),
–

exp()0(]–1)[0()(
f

eion_surfacion_bulkion
T

T
mTBmTm     (6.1.3) 

It is apparent in Figure 6.1.7a that mion from the 1 hour annealed sample 

can also be fitted to equation 6.1.3 where β=1.5 is used that was reported for 

capped Fe nanoparticles with diameters greater than 6 nm (Zhang et al., 1998). 



 

136 

 

The fitted parameters were mion,bulk(0)=0.992 µB, B=(6.3±0.4)×10
−6

 K
−1.5

, 

mion,surface(0)=0.017 µB, and Tf=41±13 K. It is possible to estimate the thickness of 

the spin disorder shell, tshell, from γ= mion,bulk(0)/[ mion,bulk(0)+ mion,surface(0)] where 

it can be shown that 

  ,)–1( 3
1

shell rt         (6.1.4) 

where r is the nanoparticle radius. From the present calculations, γ=0.983 and 

hence tshell=0.0057r. Since the TEM data show that 2r is on average ~56 nm, then 

tshell is on average ~0.3 nm. B is slightly greater than that found for bulk Fe 

(B=3×10
−6 

K
−3/2

 (Zhang et al., 1998)). However, it is less than that reported for 

Ni0.81Fe0.2
 
nanoparticles with diameter of 20 nm where B=13×10

−6
 K

−3/2
 (Vitta et 

al., 2008)). 

It is apparent in Figure 6.1.7b that there are particles with sizes much 

larger than those that can lead to superparamagnetism with blocking temperatures 

at or below 340 K. Here the ZFC and FC curves are plotted with an applied 

magnetic field of 10 mT. Hysteresis can be seen up to 340 K and indicates that 

any superparamagnetic behaviour would have to occur above 340 K. While there 

are some small ~10 nm diameter nanoparticles that may display 

superparamagnetism, their volume fraction is low and hence the ZFC and FC 

magnetic data are dominated by the larger nanoparticles with diameters from 

44 nm to 75 nm that are not superparamagnetic below 340 K.  
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Figure 6.1.7. (a) The moment per implanted ion, mion, at 1 T against temperature 

for the film annealed for 1 hour at 1000 °C (filled circles). Also shown are fits to 

Equation 2.11 (solid curve) and Equation 6.1.3 (dashed curve). (b) Zero-field-

cooled (filled circles) and field-cooled (filled up triangles) curves at 10 mT for the 

annealed film. 

Figure 6.1.8 shows a plot of the derivative of the magnetization, dM/dH, at 

5 K from −0.8 T to 0.8 T for the as-implanted sample and the sample annealed for 

1 hour. It was obtained from the measured moment using Equation 6.1.1 and it 

can be written as, 

f.u.Sif.u.0 /]]/[[/ VVBVAFmHM  
   (6.1.5) 
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μ0dM/dH reaches 16 for the 1 hour EBA sample and it a slightly lower value of 12 

is found for the as-made sample. This values are significantly less than the 

expected susceptibility of bulk NixFe1-x with a similar x where the susceptibility in 

greater than 10000. This is likely to be due to the effect of demagnetization.  
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Figure 6.1.8. Plot of μ0dM/dB at 5 K from -0.8 T to 0.8 T for the as-implanted 

sample (open circles) and the sample annealed for 1 hour (filled squares). 

 

The as-implanted film shows a gradual slope of the magnetization with 

decreasing applied field. However, for the annealed film, there appears a change 

in the gradient of the magnetisation at low fields (0.08–0.125 T) compared to the 

behavior at slightly higher fields (0.25–0.5 T), which suggests that there are two 

magnetic phases. This could be due to different magnetocrystalline anisotropies 
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because the magnetocrystalline anisotropy of permalloy is known to decrease as 

the concentration of nickel is increased, with a minimum at 75% Ni in permalloy 

that has been slowly cooled (Bozorth, 1951; Bozorth and Walker, 1953) where 

fast cooling has a higher magnetocrystalline anisotropy. It is also possible that 

there are some nanoparticles with higher domain wall pinning energies that results 

in higher saturation fields.  

6.1.4 Conclusions 

In conclusion, magnetic nanoparticles have been made by low energy Ni 

and Fe ion implantation into silicon dioxide films with an average Fe fraction of 

0.82. The as-implanted film had superparamagnetic nanoparticles with diameters 

~4 nm, as estimated from the TEM data, in a ~20 nm wide layer near the surface. 

The blocking temperature was 13 K and the resultant magnetocrystalline 

anisotropy energy was ~13×10
4
 J m

−3
 and it is in the range expected for 

Ni0.82Fe0.18 nanoparticles. The moment per implanted ion at high magnetic fields 

is significantly less than that expected for bulk Ni0.82Fe0.18, which implies that 

there are some antiferromagnetic phases or magnetic ions that do not magnetically 

order. The temperature dependence of the high field moment has an exponent 

(β=0.38) that is significantly less than that expected for bulk Fe or Ni (β=3/2) or 

small ferromagnetic nanoparticles where quantum confinement and long 

wavelength cut off effects can lead to an enhanced exponent (β=2). This may be 

due to the effect of disordered spins at the nanoparticle surface as well as magnon 

propagation through the implanted layer that is an inhomogeneous composite 

comprising many nanoparticles in a NiyFe1−ySizOn matrix where both of these 

effects are known to reduce the exponent from 3/2. 

Electron beam annealing at 1000 °C for 1 hour results in a bimodal 

particle size distribution that is not seen after only Fe or Ni implantation with 

comparable energies and annealing times where only small nanoparticles are 

reported. It is found that there are isolated nanoparticles near the surface with 

diameters ranging from 35 nm to 110 nm that are not superparamagnetic. ~12% of 
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the nanoparticles are small and with sizes ranging from 2 nm to 15 nm. Most of 

the small nanoparticles are away from the surface and extend 60–120 nm into the 

SiO2 film, which was not previously observed after only Fe implantation and EBA 

for the same duration and where most of the nanoparticles were near the surface 

and the average diameter was ~6 nm. The saturation moment per implanted ion is 

similar to that expected for bulk Ni0.82Fe0.18 and hence all of the Ni and Fe have 

magnetically ordered. It was found that the temperature dependence of the high 

field moment per implanted ion can be modelled using the Bloch equation with 

β=3/2 and a nanoparticle shell term from disordered moments that lead to a spin-

glass with a freezing temperature of 41 K. The average disordered moment 

thickness is estimated to be ~0.3 nm. 

Both the as-implanted and annealed films show a susceptibility that is 

significantly less than that found in the bulk and there was also evidence for two 

magnetic phase behaviour. 
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6.2.1   Ni45Fe55 implanted and annealed 

In the previous section, sequential implantation of iron and nickel with a 

maximum Ni concentration of 0.22 followed by electron beam annealing lead to 

the formation of a bimodal particle size distribution and a saturation moment 

comparable to that of an alloy of iron and nickel. The other interesting Ni 

concentration is x=0.45 which is known as permalloy 45 that has been reported to 

have a higher permeability in the lower annealed regime. In this section, dual 

implantation of nickel to iron with a Ni to Fe fluence ratio of 45:55 was 

performed where it is shown below that x is close to 0.45. The structural 

properties and the magnetic properties are studied and compared with the results 

in the previous section.  

6.2.1.1      Experimental details 

 NixFe1-x nanoclusters embedded in silicon dioxide were made using the 

same low-energy implanter mentioned in section 6.1.1 followed by EBA at 1000 

°C under high vacuum. The implantation energy was the same as in section 6.1.1 

and it was of 10 keV. The implanted nickel fluence was 2×10
16

 at./cm
2
 and it was 

the same as that used in the previous section. 
56

Fe+ was implanted onto the nickel-

implanted samples with the fluence of 2.5 × 10
16

 at./cm
2
. The iron to nickel 

fluence ratio is 80%. D-TRIM simulations were used for depth and concentration 

profiling at the implantation energy. EBA was used to anneal the sample at 

1000˚C for a duration of 1 hour. The heating rate used was 5 °C/s. After holding 

at 1000˚C for 3600 s, the sample was slowly cooled at a rate of 3 °C/s up to 300˚C 

and furnace-cooled down to room temperature. RBS measurements were 

performed using a 2 MeV He
+
 beam and current of ~20 nA. The fluences were 

obtained by fitting using RUMP software. Cross-sectional TEM was performed 

on samples prepared using FIB lift-out technique (Gianuzzi, 1998). For sample 

preparation, a 300-nm thick Pt protection layer over a ~10 nm carbon layer was 

deposited using the electron-beam deposition facility of the FET Nova Nanolab 
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dual-beam FIB system. FIB milling at 5 keV Ga+ ions was used at the final stage. 

The TEM study was conducted using the FEI Tecnai TF 20 electron microscope 

operated at 200 kV. Magnetic measurements were made using a magnetic 

measurements property system from Quantum Design as described in section 

3.2.6. 

6.2.1.2    Structural analysis 

6.2.1.2.1 D-TRIM simulations 

The results from the D-TRIM simulations performed with 
58

Ni
+
 being 

implanted into silicon dioxide with an energy of 10 keV followed by the 

implantation of 
56

Fe
+
 with the same energy can be seen in Figure 6.2.1

1
. The 

depth-dependent profile of the resultant ratio of the relative concentration of iron 

to nickel with depth is also seen in this figure. The simulated average estimated 

depth of nickel in silicon dioxide is ~15 nm and the maximum depth is 35 nm. 

The average straggling depth is ~30 nm and the depth of the iron implanted into 

this system with nickel implanted into silicon dioxide is similar, which implies 

that the implanted layer is a mixture of the iron and nickel. The maximum Fe 

concentration is close to 23% at a depth of 15 nm and the maximum concentration 

of Ni is 18% in the same region. The Fe fraction varies from ~0.58 at the surface 

to 0.50 as the depth is increased. The nearly uniform NixFe1-x layer is different 

from that seen in the x=0.82 implanted film where the concentration of Fe was 

negligible at the surface and the Fe fraction increased with depth until the 

maximum Ni concentration was achieved after which it did not significantly 

change with depth.  

 

 

                                                           
1
 Figure numbers in section 6.2.1 are contracted for brevity (Actual number is 6.2.1.1).  
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Figure 6.2.1. D-TRIM simulations for the implantation of Ni into silicon dioxide 

at a fluence of 2×10
16 

at. cm
- 2

 (filled circles) and subsequent implantation of Fe 

with a fluence of 2.5×10
16 

at. cm
-2

 (open circles) into the Ni-implanted films at 

10 keV and the resultant Fe fraction as a function of depth (open squares). The 

average implantation depth was 15 nm and the maximum depth was 35 nm for 

the dual implantation. 

6.2.1.2.2 Rutherford backscattering analysis 

Figure 6.2.2 shows the Rutherford backscattering data for the as-implanted 

film and the film EBA for 1 hour at 1000˚C and focussing on the combined Ni 

and Fe peaks that cannot be resolved. The RBS data at lower energies is similar to 

that seen for x=0.82 and plotted in Figure 6.2.2. The only different was that there 

is no small peak at 1.17 MeV after EBA, which indicates that there is negligible 

Ni or Fe diffusion to the SiO2/Si interface. The RBS data were fitted using RUMP 

software to obtain the total Ni and Fe fluencies (shown in inset of Figure 6.2.2). 

They were 4.35×10
16

 at./cm
2
 and 4.24×10

16
 at./cm

2
 for the as-implanted film and 

after EBA, respectively. These are the same as the total expected fluence 

(4.5×10
16

 at./cm
2
) within the experimental error. Electron beam annealing of Fe 
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implanted films is known to sputter Si and oxygen and reduce the SiO2 layer 

thickness by ~11 nm/hour for iron implantation with a fluence of 1×10
16

 at./cm
2
 

(Kennedy et al., 2012) (Ramappa and Henley, 1999). This is likely to also occur 

for the NixFe1-x films after EBA but it cannot be resolved in Figure 6.2.2. 
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Figure  6.2.2. Rutherford backscattering data focusing on the Fe and Ni 

combined peaks for the as-implanted sample (dashed curve) and the sample that 

has been electron-beam annealed at 1000 ºC for 1 hour (solid curve). Inset: RBS 

data over all energies and the simulations. 

After annealing the Ni/Fe RBS peak has slightly broadened to lower 

energy indicating that there has been some minor Ni and Fe diffusion into the 

SiO2 film and also possibly some intermetallic diffusion (Anderson et al., 1997). 

This can be contrasted with the previous study where EBA for the same time and 

temperature led to a reduction in the Ni/Fe peak energy to 1.491 MeV and 

asymmetry with intensity to energies down to as low as 1.37 MeV and indicating 

significant diffusion into the SiO2 film. As we show below from the TEM data, 

this difference may be due to the shape of the nanoparticles that form after EBA 
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for x=0.45 as well as the absence of the formation of small nanoparticles further 

into the SiO2 film. 

6.2.1.2.3  Transmission electron microscopy 

 The TEM image from the as-implanted sample is shown in Figure 6.2.3a. 

There are Pt, carbon, implanted NixFe1-x, and SiO2 layers that can be seen from the 

top to the bottom of the image. The NixFe1-x layer is 24 nm deep, which is 

comparable to the straggling depth seen in the D-TRIM simulations. It is apparent 

that the NixFe1-x layer is inhomogeneous and there are nanoparticles with sizes 

ranging from 2 nm to 5 nm and where the average size is ~4 nm. The appearance 

of small particles with an average particle size of ~4 nm for x=0.82 (see Figure 

6.1.3). As mentioned in section 6.1 nanoparticles are expected to form when the 

Fe and Ni concentration are above the solubility limit. 

Figure 6.2.3b shows a TEM image from the film after EBA for 1 hour. 

Large isolated nanoparticles are evident close to the surface. The large particles 

are ~91 nm and ~190 nm wide and 190 nm to 117 nm deep. Both nanoparticles 

are asymmetrical where one nanoparticle is nearly hemispherical and it contains a 

shell. More large asymmetric nanoparticles close to the surface can be seen in 

Figure 6.2.3c along with a smaller nanoparticle that has a diameter of ~14 nm as 

can be seen in the inset. From these and other TEM images we find that the large 

asymmetric nanoparticles penetrate from 25 nm to 125 nm into the film. Figure 

6.2.3d shows an HRTEM image of the large core/shell nanoparticle seen in Figure 

6.2.3b and elemental mapping of Fe and Ni in this nanoparticle. The elemental 

mapping of Fe and Ni show that the particle consists of the NixFe1-x core and a 

Fe1−ySiyOx shell that does not contain Ni.  
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Figure 6.2.3. Cross-sectional TEM images of (a) the iron–nickel implanted film 

showing a uniform deposited layer within the silicon dioxide layer, and small 

particles in the as-implanted film, (b) the film annealed for 1 hour at 1000 °C 

showing large particles at the surface, and (c) another part of the film showing 

some large nanoparticles and some smaller nanoparticles. The inset shows an 

image of a smaller nanoparticle at a higher resolution. (d) is elemental maps of 

the core/shell nanoparticle seen in (b). 

The TEM results after EBA are different from those found for x=0.82. 

While the x=0.82 sample also showed large isolated nanoparticles near the 

surface, they were spherical and only slightly truncated and there were no 

core/shell nanoparticles. Furthermore, there was a bimodal particle size 

distribution with smaller ~10 nm diameter nanoparticles extending ~75 nm into 

the film for x=0.82 that is not evident for the x=0.45 sample. The different 
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nanoparticle morphologies may be due to the nanoparticle growth mechanism as 

well as the different Ni ratios and as-implanted depth concentration profiles. It 

was suggested in the previous section that nanoparticle growth occurs around 

small NixFe1-x nanoparticles because NixFe1-x has a negative Gibbs free energy of 

formation (Chase, 1998) that depends on x where it is expected to be a minimum 

for x=0.3. The optimal nucleation sites with x~0.3 will be distributed in the 

NixFe1-x layer and the nanoparticles will grow by Oswald ripening. A low 

nucleation site density can account for the large size and the small number density 

of larger nanoparticles near the surface where the depth penetration range for 

x=0.45 and x=0.82 is similar. This can lead to NixFe1-x nanoparticles with x~0.3. 

However, the x=0.45 sample has excess Fe and hence the growth process can 

occur via the initial formation of NixFe1-x followed by the excess Fe forming a Fe 

rich shell. The x=0.45 as-implanted sample also has a large Fe and Ni 

concentration at the surface (see Figure 6.2.1) when compared with the x=0.82 

sample where the Fe concentration is close to zero near the surface and this could 

drive the formation of asymmetric nanoparticles that are truncated at the surface. 

This could also explain why the RBS data for the x=0.55 sample does not show as 

much diffusion as that seen for x=0.82. This is because of hemispherical or 

surface truncated samples will have a high Ni–Fe concentration near the surface 

and hence the peak Ni and Fe concentration will be close to the surface. This can 

be compared with spherical nanoparticles where the peak concentration is further 

into the SiO2 film and at the nanoparticle radius.  

6.2.1.3      Magnetization 

Magnetization measurements were done on the as-implanted film and the 

moment per implanted ion, mion, is plotted in Figure 6.2.4 against the applied 

magnetic field at 5 K and 300 K. mion was obtained from the measured moment 

using equation 6.1.1. The measured moment is noisy above ~2 T because it is 

close to zero due to the contribution from the silicon substrate and hence the data 

range is limited to ±2 T in Figure 6.2.4. The magnetic field dependence of mion is 
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consistent with the appearance of ferromagnetism that clearly persists far above 

300 K. This can be attributed to the NixFe1-x nanoparticles where the bulk Curie 

temperature is 869 K. The saturation moment, mion,s, is 0.52 µB, which is 

significantly less than the bulk value of 1.8 µB for x=0.45 [Li 1997] or even that 

for bulk Ni (0.61 µB). Reduced mion,s values are observed in other nanoparticle 

systems due to disordered moments near the nanoparticle surface. It our case it is 

also likely that there are some unordered magnetic moments as well as 

antiferromagnetic phases.  
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Figure  6.2.4. The moment per implanted ion against the magnetic field for the 

as-implanted film at 5 K (filled circles) and 300 K (open circles). 

The saturation moment is plotted against temperature as shown in Figure 

6.2.5a for the as-implanted film. The magnetization from bulk NixFe1-x reduces as 

the temperature increases due to spin-waves and for bulk NixFe1-x mion,s can be 

written using equation 2.11, ]–[1 (0) = (T) β
s ion,s ion, TBmm  . However, it is 

apparent in Figure 6.2.5a that Equation 2.11 cannot describe the data due to an 
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upturn at low temperatures. This was not observed for x=0.82 where mion,s could 

be fitted to Equation 2.10 with β=0.38, which is far below the β=3/2 found in bulk 

NixFe1-x. The appearance of an upturn in mion,s at low temperatures was discussed 

in section 6.1 in relation to the annealed x=0.82 sample. It indicates the presence 

of a spin disordered shell (Chudnovsky et al., 1986) (Tejada et al., 1991). It can be 

seen in Figure 6.2.5a  that mion,s can be fitted using Equation 6.1.3 where 

mion,bulk(0)=(0.532±0.002) µB, B=(2.43±0.07)×10
-5

 K
3/2

, β=3/2, 

mion,surface(0)=(0.041±0.004)  µB, and Tf=(17±3) K. Tf is lower than that found for 

the annealed x=0.82 sample. The value of B is larger than that reported in bulk Fe 

(D=3×10
-6 

K
3/2

 [(Yu et al., 2008)]). It is also larger than that found in the previous 

section for NixFe1-x nanoparticles with an average diameter of 56 nm and where 

B=(6.3±0.4)×10
-6

 K
-1.5

. It is ~1.87 times higher than that reported for Ni0.8Fe0.2 20 

nm diameter nanoparticles (D=1.3×10
-5

 K
3/2

 [(Yu et al., 2008)]) and shows that D 

increases with decreasing particle size.  

It is possible to estimate the thickness of the spin-disordered shell region, 

tshell, using equation 6.1.4. This leads to tshell=0.027r. Using the average radius of 

~2 nm found from the TEM analysis it is possible to estimate that tshell is small 

and tshell=0.05 nm. This is smaller than that seen for the annealed x=0.82 sample 

and indicates disorder of some of the uncompensated spins in the shell. 
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Figure  6.2.5: Plot of the (a) moment per implanted ion at 1 T against 

temperature, and (b) the ZFC (open circles) and FC (filled circles) magnetization 

at 10 mT from the as-implanted sample. Also shown in (a) is a fit to Equation 

6.1.3. 

The ZFC and FC mion for the as-implanted film are plotted for an applied 

magnetic field of 10 mT in Figure 6.2.5b. The temperature dependence of the 

ZFC-FC mion is consistent with the appearance of superparamagnetism where the 

blocking temperature, TB, is 60 K. Using the average radius of ~2 nm found from 

the TEM analysis and TB=60 K, we use Equation 2.12 to show that |K|=62×10
4
 

J m
-3

. This is significantly larger the |K| range found in bulk NixFe1-x where as 

noted in section 6.1 K ranges from that of Fe (K=5.3×10
4
 J m

-3
) to that of Ni 

(K=−12×10
4
 J m

-3
). As mentioned in section 6.1 enhancements of |K| are known to 

occur in small nanoparticles. |K| is larger than that previously found for x=0.82 
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made using the sample dual implantation method where |K|=13×10
4
 J m

-3
 and 

hence |K| for similar nanoparticles sizes made using our method is larger for 

higher x. 
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Figure 6.2.6: Plot of the moment per f.u. divided by the saturation moment 

against the applied magnetic field divided by the temperature for the as-

implanted sample at 300 K (filled circles), 220 K (filled up triangles) and 180 K 

(filled circles) . Also shown is a Langevin fit to the data (dashed curve). 

We show in Figure 6.2.6 that the reduced moment, mion / mion,s, at three 

different temperature above TB can be plotted on a common curve against B/T, 

where B is the applied magnetic field. This is expected for a system of 

superparamagnetic particles, where the reduced moment curve is defined by the 

Langevin function, 
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 ,/1]coth[/)( sion,ion  mBm       (6.2.1) 

where η=mp×Vp×B/kBT, and mp is the nanoparticle moment. The data in Figure 

6.2.6 were fitted using Equation 6.2.1 where it can be seen that the fit is not 

perfect, which is likely to be due to a distribution in the nanoparticle sizes. From 

the fit in Figure 6.2.6 we obtain mp=4200 µB. The nanoparticle radius can be 

estimated from r=[[3×mp×Vf.u.]/[4×π× mion,s]]
1/3

, where Vf.u. is the volume per 

formula unit. This results in r=2.8 nm, which is comparable to the average r 

estimated from the TEM data. 

The magnetization measurements from the sample that was EBA at 

1000˚C for 1 hour is shown in Figure 6.2.7. The saturation moment per ion is 0.78 

B at 5 K and it is only slightly lower at 300 K, which indicates that the Curie 

temperature is significantly above 300 K. However, mion,s is significantly lower 

than that expected for bulk NixFe1-x with x=0.45 where mion,s=1.8 µB and it is 

larger than that expected for bulk Ni (mion,s=0.61 µB). This can be contrasted with 

section 6.1 for x=0.82 and where mion,s was comparable to that expected for bulk 

NixFe1-x and close to that expected for a mixture of Fe and Ni with 18% Fe. A 

lower mion,s can occur in small nanoparticles due to disordered moments at and 

near the nanoparticle surface. However, the size of our nanoparticles is too large 

for this to occur and as we show below the moment contribution for the shell is 

small and implies a very small moment disordered region. It is possible that mion,s 

is lower than expected for x=0.45 due to some of the Fe not magnetically ordering 

or antiferromagnetically ordering. This is consistent with the observation from the 

TEM data that there is a Fe1-ySiyOx shell and this shell could order 

antiferromagnetically. One possible scenario is that the nanoparticles have x lower 

than that expected from the implantation fluence ratios and the remaining Fe is in 

Fe1-ySiyOz shells or does not magnetically order. In this case it is possible to 

estimate the Fe fraction, x1, in the 
11

FeNi -1 xx  nanoparticles from, 
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]/[][ Nision,Nsion,1 bxmaxmx i       (6.2.2)  

where xNi is the implanted Ni fraction (0.45). mion,s from x=0 to 0.55 is 

approximately linear where mion,s=a+b×x, with a=0.61 µB and b=2.18 µB. Using 

the measured mion,s=0.78 µB we find that x1=0.29 and hence the expected moment 

per ion in the Ni0.71Fe0.29 nanoparticles, 
1sion,m  is 1.24 µB. The resultant Ni0.71Fe0.29 

fraction is obtained from 
1sion,sion, / mm =0.63. Thus, in this scenario the growth of 

11
FeNi1 xx  nanoparticles with x1=0.29 is thermodynamically favourable and the 

remaining Fe is either in the Fe1-ySiyOz shell or not magnetically ordered. The 

value of x1=0.29 is in the region where the Gibbs free energy of formation is a 

minimum and hence it is consistent with the nanoparticle growth mechanism 

discussed earlier. 

 

Figure  6.2.7. The moment per implanted ion against the magnetic field for the 

sample that was electron-beam annealed at 1000 C for 1 hour at 5 K (filled 

circles) and 300 K (open circles). 
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mion,s monotonically decreases with temperature as can be seen in Figure 

6.2.8a. However, it can clearly not be fitted using Equation 2.11 and with the bulk 

β=3/2. For this reason the data were fitted using Equation 6.1.3 and β=3/2 where 

we find that mcore(0)=(0.751±0.005) µB, B=(7±1)×10
-5

 K
3/2

, 

mshell(0)=(0.028±0.004) µB, and Tf=(68±25) K. B and Tf are the same as those 

found for x=0.82 within the experimental uncertainty. The asymmetric 

nanoparticle shapes for x=0.55 make it difficult to estimate the thickness of the 

moment disordered region. However, mshell(0)/[mcore(0)+ mshell(0)] is small and it is 

0.036, which implies that the spin-disordered region is thin. 

 

Figure 6.2.8. Plot of the (a) moment per implanted ion at 1 T against 

temperature, and (b) the ZFC (open circles) and FC (filled circles) magnetization 

at 10 mT from the sample electron-beam annealed at 1000 ºC for 1 hour. The 

solid curve in (a) is a fit to Equation 6.1.3. 
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There is no evidence for superparamagnetic behaviour for the EBA sample 

as can be seen from the ZFC and FC magnetization in Figure 6.2.8. Hysteresis is 

observed up to the highest measured temperature indicating that any blocking 

temperature would need to be above 340 K. This is consistent with the particle 

sizes estimated from the TEM data where the nanoparticles are too large for 

superparamagnetism to be observed.  

M/H against B is plotted in Figure 6.2.9 for the EBA sample and the as-

implanted sample. M/H was obtained from the measured moment using Equation 

6.1.5. The as-implanted film has a maximum χ value of 5 at low fields and the 

annealed film shows an increased value of ~15. The annealed χ is comparable to 

that found for the x=0.82 sample. As noted earlier, these values are lower than 

those seen in the bulk, which is due to the effect of demagnetization. 
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Figure 6.2.9. Plot of M/H for the as-implanted sample (filled squares) and the 

sample that was EBA at 1000 ºC for 1 hour (filled circles). 
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6.2.1.4    Conclusions 

In conclusion, low energy dual implantation of Ni and Fe into SiO2 with a 

Ni fraction of 0.45 has resulted in the formation of superparamagnetic magnetic 

nanoparticles and EBA at 1000°C for 1 hour led to NixFe1-x magnetic 

nanoparticles were some nanoparticles had a Fe1−ySiyOz shell. The as-implanted 

sample had particle sizes ranging from 2 nm to 5 nm where the average size was 4 

nm, which is similar to that in a previous study with a similar fluence and x=0.82. 

The blocking temperature (60 K) is significantly higher than that reported for 

x=0.82 (TB=13 K), which may be due to a higher magnetocrystalline anisotropy or 

nanoparticles with different domain wall pinning energies. The saturation moment 

per implanted ion can be fitted with a Bloch exponent of 3/2 and spin-glass shell 

component that had a freezing temperature of 17 K and an estimated thickness of 

0.1 nm. This can be compared with a Bloch exponent of 0.38 for the x=0.82 

sample. This shows that the x=0.45 nanoparticles magnetically behave more like 

isolated nanoparticles with spin-waves localised in the nanoparticles. Similar to 

the x=0.82 sample we find that the saturation moment at low temperature is 

significantly less than the bulk value, which is likely to be due to unordered 

moments as well as antiferromagnetic phases. 

The EBA sample had NixFe1-x nanoparticles with widths ranging from 

~72 nm to ~140 nm, depths ranging from 60 nm to 170 nm, and there are very few 

smaller particles with sizes of ~15 nm. The susceptibility is enhanced after EBA. 

The size range for the larger nanoparticles is comparable to that found for x=0.82. 

However, the nanoparticles for x=0.45 are more asymmetrical and some samples 

contain NixFe1-x cores with Fe1-ySiyOz shells that was not seen for x=0.82. It was 

previously not possible to determine if NixFe1-x nanoparticles rather than Fe and 

Ni nanoparticles were formed for x=0.82 due to the sizable bimodal particle size 

distribution with ~10 nm nanoparticles extending to 60 nm to 120 nm into the film 

that is not clearly evident for x=0.45. The appearance of excess Fe for x=0.45 and 
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not for x=0.82 may be related to the nanoparticle growth mechanism where 

NixFe1-x nanoparticles in the as-implanted film with x close to 0.3 have the lowest 

Gibbs free energy of formation and act as nucleation centres. This scenario would 

lead to 
22 1FeNi xx   nanoparticles with x2 close to 0.7 and excess Fe. This is 

supported by the magnetic data where the saturation moment per implanted ion is 

significantly less than that expected from the bulk and we estimate that x2=0.71. 

The ferromagnetic nanoparticles for x=0.45 have a saturation moment that follows 

Bloch 3/2 law found in bulk NixFe1-x as well as the x=0.82 sample where there is a 

spin-glass from the uncompensated surface moments and the spin freezing 

temperature is comparable for x=0.45 and x=0.82. Our results show that there are 

some similarities as well as considerable differences for Ni and Fe dual implanted 

and EBA samples with x=0.45 and x=0.82. 
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6.2.2    High fluence iron–nickel nanoparticles embedded in silicon 

dioxide 

The previous two sections reported the results from dual Ni and Fe 

implantation into SiO2 with the same Ni fluence but different Fe fluences and with 

Ni concentrations being close to the commonly used permalloy 78 and permalloy 

45. In this section the effect of a higher Ni fluence on the structural and magnetic 

properties is explored where the Ni concentration is 0.53, which is comparable to 

that used in section 6.2.1. 

6.2.2.1     Experimental details 

NixFe1-x nanoclusters embedded in silicon dioxide were made using the 

same methods described in the previous sections. The implanted nickel fluence 

was double of that used in sections 6.1 and 6.2.1 and it was 4×10
16

 at./cm
2
 . The 

56
Fe+ was implanted into the nickel-implanted samples with the fluence of 

3.5 × 10
16

 at./cm
2
. The nickel to iron fluence ratio is 53:47 and it is comparable to 

that used in section 6.2.1. D-TRIM simulations were used for depth and 

concentration profiling at the implantation energy. RBS measurements were 

performed using a 2 MeV He
+
 beam and current of ~20 nA. The fluences were 

obtained by fitting using RUMP software. 

6.2.2.2     D-TRIM simulations 

Figure 6.2.2.1 shows the D-TRIM simulation for a high fluence sample of 

Ni and Fe sequentially implanted. The nickel fluence is 4×10
16

 at./cm
2
 and the Fe 

fluence is 3.5×10
16

 at./cm
2
. The simulated average depth of the nickel and iron are 

comparable. The maximum depth of both is ~35 nm. The average estimated depth 

of both is ~12.5 nm with maximum concentrations of 32% and 28% for Ni and Fe, 

respectively. The average straggling depth of either element is ~12 nm. A 

concentration of 25% Fe and 33% Ni is at the surface. The Fe concentration ratio 

is also plotted in Figure 6.2.2.1. The Fe concentration increases slightly up to 
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~20 nm into the surface caused by sputtering of ions and it is 46% at the peak Ni 

and Fe concentration. It then increases up to a maximum of 62% at 28 nm. 

 

 

Figure 6.2.2.1 D-TRIM simulations for the implantation of Ni into silicon dioxide 

at a fluence of 4 × 10
16 

at. cm
- 2

 (filled circles) and subsequent implantation of Fe 

with a fluence of 3.5 × 10
16 

at. cm 
-2

 (open circles) into the Ni-implanted film at 

10 keV and the resultant Fe fraction as a function of depth (open squares).  

6.2.2.3     Rutherford backscattering analysis 

Figure 6.2.2.2 shows the Rutherford backscattering data for the high 

fluence film. As noted in the RBS data in the previous sections the silicon edge, 

the silicon dioxide on silicon interface edge, and the oxygen edge can be clearly 

seen in the data. The peak at ~1.5 MeV is due to Ni and Fe in the film where the 

Ni and Fe edges cannot be clearly resolved. The RBS data were fitted using 

RUMP software to obtain the total Ni and Fe fluences. The resultant Ni and Fe 

fluences were 3.86×10
16

 at./cm
2
 and 3.48×10

16
 at./cm

2
 for the as-implanted film 

and assuming that the Ni to Fe ratio is the same as that used during the 

implantation process.  
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Figure 6.2.2.2 Rutherford backscattering data for the as-implanted sample with a 

high fluence (solid curve). 

6.2.2.4      Magnetization measurements 

Magnetization measurements on the higher fluence film are shown in 

Figure 6.2.2.3. The moment per implanted ion (mion) at 300 K and 5 K are plotted 

against the applied field with a maximum of 2 T. Measurements above 2 T were 

omitted due to the noise. mion was calculated from the measured moment after Si 

subtraction using Equation 6.11. The moment per implanted ion is 1.5 µB. This is 

slightly less than that reported for x=0.50 where the saturation moment per ion 

was 1.7 µB (Crangle and Goodman, 1971). There is no indication of a lack of 

saturation at the high fields. This indicates less spin disorder when compared with 
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the lower fluence sample plotted in Figure 6.2.4 in section 6.2.1. The saturation 

moment per ion at 300 K is lower at 5 K due to spin waves.  
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Figure 6.2.2.3. The moment per implanted ion against the applied magnetic field 

for the film with high fluence at 300 K (open circles) and 5 K (filled circles). 

In Figure 6.2.2.4, the ZFC and FC curves for high fluence film is plotted 

for an applied magnetic field of 10 mT. The ZFC-FC curves show typical 

superparamagnetic behaviour. The blocking temperature is 170 K. This is larger 

than the 60 K found for the lower fluence sample and indicates that the average 

particle size is larger. Using Eq. 2.12 it is possible to estimate that the average 

particle size has increased by a factor of ~1.4. 
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Figure 6.2.2.4. The zero-field-cooled (solid curve) and field-cooled (dashed 

curve) curves at 10 mT for the film that had a higher fluence. 

Figure 6.2.2.5 shows the susceptibility of the high fluence film plotted 

against the applied field. The susceptibility was obtained Eq. 6.1.5 and it reached 

90 at 300 K. This is a factor of 7.5 greater than that seen for as-implanted and 5.6 

times greater than the annealed films with a lower fluence. The susceptibility is 

much less than expected for annealed bulk permalloy where values are greater 

than 10000. This is due to demagnetization effects. The higher susceptibilities 

may be due to different domain wall pinning. There is no evidence for two 

magnetic phases that was seen for the lower fluence films. 
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Figure 6.2.2.5. The susceptibilities at room temperature for the high fluence 

sample at 300 K (black closed squares) and 5 K (red closed circles). 

The saturation moment per ion is plotted against temperature as shown in 

Figure 6.2.2.6 for the as-implanted film. It is apparent that the data cannot be 

fitted to Eq. 2.11. In can be seen in Figure 6.2.2.6 that the saturation moment per 

ion can be fitted to Eq. 6.1.3 with β=3/2 and indicates that there is a spin-

disordered region in the nanoparticle surface region. The fitted values are 

mion,bulk(0)=1.479 µB, B=(2.48±0.04)×10
5

 K
1.5

, mion,surface(0)=0.0608 µB, and 

Tf=15.594±1 K. It can be seen that B and Tf are similar to that found in for the 

lower fluence as-implanted sample, which might be expected given that the 

average sizes are comparable.  
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 The thickness of the spin-disordered shell was estimated using Eq. 6.1.4 

and it was found to be tshell=0.0195r. This is smaller than that found for the lower 

fluence sample and suggests lower spin-disorder in the shell. 
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Figure 6.2.2.6. The moment per implanted ion at 1 T against temperature from the 

sample with higher fluence. Also shown is a fit to the data using Eq. 6.1.3 (dashed 

curve).  

6.2.2.5.    Conclusions 

In conclusion, superparamagnetic nanoclusters of NixFe1-x alloy have been 

synthesized using ion implantation. The Ni concentration increases slightly up to 

20 nm and it is 0.53 at the peak concentration. The saturation moment per ion at 

5 K is 1.5 µB, which is slightly less than the expected value of 1.7 µB for x=0.5. 

This is possibly due to the presence of antiferromagnetic phase or spins that are 
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not magnetically ordered. The value is much higher than that of the x=0.82 or 

x=0.45, indicating that there is less spin disorder and more of the spins have 

magnetically ordered. The zero-field cooled and field cooled measurements show 

the presence of superparamagnetic NixFe1-x and the blocking temperature is 

170 K. This is higher than that of the lower fluence samples and indicates larger 

average nanoparticle sizes. The susceptibility reaches 90, which is higher than that 

of the lower fluence samples. The temperature dependence of the saturation 

moment per ion can be modelled in terms of a β=3/2 and a surface disorder term 

that had a spin freezing temperature of 16 K.  
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6.3      Summary 

Magnetic NixFe1-x nanoparticles were made for the first time by low 

energy ion implantation into silicon dioxide films with two different Ni and Fe 

fractions that are close to those found in the commonly used bulk permalloy 78 

and permalloy 45.  

As-implanted films with x=0.82 and x=0.45 and with the same fluence 

showed an implanted film layer with NixFe1-x nanoparticles with similar sizes and 

an average diameter of 4 nm. The nanoparticles were superparamagnetic and the 

resultant magnetocrystalline anisotropies were enhanced over that seen in the 

bulk, which is known to occur in small magnetic nanoparticles. It was largest for 

x=0.45. The saturation magnetic moments per ion were significantly less than that 

found in the bulk, which is likely to be due to moments that do not magnetically 

order and antiferromagnetic NixFe1-xSiyOz phases. The temperature dependence of 

the saturation moment per ion was different for x=0.82 and x=0.45. It was found 

the temperature exponent was 0.38 for x=0.82, which is likely to be due magnon 

propagation between nanoparticles that is not seen in isolated nanoparticles as 

well as the effect of disordered surface spins. This can be contrasted with the 

x=0.45 sample where the exponent is 3/2 and this is closer to that seen in isolated 

nanoparticles as well as in bulk NixFe1-x. The prefactor, B, is larger than that found 

in the bulk, which is known to occur in other magnetic nanoparticles systems. The 

nanoparticles in the x=0.45 sample have a spin-disordered shell, which is likely to 

be due to uncompensated surface spins. The data were modelled with a surface 

spin-disordered freezing temperature of 17 K. The susceptibility was highest for 

x=0.82 and it reached a value of 12. This is significantly less than that seen in the 

bulk, which is likely to be due to demagnetization effects as well as domain wall 

pinning. 

A sample was made with a higher fluence but with x=0.53 that was close 

to that for the x=0.45 sample. Unlike the lower fluence sample, the saturation 
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moment per ion was only slightly less than that found in the bulk and indicating 

that most of the implanted ions magnetically ordered. Superparamagnetism was 

also observed but the blocking temperature was higher indicating larger 

nanoparticles by a factor of ~1.4. The temperature dependence of the saturation 

moment per ion could be fitted with the bulk temperature exponent of 3/2 and 

well as a surface spin disordered component. The prefactor, B, and the spin-

freezing temperature were comparable to that found for the lower fluence sample. 

This might be expected based on the comparable nanoparticles sizes. The 

susceptibility was much larger and it reached 90. The larger value may be due to a 

difference in the magnetic domain wall pinning energies. 

Electron beam annealing of the x=0.82 and x=0.45 samples resulted in 

different nanoparticles morphologies. EBA the x=0.82 sample resulted in a 

bimodal particle size distribution with large and nearly symmetric nanoparticles in 

the near surface region with sizes from 40 nm to 75 nm and an average diameter 

of 44 nm. Small ~10nm diameter nanoparticles extended into the film from 60 nm 

to 120 nm and some nanoparticles were seen at the SiO2/Si interface. There was 

no bimodal particle size distribution for the x=0.45 sample and asymmetric near 

surface nanoparticles were observed with sizes of ~72 nm to 140 nm along with a 

few small nanoparticles. Some nanoparticles were found that have NixFe1-x cores 

and FeSiyOx shells. The different nanoparticles morphologies is likely to be due to 

NixFe1-x nucleation sites with different values of x and the different initial 

concentration profiles. The saturation magnetization for the x=0.82 sample was 

close to that expected for the bulk while it was significantly less than the expected 

value for x=0.45. The lower value for x=0.45 is likely to be due to the 

nanoparticle growth mechanism as well as excess Fe in the nanoparticle shell that 

may form an antiferromagnetic phase. The temperature dependence of the 

saturation moment per ion could be fitted to the bulk value of 3/2 and there was 

also evidence of nanoparticle surface spin-disorder. The spin freezing 

temperatures were higher than those seen in the as-implanted samples but they 
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were the same with errors. The prefactor, B, was a factor of two larger than the 

bulk value for the P78 sample and less than that seen in the as-implanted samples, 

which suggests that it depends on the nanoparticle size. The x=0.53 sample has a 

B that is a factor of 10 higher and it is ~3 times higher than that found for the as-

implanted samples. This may be related to the appearance of an Fe-rich shell and 

the effect of magnon propagation within part of this shell. The susceptibility for 

both samples was comparable and ~16, which was slightly larger than that seen in 

the as-implanted samples. 
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Chapter 7 

Summary 

This thesis reports the results from a study of new methods to make 

magnetic nanoparticles. Specifically, permalloy and magnetite powders 

containing nanoparticles were made by a new arc-discharge method and the 

magnetite results were compared with those from magnetite nanoparticles made 

by a chemical process. Ni1-xFex nanoparticles were made for the first time by low 

energy dual ion implantation. Structural, magnetic and transport measurements 

were used to understand the synthesised compounds. The key results are 

summarized below followed by the outlook for further work. 

7.1  Structural and vibrational studies 

It was shown that the new arc-discharge method could be used to make 

P78 and P45 permalloy and magnetite powders containing nanoparticles with 

sizes as small as 7 nm and particle sizes up to 25 μm. Raman measurements on the 

magnetite powders showed that there was also some maghemite and hematite. 

Magnetite nanoparticles were made by a co-precipitation method with average 

diameters of 14 nm, where Raman measurements showed that there is also some 

maghemite. 

Low energy dual Ni and Fe implantation was done into a SiO2 film for the 

first time to create NixFe1-x nanoparticles. Implantation with x=0.82 and x=0.45 

with the same Ni fluence resulted in an implantation layer with similar 

nanoparticle sizes where the average diameter ~4 nm. Electron beam annealing 

resulted in different nanoparticle size distributions. In particular, there was a 

bimodal particle size distribution for x=0.82 with large 40 nm to 75 nm nearly 

symmetric nanoparticles at the surface and smaller ~10 nm diameter nanoparticles 

extending further into the film. This can be contrasted with x=0.45 where there 
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were highly asymmetric NixFe1-x nanoparticles at the surface with sizes of ~72 nm 

to 140 nm and very few smaller NixFe1-x nanoparticles. Some of the NixFe1-x 

nanoparticles were also surrounded by a FeSiyOx shell. The different nanoparticle 

size distributions and morphologies are likely to be related to the existence of 

NixFe1-x nanoparticles in the as-implanted films that act as nucleation centres as 

well as different initial Ni and Fe depth concentrations.  

7.2  Magnetic study 

The magnetite powder made by arc-discharge had a saturation 

magnetization that was less than the expected value due to the presence of some 

antiferromagnetic hematite. The value is also reduced in magnetite nanoparticles 

made by the co-precipitation method due to spin-disordered nanoparticle shells. 

The P78 and P45 permalloy powders made by arc-discharge also had lower 

saturation moments. It was comparable to that of the bulk for NixFe1-x with x=0.82 

after electron beam annealing and for x=0.53 after implantation with a higher Ni 

fluence. Lower than expected values were found for x=0.45 after EBA that may 

be due to formation of Fe-rich antiferromagnetic shells. It was also lower after 

implantation for x=0.78 and x=0.45, which is likely to be due to spin-disordered 

shells and some Ni and Fe ions that do not magnetically order. The contribution of 

spin glass effects at high fields was prominent in the smaller nanoparticles, i.e. the 

magnetite made by co-precipitation as well as the superparamagnetic 

nanoparticles formed upon implantation.  

Superparamagnetism was observed for as-implanted NixFe1-x with x=0.45, 

0.53 and 0.78, which was consistent with the small particle sizes. It was not 

observed after EBA because most of the nanoparticles were bigger than the 

superparamagnetic limit. The magnetite nanoparticles made by the co-

precipitation method also had sizes (~14 nm) that were larger than the 

superparamagnetic limit. There was no evidence for superparamagnetism in the 
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permalloy or magnetite powders made by the arc-discharge method since most of 

the particle sizes were large. 

The temperature dependence of the saturation magnetization was studied 

for all samples. It was found that the low temperature exponent of Ms(T) was 3/2 

for magnetite made by arc-discharge. This is the same as that expected for a 

Heisenberg ferromagnet and it was also reported in a magnetite single crystal. It 

was found that Jab/kB=42 K. A lower exponent was observed for the ~14 nm 

diameter magnetite nanoparticles made by the co-precipitation method, which 

may be due to spin-disordered shells. There was a different exponent at higher 

temperatures above the Verwey transition that could be seen in the Ms(T) data. By 

comparison with a previous study, it is evident that the Verwey transition 

disappears for magnetite nanoparticle diameters somewhere between 4 nm and 14 

nm. As-implanted NixFe1-x with x=0.82 had an exponent much less that the 

expected 3/2. This is likely to be due to the morphology of the implanted region 

and magnon propagation between nanoparticles. The other implanted and 

annealed NixFe1-x nanoparticles all had a Ms(T) that could be fitted with an 

exponent of 3/2 as well as a contribution from a spin disordered shell that 

displayed spin-freezing at low temperatures. 

The susceptibilities were highest for as-implanted NixFe1-x with a high Ni 

fluence and x=0.53 where it reached 90. It was ~16 for lower Ni fluences with 

x=0.45 and x=0.78 after EBA where the initial as-implanted values were as low as 

~5. The susceptibility was also low for P78 and P45 made by arc-discharge where 

it was ~11. These are all less than that expected in the bulk and it likely to be 

related to demagnetization effects. There could also be a contribution from 

disorder that can lead to domain wall pining. The results show that using high Ni 

fluences is a method that can be used to maximize the permeability. 
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7.3  Magnetotransport study 

Magnetoresistance was observed in P78 and P45 pressed pellets that is due 

to the ordinary magnetoresistance and spin-dependent tunnelling. There was no 

evidence for an anisotropic MR from s-d scattering. The spin-dependent 

tunnelling MR was low due to spin-disorder in the grain boundary region. Spin-

dependent tunnelling was also observed in magnetite made by arc-discharge and 

the co-precipitation method. It was much larger and reached −9.5% at 120 K and 

high magnetic fields. The MR was similar for both magnetite preparation 

methods. A model was developed to explain the lower than expected MR values 

that included the effect of spin-disordered shells and grain boundaries. The 

behaviour of the MR at low fields was studied in the permalloy as well as 

magnetite pellets. There was a large coercivity compared to that of the 

magnetization in the permalloy as well as the magnetite. The similarity in both 

systems further confirm that the behaviour was because of conduction pathways 

through the grain boundaries through a highly spin polarized material. The 

electrical resistance for the P78 and P45 powders had the temperature dependence 

expected for a metal. This can be contrasted with the magnetite powders made by 

arc-discharge and the co-precipitation method. In this case the electrical resistance 

had an exponential dependence of T
-1/2

 that can be attributed to a Coulomb 

charging effect and tunnelling between nanoparticles. It occurs in the magnetite 

powders due to small nanoparticles coating the large particles. κC0/kB is larger for 

the nanoparticles made by the co-precipitation method due to the smaller 

nanoparticle size and it is also possible that tunnelling barrier heights are 

different. 
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7.4  Outlook 

This section outlines further projects that could help to understand 

magnetic nanostructured materials and their properties. Additional measurements 

may include obtaining depth-dependant concentration profiles of the ion 

implanted films perhaps by high resolution RBS as well as probing the 

nanoparticle composition by X-ray photoelectron spectroscopy. It would also be 

interesting to do high resolution magnetic scanning to locally probe the 

nanoparticles made by ion implantation and annealing. 

It would be useful to make NixFe1-x nanoparticle films with higher 

fluencies because this could lead to an enhancement of the susceptibility. EBA 

studies should also be performed for the same reason. Different x values with x 

between 0.45 and 0.78 should be studied and in particular x~0.7 where the current 

results suggest that only large NixFe1-x nanoparticle might be made. Higher 

implantation energies could be studied that may lead to different nanoparticle 

morphologies including the possibility of predominantly small nanoparticles that 

may be superparamagnetic.  

The arc-discharge method should be modified to increase the fraction of 

magnetic nanoparticles. This could be done for example by making the 

modification discussed in section 3.2.4. A constant horizontal gas flow could also 

be used to get small particles. The anode and cathode could also be rotated and the 

powders produced by the high temperature arc could be quenched into a liquid 

that may also lead to smaller particles. Different gases, partial pressures, and arc 

currents should be explored to optimise the quality of the resultant powders. 

The current results suggest that the magnetite Verwey transition 

disappears for nanoparticle diameters between 4 nm and ~14 nm. Thus, it would 

be interesting to study nanoparticle powders with intermediate sizes. It would also 

be useful to study R(T) as a function of nanoparticle size and separation to see 

how well the current model Coulomb charging model fits the data. Annealing 
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studies on pressed pellets should be studied in the nanoparticle and arc-discharge 

powders to see if this can result in higher magnetoresistances.  

 

 


