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Abstract 

Nanotechnology brings material science new opportunities for making novel materials 

with more attractive functions. By miniaturizing the materials into nanoscale region 

(≤100 nm), their thermal properties, mechanical properties, optical properties, magnetic 

properties and electrical properties will be significantly changed or show some novel 

phenomena, such as the GMR/MTJ effects, surface plasmonics, the novel properties of 

2D Graphene, etc. Based on the bottom-up approach as discussed in this thesis, the 

nanoscale entities can be built directly from atoms or molecules in gas phase through a 

thermodynamic process. From the perspective of time dimension, this zoom-in process 

gives us the opportunity to freeze the nanoscale entities at certain stage or to combine 

more materials at the nanoscale region. As a result, novel material phases or 

nanocomposite materials that are impossible to make at bulk level, can be easily 

fabricated by this bottom-up nanotechnology. 

In this study, the magnetron-sputtering-based gas phase condensation method was 

used to make hard magnetic nanoparticles, including SmCo5, body-centered tetragonal 

(bct) Fe and α´́-Fe16N2 nanoparticles, which can be applied for making future advanced 

permanent magnets. Large size SmCo5 nanoparitcles with a coercivity of 3360 Oe at 5 K 

have been directly fabricated by this magnetron-sputtering-based gas-phase condensation 

method. Based on this method, we studied the thermodynamic process for the growth of 

SmCo5 nanoparticles. It was found that the well-crystallized SmCo5 nanoparticles tended 

to form a hexagonal disk shape with its easy axis perpendicular to the disk plane. More 
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importantly, under the condition of high sputtering current, well-crystallized 

nanoparticles were found to be formed through a three-stage growth process: aggregation, 

coalescence and second crystallization. 

The bct-structured Fe and α´´-Fe16N2 nanoparticles have been successfully synthesized 

by the same gas phase condensation method. Phase formation mechanism has been 

studied at different thermodynamic conditions. It was found, those two metastable 

phases, which are hard to make at bulk level, can be formed by freezing the nanoparticles 

at an intermediate stage. The magnetic properties of bct Fe nanoparticles have been 

studied. Its magnetocrystalline anisotropy (Ku) and saturation magnetization (Ms) were 

found to be 5.06×10
6
 erg/cc and 1635 emu/cc respectively at 0 K, which make it a 

potential candidate for synthesizing future stronger permanent magnets. Besides the study 

of making bct Fe nanoparticles, the feasibility of making α´´-Fe16N2 nanoparticles by this 

gas phase condensation method has also been studied thoroughly. The α'-Fe8N 

nanoparticles were directly formed in the as-deposited samples and α''-Fe16N2 

nanoparticles have been successfully obtained by annealing the Fe8N nanoparticles at 

250 ℃ for 48 hours. By measuring its magnetic properties, the magnetic anisotropy 

constant Ku of the FeN nanoparticle sample was determined to be 2.56×10
5
 erg/cc. 

Currently, the applications of magnetic nanoparticles are limited by particle yield, 

especially for making bulk permanent magnets. The reality of low yield is also the 

biggest obstacle for expanding the application of this gas-phase condensation method 

both in scientific research and industry. In this study, a novel hollow cathode nanoparticle 



 

 v 

fabrication system has been developed to increase the particle yield by five times, while 

the uniformity and crystallinity of the nanoparticle are still maintained. This technique 

can be easily scaled up to make large amount of nanoparticles and is highly compatible to 

industrial production, showing the way to industrialize the manufacture of diverse 

nanoparticles. 
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1 Introduction 

1.1 Nanotechnology in modern material science 

Following the evolution trajectory of natural science, there are generally two trends, 

“Macrolization” (advancing into the macroscopic world) and “Microlization” (exploring 

the microscopic world). People are advancing into the outer space to discover the origin 

of universe and time. At the same time, micro-scale or nano-scale objects have been 

intensively studied to satisfy people’s curiosity in the microscopic world. 

Nanotechnology is one of the branches in the “Microlization” trend. By definition, it 

refers to controlling and restructuring of matter at the nano-scale level.
1,2

 The emerging 

of nanotechnology since 1960s brought great potential to modern material science. When 

objects shrink into nano-size region (≤100 nm), thermal agitation is comparable with the 

material’s intrinsic energies, and the quantum mechanical effects become more 

significant as the size of the materials is on the same scale of the wavelength of electrons. 

As a result, nano-structured materials’ thermal properties, mechanical properties, optical 

properties, magnetic properties and electrical properties will be enhanced or show some 

novel phenomena. More importantly, making multifunctional materials becomes feasible 

by directly combining two or more kinds of materials at the nanoscale level, bypassing 

their incompatibility at bulk level. The new nanocomposite material will naturally 

possess the properties from its original raw materials, so as to possess multiple functions.  
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1.2 Top-down versus Bottom-up 

There are generally two approaches for making nanoscale objects, the Top-down 

approach and the Bottom-up approach.
3,4

 Top-down approach means tailoring large scale 

objects into nanoscale objects. Lithography is a typical method in Top-down approach. 

Usually, it generates nanoscale patterns on the wafer with thin film materials on it and 

then etches off excessive materials to obtain uniform nanoscale objects on the wafer. 

Depending on the applications, the nanoscale objects can be collected by washing them 

off the wafer using chemical methods.
5,6

 Top-down approach has better control on 

objects’ size, shape and structure. But it also has several disadvantages, such as low 

throughput, high cost and large critical dimension.  

In comparison to the Top-down approach, Bottom-up approach is to build up 

nanoscale objects staring from atoms or molecules.  It is capable of making objects with 

size from several nanometers to micron size. Furthermore, due to its low cost and large 

throughput, Bottom-up approach becomes dominant in making nanoparticles. There are 

generally two categories of nanoparticle synthesis methods in the Bottom-up approach, 

the chemical method and the gas phase condensation method. The chemical method has 

high yield and good control of particle size. But it cannot make materials with high 

temperature phases, and has limited control on the crystallinity of the nanoparticles, due 

to its low temperature synthesis limitation. Unfortunately, more and more applications 

require the formation of certain phases that show special properties. This eventually 

limits the feasibility of using the chemical method to synthesize the nanoparticle in those 
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applications. On the contrary, the gas phase condensation method, especially the novel 

gas-phase condensation method featured by utilizing the plasma heating effect, has good 

control on the size and phase of the nanoparticles. However, its yield is much lower than 

the chemical method. In this work, a hollow cathode sputtering mechanism has been 

introduced in the gas phase condensation nanoparticle synthesis method to improve its 

particle yield. Meanwhile its advantages of controlling particle size and phase can also be 

maintained.  

1.3 Future nano-structured permanent magnets 

Thanks to the development of nanotechnology, the synthesis of permanent magnets in 

material science also sees more opportunities in terms of making future nano-structured 

permanent magnets with ultrahigh magnetic energy product (BH)max.
7,8

 Nowadays, 

permanent magnet materials are widely used in various products, including electronics 

(e.g. portable audio and video devices), data storage (e.g. Hard Disk Drive), medical 

devices (e.g. MRI), motors and generators, etc.
9,10,11,12,13

 Driven by these applications, the 

demand for synthesizing novel permanent magnet materials with higher energy product 

(BH)max is growing fast. However, ever since people discovered the RE-TM materials 

(e.g. Sm-Co, Nd-Fe-B alloys) in 1980s, there has been no new breakthrough on further 

increasing (BH)max.
14,15,16,17,18,19,20

 The discovery of new permanent magnetic materials 

has entered a bottleneck stage. Basically, in order to achieve high energy product, the 

material needs to have both large magnetization and high magnetic anisotropy.
8
 At the 

same time, the material must be composed of nanoscale grains in order to avoid the 
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domain wall formation which will dramatically reduce the coercive field. Considering all 

those factors, the Bottom-up approach in nanotechnology makes it feasible to synthesize 

future stronger nano-structured permanent magnets. 

Generally, there are two ways to make future nano-structured permanent magnets by 

the Bottow-up approach, one is to make the nanocomposite exchange-spring magnet with 

hard magnetic nanoparticles embedded in soft magnetic matrix, and the other is to make 

metastable phase materials which have both high Ku and high Ms. In 1993, Skomski and 

Coey predicted that the nanocomposite exchange-spring magnet can achieve ultrahigh 

energy product (120 MGOe).
21

 By the bottom-up nanotechnology, we can simply choose 

two materials that are currently well-known, one hard magnetic material with high Ku and 

one soft magnetic material with high Ms, and then combine them together. Following this 

direction, in 2011 our group successfully demonstrated the feasibility of making this kind 

of nanocomposite material by a model system using L10 phase FePe as the hard phase 

and using Fe80Ni20 as the soft phase.
22

 Nevertheless, using SmCo5 nanoparticles as the 

hard phase instead of L10 FePt is still highly desirable, since SmCo5 has the highest 

magnetocrystalline anisotropy. The key is how to make SmCo5 nanoparticles with good 

crystallinity, since it requires high temperature annealing (810 ºC ~ 1260 ºC) to get the 

desired phase.
23

 Therefore, it becomes urgent to study the growth mechanism of SmCo5 

nanopraticles by the gas phase condensation method. On the other hand, if we pursue the 

other direction of finding new material phases, there are several options for making novel 

permanent magnet materials. For example, bct-structured Fe has been predicted to have 
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high magnetic anisotropy while maintaining a comparable magnetization to bcc Fe.
24

 

Besides, α´´-Fe16N2 has also been reported to have both an ultrahigh magnetization of 2.9 

Tesla and a high magnetocrystalline anisotropy of 1.6*10
7
 erg/cc, based the experimental 

results of thin film samples.
25,26

 Due to their metastability, those phases are generally 

hard to make by synthesis methods that start with bulk raw materials. However it 

becomes more feasible to form those phases by current bottom-up nanotechnologies.  

1.4 Overview of my thesis 

In Chapter 1, I have covered the motivation for studying the bottom-up 

nanotechnology, which can be used to synthesize future nano-structured permanent 

magnetic materials. In comparison to the top-down approach, the bottom-up approach has 

high yield, low cost and also covers a wider range of product size. The development of 

bottom-up technique gives us more opportunities to further improve the magnetic energy 

product of permanent magnetic materials. 

In Chapter 2, I will review the major bottom-up techniques for making nanoscale 

objects (i.e. nanoparticles), and analyze the fundamental requirements for making high 

quality nanoparticles according to the nanoparticle growth mechanism. After that, I will 

introduce the details of the novel magnetron-sputtering-based gas-phase condensation 

method, which basically satisfies all the requirements for making high quality 

nanoparticles and is the primary experimental method being used in this thesis work. 

Chapter 3 describes my efforts on synthesizing large size SmCo5 nanoparticles. The 

first section explains the application of SmCo5 nanoparticles in making nanocomposite 
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exchange-spring permanent magnets. In order to obtain larger coercive force, large size 

SmCo5 nanoparticles are highly preferred. By controlling the thermodynamic path of the 

particle growth process, large size SmCo nanoparticles have been successfully fabricated 

by our gas-phase condensation method. The particle growth mechanism has been 

discussed in details. 

Chapter 4 introduces my general study in making single domain α´´-Fe16N2 

nanoparticles. The feasibility of using gas-phase condensation method to form metastable 

α´´-Fe16N2 phase has been demonstrated in this work. The crystal structure and magnetic 

properties of the FeN nanoparticles have been studied in details.  

Chapter 5 contains my contribution in making bct-structured Fe nanoparticle. The 

magnetic properties of bct Fe nanoparticles have been studied. Its magnetocrystalline 

anisotropy and saturation magnetization are found to be 5.06×10
6
 erg/cc and 1635 emu/cc 

respectively at 0 K, which make it a promising candidate for synthesizing future strong 

permanent magnets. The formation of bct phase Fe has been achieved by freezing the Fe 

nanoparticles during the intermediate stage when they cool down from its high-

temperature fcc phase to low-temperature bcc phase.    

In Chapter 6, I will shift my discussion to a novel high-yield nanoparticle fabrication 

system using the hollow cathode sputtering mechanism. This technique addresses the 

relatively low yield and low target utilization issues of the novel magnetron-sputtering-

based gas-phase condensation method. Its particle yield is 5 times higher than the planar 
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target system and the target yield is almost 90%. The detailed design and working 

principles of this new system will be discussed in this chapter. 

In the last Chapter, I will give a complete summary of this thesis work. 
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2 Review of bottom-up nanoparticle synthesis methods 

 

As a major nanotechnology for making nanoparticles, the bottom-up approach 

contains many synthesis methods, from the chemical wet method to the gas phase 

condensation method, including CVD, sputtering, laser ablation, evaporation, arc 

discharge etc. All of those methods can be judged by two key factors including 

nanoparticle yield and nanoparticle quality. The quality of the particles includes particle 

size, size distribution, phase and crystallinity. Particles’ phase and crystallinity are 

critical, because they directly determine the properties of the nanoparticles, and the 

nanoparticles need to form a specific phase to satisfy the requirements of certain 

applications. In addition to this, particles’ size and size distribution are also important, 

because they also largely affect the properties of the nanoparticles. Within certain size 

range, particles will show some unique properties.  

Basically, particles’ quality is determined by their growth process and the energy 

transformation process during the growth. Particles’ size and size distribution are 

determined by the growth process of the nanoparticles which involves vaporization, 

nucleation and growth. In the first part of this chapter, I will introduce the classic 

nucleation and growth theory, and discuss how the growth process affects particle size 

and size distribution. Then, in part two, the energy transformation during the particle 

formation process, which determines particles’ phase and crystallinity, will be analyzed 

for typical particle synthesis methods. Usually, conventional methods, such as chemical 
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synthesis and gas phase condensation method, can well control the particle size, but have 

limited control on the phase and crystallinity. So, in the third part of this chapter, I will 

describe our novel magnetron-sputtering-based gas-phase condensation methods, which 

solves the issue of phase control for the nanoparticles. This method utilizes the field-

controlled plasma heating effect to control the energy condition of the nanoparticles, so 

as to control particles’ phase formation and crystallinity. Later in Chapter 6, I will further 

improve this method by using the hollow cathode sputtering mechanism to increase 

particle yield, which can drive the application of this technique in industry. 

2.1 Classic nucleation and growth theory 

The classic homogeneous nucleation and growth theory can be generally used to 

analyze the particle formation process both in gas phase and in solution, gives us 

considerable insight into the relationship between supersaturation ratio, pressure, 

temperature and critical cluster size. In this section, I will focus on the nucleation in gas 

phase and discuss the relationship between the nucleation process and supersaturation 

ratio. Then, I will show the two paths for particle growth. 

2.1.1 Classic nucleation theory 

In general, nucleation means the formation of a new phase from an old phase in the 

cluster level, including from gas phase to solid phase, from gas phase to liquid phase, 

from liquid phase to solid phase, and from one crystal phase to another crystal phase. In 

this thesis, I only focus on the nucleation from gas phase to solid phase by the 
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condensation of metallic atoms. The Classic Nucleation Theory (CNT) is based on the 

ideal gas system and the capillary model proposed by Gibbs in 1873.
27,28

 Considering i 

monomers condense to form a i-mer cluster 
1 ( 2)iiA A i  and each monomer has a free 

energy of Gν, the i-mer simply has a sum energy of i*Gν if it doesn’t release the energy in 

any possible way. This means the original state of the cluster is in a highly disordered 

high energy phase, which justifies the assumption that the cluster is close to liquid phase. 

Besides, the whole nucleation process involves the absorption and desorption of 

monomers on the surface of the clusters. Considering all those factors, we can treat the 

small nuclei as spherical liquid droplets. As a result, the nucleation problem can be 

simplified by the following assumptions:
29

 

(1) At temperature T, the mass density of the cluster is considered to be the same 

as the bulk liquid of the same material; 

(2) At temperature T, the surface tension of the cluster is assumed to be the same 

as an infinite flat liquid surface of the same material under equilibrium state; 

(3) The gas phase material is an ideal gas system; 

(4) The change of the gas material pressure can be neglected during the nucleation 

process.  

Based on the above assumptions, the formation of i-mer cluster can be treated as 

absorbing i monomers one by one. The Gibbs free energy of i-mer cluster can be 

evaluated by accumulating the energy change of all monomer absorbing incidents. So the 
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change of Gibbs free energy from i monomers to i-mer in a massive homogeneous gas 

phase system can be expressed as below:
29

 

1 1( ) ( ) ( 1) lni iG p s s i kT S    
 (2.1) 

The first term on the right hand side shows the increase of surface energy during i-mer 

cluster formation process and the second term represents the change of entropy from the 

disordered gas phase to the condensed phase. S is the supersaturation ratio of P1/Ps where 

Ps is the vapor saturation pressure at temperature T; P1 is the vapor pressure; σ is the 

surface tension of the cluster; si and s1 are the surface area of i-mer and monomer 

respectively; k is the Boltzmann constant (1.38×10
-23

 J·K
-1

).  

Under the assumption of liquid droplet cluster with spherical shape, the relationship 

between Si and S1 can be written as: 

2 3

1iS i S
 

(2.2) 

Then, the equation (2.1) can be re-written as:
29

 

2 31( )
( 1) ( 1) lniG p
i i S

kT


   

 

(2.3) 

Where Θ is a dimensionless surface tension, defined by 

1s

kT


 

 

(2.4) 

According to the equation (2.3), as the cluster grows by absorbing more and more 

monomers, the surface energy of the cluster continuously increases. While the entropy 

energy of the system decreases as the monomers condense together. So, during this 

condensation process the surface energy competes with the entropy energy. If the 
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increase of surface energy overcomes the decrease of entropy energy, the Gibbs free 

energy of the cluster increases as the cluster grows. The cluster tends to shrink by 

desorption, since the cluster always try to return to a low energy state. On the contrary, if 

the decrease of entropy energy surpasses the increase of surface energy, the Gibbs free 

energy of the cluster decreases as the cluster grows. The cluster is stable and 

continuously grows into big nanoparticles by absorbing more and more monomers. As a 

result, the second scenario is necessary for growing nanoparticles in gas phase. 

Considering a system with a homogeneous gas at a constant temperature of T, the 

dimensionless surface tension Θ is constant. The only factor that affects the competition 

between surface energy and entropy energy is the supersaturation ratio S, which 

determines whether the Gibbs free energy increases or decreases as the cluster grows. 

Depending on the saturation ratio, there are three regimes, including barely-saturated 

regime, intermediate saturation regime and over-saturated regime.  

Here, the condensation of Fe atom gas will be used as a typical case to discuss those 

three regimes since the synthesis of Fe and Fe16N2 nanoparticles will be discussed in this 

thesis. The surface tension of liquid iron is 1.78 N/m at 1823 K.
30

 The radius of Fe atom 

is 126 pm. So its dimensionless surface tension is 14 and the equation (2.3) can be written 

as: 

2 31( )
14( 1) ( 1) lniG p

i i S
kT


   

 

(2.5) 

As shown in Fig. 2-1, when S≤1 the Fe vapor is barely saturated or under-saturated. 

The Gibbs free energy of the “cluster” will continuously increase as the cluster grows.  
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This situation defies the rule of reducing Gibbs free energy. So the desorption overcomes 

the absorption and nucleation will not happen. If the supersaturation ratio is in the 

intermediate saturation regime (1<S<11309, depending on the material), as shown by the 

red (S=5), blue (S=10) and green (S=50) curves, Gibbs free energy increases at the 

beginning and then decreases after it reaches a peak value at the critical cluster size 

where the first-order derivative of Gibbs free energy is zero. So, there is an energy barrier 

which blocks the formation of nuclei. If the energy of the cluster can overcome this 

energy barrier, the nucleation will take place and the cluster will continue to grow. 

Otherwise, it will evaporate into atoms or molecules again. In this regime, the energy 

barrier and the critical cluster size decreases with the increase of supersaturation ratio. As 

shown in Fig. 2-1, from S=5 to S=50, the critical cluster size decrease from 195 to 14 and 

the dimensionless energy barrier decrease from 145 to 16. If we continue to increase the 

pressure of Fe atom gas, the supersaturation ratio will enter the over-saturated regime 

with S≥11309, where the energy barrier for nucleation disappears. In this regime, the Fe 

atoms will nucleate and grow into nanoparticles without bringing up the Gibbs free 

energy. In sum, the prerequisite for nucleation is the supersaturation condition with S>1. 
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2.1.2 Particle growth 

According to the discussion in the previous section, nucleation is a necessary but 

insufficient condition for growing nanoparticles, since the energy barrier could reverse 

the nucleation process. In order to steadily grow into nanoparticles, the nuclei need to 

overcome the energy barrier and grow to a size larger than the critical cluster size. There 

are two paths for the nuclei to grow into nanoparticles, one is the surface growth mode 

and the other is the aggregation growth mode. As shown in Fig. 2-2,  in surface growth 

mode (a), the nuclei grow into nanoparticles by absorbing atoms on their surface. While, 

for the aggregation growth mode (b), the nuclei aggregate together and coalesce into 

Fig. 2-1 The cluster size dependence of dimensionless Gibbs free energy under different supersaturation 

ratio S. 
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nanoparticles.
31,32

 Because nuclei and atoms coexist in gas phase system, both of the 

surface growth mode and aggregation growth mode could happen and compete with each 

other.  

The major factor that determines the growth mode of a system is the supersaturation 

ratio S. At a low S, the nanoparticles will be formed by the surface growth mode. At an 

intermediate S, they could be formed both by the surface growth mode and the 

aggregation growth mode. Eventually, if the supersaturation ratio is high enough the 

aggregation growth mode will be dominant. At a low supersaturation ratio, the energy 

barrier is high and the nucleation rate is low. Therefore, the concentration of the nuclei is 

low. The chance for the collision of two nuclei is very rare. But the nuclei still have 

plenty of chances to absorb atoms from the atom gas. As a result, the nanoparticles will 

be mainly formed by the surface growth mode. In the intermediate regime of S, the 

probability for a nucleus colliding with another nucleus is comparable to the probability 

for the nucleus colliding with an atom in the atom gas. So both the surface growth and the 

aggregation growth happen simultaneously. Finally, at high supersaturation ratio, the 

energy barrier is low and the nucleation rate is ultrahigh. The initial nucleation process 

depletes the available atoms in the gas and prohibits further nucleation between the 

atoms. As a result, the nuclei can only grow into nanoparticles by absorbing other nuclei 

and the aggregation growth mode becomes dominant for the particle growth process.  
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Based on the nucleation and growth process of the nanoparticles, their size and size 

distribution will be affected by many factors, such as growth time, initial atom density, 

temperature, supersaturation ratio S, etc. It’s obvious that particle size increases with the 

growth time and initial atom density, since more atoms can condense together to form 

bigger nanoparticles at longer growth time and higher atom density. Besides, the size 

distribution tends to be narrow if the growth time of the nanoparticles is the same. The 

temperature of the gas phase system affects particle size and size distribution through the 

supersaturation ratio, which determines nucleation rate and particle growth mode 

accordingly. It directly determines the saturation pressure Ps of the atom gas, so as to 

determine the supersaturation ratio S= P1/ Ps together with the gas pressure P1. Generally, 

Fig. 2-2 Two growth modes for the nanoparticles, (a) surface growth mode and (b) aggregation grow 

mode (adopted from reference 31). 

Electromagnet 

Heating Block 
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surface growth takes place at high temperature and aggregation growth happens at low 

temperature. 

The influence of the supersaturation ratio on particles’ size and size distribution is 

usually carried out by changing particles’ growth mode. At a low supersaturation ratio, 

the nanoparticles will be formed by the surface growth mode. The nucleation happens 

simultaneously and the atom density drops dramatically at the same time, which prevents 

further nucleation. After the nucleation, the nuclei continue to grow into nanoparticles by 

absorbing more atoms. Because the nanoparticles have the same growth time, their size 

tends to be uniform. Under this surface growth mode, the size of the final nanoparticles 

can be increased by raising the initial atom density.
33

 At an intermediate supersaturation 

ratio, both surface growth and aggregation growth happen at the same time, which means 

nucleation doesn’t happen simultaneously and different nanoparticles have different 

growth time. As a result, the size distribution of the nanoparticles is wide and has 

bimodal peaks due to those two growth modes.
34

 Finally, at a high supersaturation ratio, 

the aggregation growth mode is dominant. The atoms nucleate first and the depletion of 

available atoms prevents further nucleation. After the nucleation, the nuclei grow into 

nanoparticles through aggregation. As a result, nucleation happens simultaneously and 

the final particles have the same growth time. So the particle size distribution tends to be 

narrow. In addition to size distribution, the aggregation growth can effectively accelerate 

particle growth. It becomes an effective way to make large nanoparticles, which will be 

discussed in Chapter 3 for making large size SmCo nanoparticles. For nanoparticle 
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synthesis, it’s always preferred to have narrow particle size distribution. So, according to 

the discussion above, the low S and high S regimes are preferred for making uniform 

nanoparticles. Except particle size and size distribution, the phase and crystallinity of the 

nanoparticles need to be controlled by manipulating the thermodynamic history of the 

particles, which will be discussed in the next section. 

2.2 Energy transformation in different nanoparticle synthesis methods 

The blooming era for synthesizing nanoparticles by the bottom-up approach took place 

in 1980s since Granqvist and Buhrman invented the gas phase condensation method for 

producing large amount of nanoparticles. Up to now, it diversifies into many techniques, 

mainly including the electrochemical/chemical wet methods (precursors in solutions) and  

the gas phase methods (precursors in gas phase).
35,36,37,38,39,40,41,42

 The electrochemical 

method mainly contain the electroplating synthesis method.
43

 As shown in Fig. 2-3, based 

on the mechanism of vaporization (the way to generate atoms), the gas phase methods 

can be divided into the chemical vapor deposition methods (CVD) and the physical vapor 

deposition methods (PVD).
44,45

 The CVD methods use chemical reactions to break the 

chemical bond of molecules to generate the precursor atoms, while the PVD methods use 

pure physical processes to generate the atoms. If we refer to the specific technique that 

has been used for the vaporization, CVD methods contain conventional thermal CVD and 

power enhanced chemical vapor deposition (PECVD).
46,47,48,49,50

  Similarly, the PVD 

methods contain evaporation, sputtering, laser ablation, arc discharge, etc.
51,52,53,54,55,56,57

 

Basically, for the gas phase condensation method, any thin film deposition method can be 
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used to synthesize the nanoparticles as long as the supersaturation condition can be 

satisfied.  

 

According to the nucleation and growth processes, the formation of the nanoparticles 

involves two sequential energy transformations, including initial external energy 

transforms into thermal energy of the precursors during the evaporation process, and the 

thermal energy partially dissipates into the environment during the condensation process. 

The phase and crystallinity of the nanoparticles depend on their thermodynamic 

conditions during those energy transformation processes, especially the cooling process 

during condensation. Generally, different nanoparticle synthesis methods use different 

forms of external energy to generate the precursors. As shown in Fig. 2-4, in chemical 

Fig. 2-3 Classification of different nanoparticle synthesis methods in the bottom-up approach. 
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wet method, the chemical potential energy transforms into the thermal energy of the 

precursors. Part of the thermal energy directly dissipates into the reaction solutions before 

nucleation and growth. As the precursors grow into nanoparticles, their thermal energy 

transfers into the nanoparticles and quickly dissipates into the reaction solutions. In 

comparison to the chemical method, the electrochemical method is quite similar, except 

at the beginning both electrical potential energy and chemical potential energy transform 

into the thermal energy of the precursors. The particles formed by those two method stay 

at low energy state and don’t have enough energy to crystallize. Therefore, the chemical 

wet method and the electrochemical method have limited control on particles’ phase and 

crystallinity.  

For PVD methods, different forms of physical energy transform into the thermal 

energy of the precursors. Sputtering and Arc discharge methods use electrical potential 

energy to break up the bond between the atoms or molecules to generate the gas of the 

precursors. Evaporation and laser ablation use thermal energy or optical energy 

respectively to break the bond to generate the atom gas. For CVD methods, the situation 

is a little bit complicated, because two or more forms of energy are used to generate the 

precursors. The conventional CVD method involves chemical reaction assisted by 

thermal energy. So the thermal energy and chemical potential energy are used to vaporize 

the substance and break the bond between the atoms to get the precursors. For PECVD 

method, the chemical reactions are assisted by thermal energy and electrical plasma. So 

the thermal energy of the precursors is transformed from the initial chemical potential 
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energy, thermal energy and the electrical potential energy. For all those PVD and CVD 

methods in the category of gas phase condensation method, no matter which kind of 

energy is used to generate the precursor vapor, the energy should be sufficient to generate 

enough precursors to achieve the supersaturation condition. Then during the condensation 

process, the thermal energy of the precursors will transfer to the nanoparticles and 

partially dissipate into the environment until the system reaches the thermodynamic 

equilibrium state. Generally, a low temperature inert gas is used as the cooling gas to cool 

down the vapor of the precursors to maintain the supersaturation condition. So part of the 

thermal energy of the precursors directly transfers to the thermal energy of the cooling 

gas through collisions with the inert atoms. During nucleation and growth, the thermal 

energy of the nuclei and nanoparticles will also be partially taken away by the cooling 

gas. 

As we have discussed in the introduction of this chapter, besides size and size 

distribution, particle’s phase and crystallinity are also critical for the applications of the 

nanoparticles. In order to control those two parameters, we need to manipulate particles’ 

crystallization process, which involves crystallization energy and time. According to the 

classical nucleation theory, the nuclei are in high energy state at the beginning, and then 

cool down as the nuclei grow bigger (here, I only consider the nuclei with size above the 

critical cluster size, since the nuclei smaller than the critical cluster size do not 

necessarily grow into nanoparticles). The crystallization only happens at the particle 

growth stage, which means the phase formation is determined by the thermal energy 
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dissipation process during growth. We can inject more energy into the nanoparticles to 

ensure they have sufficient energy to initiate the crystallization process. At the same time, 

the energy dissipation needs to slow down to give the nanoparticles enough time to 

crystallize. For a certain phase, specific energy and energy dissipation rate are required to 

generate the phase, depending on the requirements from the phase diagram. 

Unfortunately, most of the traditional methods cannot control the energy transformation 

process, especially at the particle growth stage. People focused on the nucleation and 

growth of the nanoparticles before, but generally ignored the energy transformation 

during those processes. As a result, there were many successful cases for making uniform 

nanoparticles, but particles’ phase and crystallinity were just underestimated. 
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2.3 Novel magnetron-sputtering-based gas-phase condensation method 

 Currently, as more and more emerging applications demand the nanoparticles have 

certain phase and good crystallinity, it becomes urgent to develop a new technique with 

better control on particles’ phase, i.e. with easier control on the energy transformation 

during the particle growth process. In this section, I will introduce a novel magnetron-

sputtering-based gas-phase condensation method which solves this issue. This novel 

technique utilizes the field-controlled plasma heating effect to control the phase of the 

nanoparticles, while still has good control on particles’ size and size distribution. 

Fig. 2-4 Energy transformation for different nanoparticle synthesis methods in the bottom-up approach. 
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2.3.1 System setup 

In 1992, Haberland demonstrated the first flexible magnetron-sputtering-based 

nanocluster deposition system, which broadened the applicable materials and improved 

cluster yield.
58

 Since then, this magnetron-sputtering-based gas-phase condensation 

method has been widely used to make nanoparticles. Nevertheless, at that time this 

technique has limited control on particles’ phase and size. In 1998, Yamamuro et al. 

further improved this technique to make the particles’ size and size distribution 

controllable by using a carrier gas flow and liquid-nitrogen-cooling of the cluster growth 

region.
59,34,60

 Based on their experiment, the key is to separate nucleation and growth by 

using low gas pressure and low gas flow rate. Later on, Jiao-ming Qiu and Yun-hao Xu et. 

al. invented a novel magnetron-sputtering-based nanoparticle deposition system which 

greatly simplified the whole system by replacing the liquid nitrogen cooling with regular 

water cooling within the source chamber. More importantly, they found particle phase 

could be well controlled by utilizing the field-controlled plasma heating effect.
61,62,63

 All 

the works in this thesis has been carried out by this novel magnetron-sputtering-based 

nanoparticle deposition system integrated with the field-controlled plasma heating effect. 

As shown in Fig. 2-5, this magnetron-sputtering-based gas-phase condensation (GPC) 

deposition system contains a source chamber on the left and a deposition chamber on the 

right, which are separated by an aperture plate. The magnetron sputtering source, 

mounted with a 2'' disk shape target, was installed in the source chamber. During the 

nanoparticle fabrication process, Ar sputtering gas was injected in the vicinity of the 
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target to build up a sputtering pressure of 300-700 mTorr. Meanwhile, the pressure of the 

deposition chamber was maintained at 3-7 mTorr under the vacuum pumping. Due to this 

pressure differential, a gas flow was formed flowing from the left hand side to the right 

hand side. In the source chamber, the sputtered atoms, which have been knocked out of 

the target by the energetic Ar ions, nucleate to form nuclei. Then the nuclei grow into 

nanoparticles by absorbing more and more sputtered atoms or other nuclei. Finally, being 

carried by the Ar gas flow, the formed nanoparticles will fly through the aperture and 

deposit on the substrate located in the deposition chamber. In order to control the phase 

and crystallinity of the nanoparticles, an iron cone and ring are attached on the target 

surface to utilize the field-controlled plasma heating effect.
22,61

 As I will discuss in 

section 2.3.3.1, the magnetic field strength near the target surface plays an important role 

in the plasma heating effect. It can be adjusted by changing the thickness of the copper 

disk placed between the magnetron cathode and the target. The magnetic field B, 

measured on the sputtering erosion track with the Hall sensor perpendicular to the radius 

direction of the disk target, was used to characterize the strength of the magnetic field 

near the target. The sputtering current between the anode and cathode is usually between 

0.2 A and 0.7 A, limited by the cooling efficiency of the sputtering cathode. 
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2.3.2 Field-controlled plasma heating effect 

In conventional gas-phase condensation methods, the thermal energy of the clusters is 

quickly taken away by the inert gas or other cooling medium. So the clusters rapidly cool 

down as they grow into nanoparticles. In order to crystallize the nanoparticles, we need to 

either slow down the cooling rate or supply extra energy to “anneal” the nanoparticles. 

The way by reducing cooling rate is limited, since high pressure is always needed to 

achieve the supersaturation condition. The only solution we can work on is to find an 

efficient way to supply extra energy to “anneal” the nanoparticles. In addition to this, the 

nanoparticles also need sufficient “annealing time” to complete the crystallization 

process. In 2006, by using the novel magnetron-sputtering-based nanoparticle deposition 

Fig. 2-5 Schematic diagram of the novel magnetron-sputtering-based gas-phase nanoparticle 

deposition system. 

Electromagnet 

Sample 
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system, our group found the field-controlled plasma heating effect: the sputtering plasma 

can supply extra energy to “heat” the nanoparticles.
61

  By adding an iron core and ring on 

target surface, this plasma heating effect can be enhanced and controlled through 

adjusting the magnetic field strength. As shown in Fig. 2-6, during the sputtering process, 

the electrical field accelerates Ar
+
 ions. Electrical potential energy transforms to Ar

+
 ions’ 

kinetic energy. Then, the Ar
+
 ions bombard on the target to knock out the atoms to 

generate the atom gas. Ar
+
 ions’ kinetic energy transforms to the thermal energy of the 

atom gas. During the nucleation and growth process, as the atoms condense onto the 

nanoparticles, their thermal energy is also absorbed by the NPs. At the mean time, the 

energetic Ar
+
 ions and electrons can supply extra energy to the NPs by colliding with 

them. As a result, the plasma behaves as an energy source to the NPs. In competition to 

this, the low temperature Ar gas behaves as an energy drain to the NPs, since the Ar 

atoms which have low kinetic energy will take the thermal energy away from the NPs 

through colliding with them. Besides, the Ar gas can also take energy away from the 

plasma through the collisions between Ar atoms and the high energy entities in plasma, 

such as Ar
+
 ions and electrons. In addition to the heating effect, we also need to control 

the “annealing time”. By controlling the magnetic field strength near target surface, the 

distribution space of the sputtering plasma can be stretched back and forth. In this way, 

we can control how long the NPs will stay at the high energy state (fly in the plasma 

region) to complete the crystallization process. 
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2.3.3 Critical factors for field-controlled plasma heating effect 

In general, the plasma heating effect means using plasma as the energy source to 

crystallize the nanoparticles. The energy transformation is carried out through the 

collisions between the nanoparticles and the energetic entities in plasma. Any method 

that can provide the plasma can be used to “anneal” the nanoparticles. In this thesis, all 

the works have been done in a magnetron-sputtering-based nanoparticle deposition 

system, so I will only focus on the plasma heating effect in magnetron sputtering system. 

The plasma generally contains two characteristics, plasma density and space distribution. 

Any factor that can affect those two characteristics will be important for the plasma 

Fig. 2-6 Schematic chart of the energy flow in the magnetron-sputtering-based gas-phase nanoparticle 

deposition system. 
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heating effect. In this section, I will discuss several important factors, including magnetic 

field strength, sputtering current and sputtering pressure. 

2.3.3.1 Magnetic field strength 

Among all those important factors, the strength of the magnetic field plays a critical 

role in the plasma heating effect, since it can change both plasma density and plasma 

distribution. As shown in Fig. 2-7, the rainbow magnetic field on target surface is 

provided by placing a central permanent magnet bar and a ring shape magnet behind the 

target.
64

 Those two magnets have opposite magnetic polarity. Upon igniting the plasma, 

the electrons emit from the target. The electric field E in the cathode dark space will 

accelerate the electrons and force them away from the target. However, the magnetic 

field B near target surface will generate the Lorentz force to make them curve back to the 

target. When the electrons come back to the target, they will be decelerated and then 

forced away again. As the electrons proceed, the cycle repeats. Eventually, the electrons 

will drift along the clockwise circle on the target, until the collisional scattering happens. 

Along the trajectory of the drift motion, the electrons ionize the inert gas to generate the 

plasma by colliding with the gas atoms. So, basically the space distribution of the plasma 

is affected by the drift motion of the electrons, which can be controlled by the magnetic 

field B.  
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The space distribution of the plasma includes two aspects, one is within the target 

plane and the other is along the direction perpendicular to the target plane. Within the 

target plane, the plasma is confined in the erosion track region by the magnetic mirror, 

which is decided by the gap between those two magnets and their strength.
65

 If the gap is 

narrow and the magnets are strong, the plasma can be confined in a narrow erosion track 

region. As a result, the plasma density will be higher. But since the magnetron has 

already been fixed for a certain system, the plasma distribution within target plane has 

almost been fixed. Nevertheless, the plasma distribution along the direction perpendicular 

to the target plane is more important, because it decides NPs’ crystallization time and the 

amount of energy that can be supplied to them. The longer the plasma region is, the 

longer crystallization time the NPs will have. The denser the plasma is, the more energy 

can be provided to NPs for their crystallization. However, for making magnetic 

nanoparticles which is the primary focus in this thesis, the magnetic target will absorb 

Fig. 2-7 Schematic diagram of magnetron sputtering cathode (adopted from reference 64). 

Electromagnet 
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most of the magnetic flux coming out of the magnets. There is not much magnetic flux 

coming out of the target. As a result, the magnetic field near the magnetic target surface 

is too small to affect the plasma distribution. In 2006, our group discovered that, by 

attaching an iron ring and iron cone on the target the high permeability iron pieces can 

drag the magnetic flux out of the magnetic target.
61

 Accordingly, the magnetic field near 

target surface can be greatly enhanced. As shown in Fig. 2-8 (a), without adding the iron 

pieces, the magnetic field is weak. The Lorentz force is weak and the gyration-orbit 

radius of the electrons is large. So the electrons can drift far away from the target. As a 

result, the plasma region is longer and plasma density is weak. On the contrary, if the iron 

pieces have been attached on the target as illustrated in Fig. 2-8 (b), the magnetic field 

especially the component parallel to the target plane will be greatly enhanced. The 

electrons are confined more close to the target by the Lorentz force. Consequently, the 

sputtering plasma will be confined in a shorter region near the target and the plasma 

density is higher. Based on our experiment results, by adding the iron pieces, the high 

density sputtering plasma can supply more energy to the NPs to make them crystallized. 

More importantly, this innovative method gives us more flexibility in terms of 

manipulating the plasma density and space distribution through changing the magnetic 

field. We can change the size and shape of the iron pieces to optimize the magnetic field 

distribution, so as to change plasma density and its space distribution. In addition to 

modifying iron pieces, if we add a copper disk between the target and the magnetron 
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cathode, the magnetic strength can also be effectively modified by adjusting the thickness 

of the copper disk. 

 

2.3.3.2 Sputtering current 

The effect of sputtering current on the plasma heating effect is to directly change the 

plasma density, so as to change the amount of energy that can be transferred to the NPs. 

During sputtering process, the space near the target forms a dark shield as shown in Fig. 

2-9. The electric potential dramatically drops towards the target. So a strong electric field 

pointing to the target is formed in this dark shield space. Near the dark shield region is 

the electrical neutral glow region with equal amount of the Ar+ ions and electrons. The 

glow region is like a pool of positive Ar+ ions. When Ar+ ions diffuse from the glow 

region into the dark shield space, they will be accelerated by the electric field and 

Fig. 2-8 “Schematic diagram of the planar target sputtering cathode (a) with and (b) without iron 

ring/core attached on the target; the different plasma colors stand for different plasma density.”
59 

Electromagnet 
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bombard on the target to knock out the atoms on the target. This bombardment also 

generates the secondary electrons which will be repelled by the electric field and drift 

away from the target. During their path of drifting away from the target, the energetic 

electron will ionize Ar gas to generate more Ar+ ions and electrons. Again, all the 

electrons in the dark shield region drift away from the target, while all Ar+ ions in this 

space move towards the target. Consequently, there are two components of the sputtering 

current flowing in the dark shield space, the electron current Ie and the Ar+ ion current 

IAr+. Combining them together forms the sputtering current. Assuming the plasma is 

stable and the densities of the electrons and Ar+ ions are in dynamic equilibrium state, 

the sputtering current is directly proportional to the density of the Ar+ ions and electrons, 

i.e. the density of the plasma (here, we use the constant current mode and the variation of 

the sputtering voltage is negligible). As a result, the plasma density can be directly 

changed by the sputtering current. High sputtering current generates high density plasma 

which can supply more energy to the NPs to help them crystallize. 



 

 34 

 

2.3.3.3 Sputtering pressure 

The sputtering pressure affects the plasma heating effect mainly in two aspects, 

changing the plasma distribution and controlling the cooling effect of the Ar gas which is 

the counteraction to the plasma heating effect. Under the assumption of constant 

temperature and volume in the source chamber, at higher pressure the density of Ar 

atoms is higher, which means the energetic Ar
+
 ions and electrons have more chances to 

collide with the low energy Ar atoms. As a result, the mean kinetic energy of the 

energetic entities in plasma will be reduced. The average thermal energy that can be 

transferred to the nanoparticles during each incident of collisions will also be reduced. 

More importantly, due to the low kinetic energy, the Ar ions and electrons couldn’t 

diffuse far away from the target and the plasma region becomes shorter. Therefore, the 

plasma heating effect becomes weaker and less amount of energy can be transferred to 

Electromagnet 

Fig. 2-9 Schematic diagram of a DC sputtering discharge profile, IAr+ and Ie are the sputtering current 

components generated by the drift of Ar
+
 ions and electrons respectively. 
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the nanoparticles. On the contrary, at low pressure the mean kinetic energy of the Ar
+
 

ions and electrons is higher and the plasma region becomes longer. The plasma heating 

effect becomes stronger and more energy can be transferred to the nanoparticles. From 

the perspective of Ar gas cooling effect, at higher pressure the probability of the 

collisions between Ar atoms and NPs will increase. The thermal energy of the NPs can be 

drained away much faster. As a result, the cooling effect of the Ar gas becomes stronger 

and the NPs will be cooled down much faster. Therefore, generally we need lower 

pressure to slow down the cooling rate and improve particles’ crystallinity. 

2.4 Summary  

The application of the nanoparticles depends on their unique properties, which are 

determined by particles’ size, size distribution, phase and crystallinity. Based on the 

classic nucleation theory and particle growth mechanism, particles’ size and size 

distribution are determined by their nucleation and growth process. Generally, making 

uniform nanoparticles requires simultaneous nucleation. In the perspective of particles’ 

phase and crystallinity, the energy transformation during the particle formation process 

plays a critical role. Certain material phase requires a specific thermodynamic condition 

and good crystallinity needs sufficient crystallization time. This will be the basis for 

making nanoparticles with the desired phases. In the second part of this chapter, I 

describe in detail the energy transformation in typical nanoparticle synthesis methods. 

Generally, the conventional methods have been well developed to control particle size 

and uniformity, but have limited control on the phase and crystallinity. As described in 
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part three, a novel magnetron-sputtering-based gas-phase condensation method which has 

been developed by our group, has the capability of controlling particle phase and 

crystallinity by utilizing the plasma heating effect. 

 

3 Direct synthesis of ferromagnetic SmCo5 nanoparticles by 

GPC method 

 

3.1 Introduction 

In 1990s, the nanocomposite type exchange-spring permanent magnet was introduced 

and demonstrated as a new generation of permanent magnet, to satisfy the fast growing 

demand for higher magnetic energy product (BH)max.
21,66,67

 This kind of nanocomposite 

permanent magnet is consisted of nano-structured magnetic soft phase (matrix) and 

magnetic hard phase (hard magnetic nanoparticle), which are exchange-coupled together. 

Based on theoretical calculation, it can achieve an ultrahigh energy product of 120 MGOe 

(twice as the energy product of current Nd2Fe14B magnet), which makes it a theoretically 

promising candidate for future stronger permanent magnet.
21,66

 Nevertheless, the actual 

synthesis of this kind of nanocomposite magnetic material has three critical technical 

issues, including the synthesis of hard phase nanoparticles with high magnetic anisotropy, 

the alignment of those hard phase nanoparticles and achieving proper exchange coupling 

between the hard phase and soft phase.
7,13,8,68,69,70,71,72,73
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As a hard magnetic material with the highest magnetocrystalline anisotropy, SmCo5 

nanoparticles have long been attracting people’s attention due to their potential 

application in the nanocomposite type exchange-spring permanent magnet. By using the 

SmCo5 nanoparticles as the nano-scale hard phase in a nanocomposite type permanent 

magnet, we can exploit its high magnetic anisotropy to increase the system’s magnetic 

energy product (BH)max which is otherwise far below its theoretical 

prediction.
21,66,8,71,74,75,76,77,78,79,22,80

 Nevertheless, the synthesis of well-crystallized SmCo5 

nanoparticles turns out to be a nontrivial work due to its chemical instability and high 

annealing temperature required for crystallization. Mechanical alloying and regular ball 

milling have been used to fabricate Sm-Co nanoparticles, for which the control of phase 

formation and size distribution remains as the critical challenge.
75,81,82,83,84,85

 Meanwhile, 

SmCo5 nanoparticles with good magnetic properties have been synthesized by a chemical 

method following a high temperature annealing,
73

 and by a surfactant-assisted ball 

milling method using bulk SmCo5 alloy as the raw material.
86

 But it is still a challenge 

for those methods to align the easy axes of the obtained hard phase nanoparticles in order 

to produce the anisotropic type nanocomposite permanent magnet.
73,82,87,88

 

We recently demonstrated the fabrication of anisotropic type nanocomposite 

permanent magnet by using the gas-phase condensation method to directly synthesize the 

hard phase nanoparticles, and co-depositing the hard phase nanoparticles (L10 FePt) and 

soft phase matrix (FeNi) together.
22

 This demonstration makes the gas-phase 

condensation method a promising choice to fabricate the hard magnetic nanoparticles for 
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the nanocomposite permanent magnet. There have been several works on making SmCo5 

nanoparticles by a gas-phase condensation process.
89,90,91,92

 And the feasibility of making 

3.5 nm SmCo5 nanoparticles with appreciable hard magnetic properties has been 

demonstrated.
93

 Nevertheless, larger size SmCo5 nanoparticles are still highly desired in 

order to further improve the magnetic properties of SmCo5 nanoparticles. In this chapter, 

the novel magnetron-sputtering-based gas-phase condensation method, which has been 

developed by our group, was used to form large size SmCo5 nanoparticles through a 

second growth mechanism. Based on the experimental data, well-crystallized SmCo5 

nanoparticles can be formed under a high sputtering current condition and their growth 

process contains three stages: aggregation, coalescence and second crystallization. 

3.2 Critical requirements for making SmCo5 nanoparticles 

Based on the Sm-Co binary phase diagram, the formation of SmCo5 phase requires 

high thermal energy condition and precise control of the stoichiometry.
23

 In our method, 

the fabrication was carried out in our magnetron-sputtering-based gas-phase nanoparticle 

deposition system.
22

 The Sm/Co composite targets with the layout as shown in Fig. 3-1 

were used to precisely control the nanoparticles’ composition. A 0.8 mm thick Co target 

was placed on top of a 0.8 mm thick Sm target. On the Co target, we uniformly drilled 

small holes along the sputtering erosion track circle, allowing the sputtering of Sm and 

Co targets to occur simultaneously. By changing the number and size of the holes, the 

Sm:Co composition ratio could be accurately controlled. Based on the results of 

Rutherford backscattering spectrometry measurement, we optimized the setup with ten 
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holes of 3 mm diameter drilled through the Co target. In this case, the atomic ratio of 

Sm:Co in the binary nanoparticles is 1:5.26, which favors the SmCo5 phase.
23

 We 

attached a soft magnetic ring and core on the Co target to utilize the field-controlled 

plasma heating effect to control the particle growth and phase formation.
61,62

 No re-

deposition from the soft magnetic ring and core was found. 

 

In addition to the precise control of the stoichiometry, in our method the high thermal 

energy condition was achieved at high sputtering current and low sputtering pressure. By 

increasing the current, the density of energetic argon ions and electrons will be increased. 

They can transfer more energy to the sputtered atoms and growing species through 

collisions with them. As a result, the SmCo nanoparticles will grow under a high thermal 

energy condition. In competition with this, the low energy neutral argon atoms behave as 

an energy drain by taking energy away from the growing species through collisions. At 

high pressure, the density of neutral argon atoms is high and the energy of the growing 

species is drained quickly. Therefore, low sputtering pressure is preferred to maintain a 

Fig. 3-1 Illustration of the Sm/Co composite targets layout with attached soft magnetic ring and core. 
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low cooling rate in order to provide the nanoparticles with sufficient crystallization time. 

With a high current and low sputtering pressure, we can supply a high thermal energy 

condition while keeping the cooling slow. In our experiment, we kept the pressure at 300 

mTorr (relatively low for gas-phase condensation method), and increased the sputtering 

current from 0.2 A to 0.6 A.  

3.3 Growth mechanism of large size SmCo5 nanoparticles 

By changing the sputtering current, the thermodynamic environment and growth 

process of the SmCo nanoparticles can be changed, resulting in different nanoparticle 

morphology, different crystallinity and thus different magnetic anisotropy. As shown in 

Fig. 3-2, the smallest current I1 provides plasma with the lowest density, which means the 

growing species obtain the least amount of energy from the plasma. The sputtered atoms 

condense first to form small clusters, and then the small clusters aggregate together to 

form large particles through the second growth. Since the thermal energy of the growing 

nanoparticles is relatively low, the final SmCo nanoparticles show the morphology with 

the small clusters loosely attached together.  As the current increases to an intermediate 

value I2, the growing species could gain more energy from the plasma. With this extra 

energy, the coalescence process takes place following the aggregation of the small 

clusters. However, the nanoparticles still don’t have sufficient energy to form a 

crystalline structure. Finally, the highest current I3 is able to supply sufficient energy to 

the final particles to make them well-crystallized.  
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The transmission electron microscopy (TEM) images and selected area electron 

diffraction (SAED) patterns were used to reveal how the growth process of the SmCo 

nanoparticles was affected by the sputtering current. Fig. 3-3 shows the results of the 

SmCo nanoparticle samples made at 0.2 A, 0.4 A and 0.6 A, respectively. When the 

lowest current of 0.2 A is used, based on the TEM and HRTEM images as shown in Fig. 

3-3(a) and (g), the nanoparticles have an average size of 46.5 nm and contain 

distinguishable small clusters with a size below 10 nm. This means the nanoparticles are 

formed by small clusters loosely aggregating together. By introducing this second 

growth, the size of the SmCo nanoparticles can be significantly increased from sub 10nm 

Electromagnet 

Fig. 3-2 Schematic illustration of the concept of tuning the thermodynamic condition for the growth of 

SmCo nanoparticles. SmCo nanopartices will experience different growth processes depending on 

sputtering current levels (I1<I2<I3). At the lowest current I1, SmCo nanoparticles are formed by 

aggregation of small cluster. At the intermediate current I2, SmCo nanoparticles are formed by 

aggregation and coalescence processes. At the highest current I3, the well-crystallized SmCo5 

nanoparticles are formed by aggregation, coalescence and second crystallization processes. 
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(cluster size) to around 50 nm (final particle size). The SAED pattern of this sample as 

shown in Fig. 3-3(d) only has weak and wide diffraction rings, showing that amorphous 

SmCo nanoparticles have been formed due to the lowest thermal energy condition. For 

the sample made at the intermediate current of 0.4 A, as shown in Fig. 3-3(b) and (h) 

there are no small clusters distinguishable in an individual nanoparticle and the average 

size of the nanoparticles is 37.1 nm. Under this intermediate thermal energy condition, 

the coalescence process happens after the aggregation of the small clusters and makes the 

small clusters fuse together to form a uniform nanoparticle. Furthermore, according to the 

HRTEM in Fig. 3-3(h), some crystallization nuclei (labeled in circles) show up inside the 

nanoparticles. The SAED pattern in Fig. 3-3(e) contains a stronger SmCo5 diffraction 

pattern compared to the sample made at 0.2 A, which confirms that the crystallization 

process has started under this condition. When we further increase the current to the 

highest value of 0.6 A, the growth of SmCo nanoparticles takes one step further into the 

second crystallization stage (named following the terminology of the second growth) 

after the initial aggregation and coalescence processes. There are some rectangular 

particle images showing up in this sample as seen in Fig. 3-3(c), with an average size of 

39.2 nm and an aspect ratio of 3. The HRTEM image in Fig. 3-3(i) confirms that those 

are well-crystallized SmCo5 nanoparticles (the 1.9 nm thick amorphous shell is the oxide 

layer of the particles since the samples weren’t protected by any means and usually 

SmCo nanoparticles are prone to be oxidized). Moreover, the SAED pattern in Fig. 3-3(f) 

also shows intense and narrow diffraction rings with d-spaces consistent with the SmCo5 
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phase, which proves the sample consists of SmCo5 phase nanoparticles with good 

crystallinity. By this set of experiments, we observed the three growth stages of SmCo5 

nanoparticles in gas phase: aggregation, coalescence and second crystallization. Well-

crystallized SmCo5 nanoparticles with a large size of about 39.2 nm are formed through 

the second growth and second crystallization under a high thermal energy condition. The 

crystallization and ordering processes of the SmCo5 nanoparticles may in fact be further 

improved at a higher current that will be achieved after our future system upgrade. 
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3.4 Magnetic properties of SmCo5 nanoparticles fabricated by GPC method 

The M-H loops of these three samples were measured by a superconducting quantum 

interference device (SQUID) both at 300 K and 5 K, to prove that the crystallinity and 

magnetic anisotropy were improved by increasing the sputtering current. Fig. 3-4 shows 

Electromagnet 

Fig. 3-3 TEM images, SAED patterns and HRTEM images of SmCo nanoparticle samples prepared 

at the sputtering currents of a, d, g) 0.2 A; b, e, h) 0.4 A and c, f, i) 0.6 A. 
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the dependence of coercivity on the sputtering current. At 5 K, the coercivity almost 

linearly increases from 475 Oe to 3360 Oe when the current increases from 0.2 A to 0.6 

A, which coincides with the improving trend of crystallinity discussed above. At the 

lowest current, the coercivity has the smallest value due to the low intrinsic magnetic 

anisotropy resulting from the low crystallinity. When the current increases to 0.4 A, in a 

single particle there are hard magnetic phase nuclei coming from the initial 

crystallization, embedded in the soft phase matrix originated from the rest amorphous 

part of the particle. The exchange coupling between the hard and soft phases results in an 

overall increased coercivity of 2236 Oe. When we further increase the current to 0.6 A, 

the crystallinity becomes even better, the hard phase nuclei propagate toward the rest of 

the particle and some well-crystallized single crystal SmCo5 nanoparticles have been 

formed. As a result, the highest coercivity of 3360 Oe is obtained. This value is still 

below what we expect for SmCo5 nanoparticles because, despite the improved 

crystallinity, the crystallization process is still incomplete and so there are still some 

partially crystallized SmCo nanoparticles in this sample. Comparing to the situation at 5 

K, the coercivity at 300 K increases much slower since the thermal fluctuation at high 

temperature will reduce the coercivity. Nevertheless, at 0.6 A the room temperature 

coercivity is still as large as 1152 Oe, which is attributed to the large particle size that 

attenuates the thermal fluctuation.  
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3.5 The shape of well-crystallized SmCo5 nanoparticles 

In addition to the growth mechanism of SmCo5 nanoparticles, we have also 

experimentally observed that the well-crystallized SmCo5 nanoparticle tends to form a 

disk shape which will facilitate the easy axes alignment of the hard phase nanoparticles 

for fabricating the anisotropic type nanocomposite permanent magnet. SmCo5 has a 

hexagonal close-packed (hcp) structure with Co and Co+Sm atomic layers stacking along 

its c axis. This structure determines that, if SmCo5 nanoparticles are formed in gas phase, 

their thermal equilibrium shape will be a disk with its c axis perpendicular to the disk 

plane. However, no disk-shaped SmCo5 nanoparticles have been reported in gas phase 

before due to the conventional non-equilibrium thermal condition for the particle growth. 

In our experiment, Fig. 3-5(a) shows the HRTEM image of a well-crystallized SmCo5 

Fig. 3-4 Sputtering current dependence of B-H loop coercivities both measured at 300 K (with square 

symbols) and 5 K (with circle symbols) by SQUID. 

Electromagnet 
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nanoparticle sitting on its edges. According to the Fast Fourier Transformation (FFT) of 

the lattice fringe (inset figure), the [001] axis of the disk particle is perpendicular to its 

disk plane as illustrated in the schematic drawing on the right upper corner. Fig. 3-5(b) 

shows the HRTEM image of a SmCo5 nanoparticle sitting on its bottom. On the right 

lower corner, the inserted FFT figure proves that the view plane is the (001) crystal plane 

of the SmCo5 structure which is also the disk plane of the particle, and therefore the [001] 

crystal axis is perpendicular to the disk plane as illustrated in the schematic drawing on 

the right top corner. As shown in Fig. 3-5(b), the SmCo5 phase is still trying to propagate 

towards the edges of the particle. The particle tends to form a hexagonal disk shape when 

the crystallization process is completed. For the SmCo5 nanoparticles formed in gas 

phase, this shape characteristic will facilitate the alignment of their easy axes by simply 

applying a perpendicular magnetic field to the substrate, which has been described in 

details in our previous work for aligning L10 FePt nanoparticles.
22
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3.6 Summary 

In summary, ferromagnetic SmCo5 nanoparticles with a large size of about 39.2 nm 

have been directly synthesized by the novel magnetron-sputtering-based gas-phase 

condensation method through the second growth mechanism. Well-crystallized SmCo5 

nanoparticles can be formed at a high sputtering current and low sputtering pressure 

condition, through a three-stage growth process including aggregation, coalescence and 

second crystallization. It was revealed that the well-crystallized SmCo5 nanoparticles 

synthesized in gas phase tend to form a hexagonal disk shape, which will facilitate the 

alignment of their easy axes during the fabrication of anisotropic nanocomposite 

permanent magnets. The crystallinity and ordering of the SmCo5 nanoparticles was 

shown to be further improved at higher sputtering currents. 

Fig. 3-5 The HRTEM images of a disk shape SmCo5 nanoparticle a) sitting on its edges and b) sitting 

on its bottom, with its FFT image on bottom right corner and an illustration on top right corner. 
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o Pump 

Station 



 

 49 

4 Synthesis of Fe16N2 nanoparticles by GPC method 

 

4.1 Introduction 

In addition to the nanocomposite type exchange-spring permanent magnet materials, 

people are also looking into new magnetic materials or conventional magnetic materials 

with new phases for future stronger permanent magnets. Among those materials, α''-

Fe16N2 is one of the most important candidates due to its ultrahigh saturation 

magnetization Ms of 2.8-3.0 T and its high uniaxial magnetocrystalline anisotropy Ku of 

1.6×10
7
 ergs/cc.

25,26,94
 With the combination of both high Ms and high Ku, this material 

could potentially achieve ultrahigh magnetic energy product (BH)max, which is the 

primary requirement for future energy-efficient permanent magnets.
8
 People in the 

research area of permanent magnets didn’t pay much attention to this material, until 

Takahashi et al. and Wang et al. proposed to use α''-Fe16N2 nanoparticles to make super 

strong rare-earth-free permanent magnets in 2012.
95,96

 Up to now, making α''-Fe16N2-

based permanent magnet has turned out to be not only a fundamental scientific issue, but 

also a technical challenge, since α''-Fe16N2 is a metastable phase and it is also crucial to 

suppress the formation of domain wall in order to achieve high (BH)max. Therefore, it’s 

highly desirable to make single domain α''-Fe16N2 nanoparticles.
97,98,99

 Then, the 

nanoparticles can be compressed together to form the final nano-structured α''-Fe16N2 

permanent magnet. However, due to the metastability of α''-Fe16N2 phase, it is very hard 
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to directly produce Fe16N2 material through traditional nitrodization and tempering, since 

Fe16N2 could easily decompose into α-Fe and γ'-Fe4N which are more stable.  

Currently, many attempts have been made to synthesize Fe16N2 nanoparticles, mainly 

by reducing iron oxide nanoparticles to get body-centered cubic (bcc) Fe nanoparticles, 

and then nitrodizing and annealing the Fe nanoparticles to get α''-Fe16N2 

nanoparticles.
100,101,102,103

 However, the magnetic properties of the obtained FeN 

nanoparticles were not outstanding due to the inevitable contamination and aggregation 

during the reduction and annealing processes.
102

 In this work, the magnetron-sputtering-

based Gas-Phase Condensation method was used to synthesize α''-Fe16N2 nanoparticles. 

The synthesis was carried out in vacuum environment with a base pressure below 1×10
-7

 

Torr, which could effectively avoid the undesired contamination. The α'-Fe8N 

nanoparticles were directly formed in the as-deposited samples and α''-Fe16N2 

nanoparticles have been successfully obtained by annealing the Fe8N nanoparticles at 

250 ℃ for 48 hours.   

4.2 Fabrication of α´´-Fe16N2 nanoparticles 

In order to make α''-Fe16N2 nanoparticles, basically there are two challenges, one is to 

supply active nitrogen atoms and dope them into iron to get FeN alloy nanoparticles, the 

other is to control the thermodynamic condition for phase formation. Those two 

challenges can be easily resolved by our magnetron-sputtering-based gas phase 

condensation method which has been described in Chapter 2. 
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4.2.1 “Doping” nitrogen atoms into Fe nanoparticles 

The α´´-Fe16N2 phase has a body-centered tetragonal (bct) structure with nitrogen 

atoms orderly located along the c axis. This particular phase can be formed by doping N 

atoms into body-centered cubic (bcc) Fe or by mixing N and Fe atoms together to 

crystallize.
104,105,106

 Both of those two ways need the supply of nitrogen atoms as the raw 

material. But the strong triple bond between the two N atoms in N2 molecule makes it 

hard to obtain the nitrogen atoms. A thermal temperature as high as 4000 K (Kelvin) at 

40 Pa is needed to crack the N2 molecule if thermal dissociation is used.
107

 The third way 

is to thermally decompose ammonia to get N atoms. But the toxicity of NH3 and the 

generation of flammable H2 bring up the safety concern.  

Fortunately, the magnetron-sputtering-based gas-phase condensation method can 

easily solve this challenge by cracking the N2 molecules with energetic electrons and Ar
+
 

ions. The average kinetic energy of electrons and Ar
+
 ions in magnetron sputtering 

plasma has been determined to be Ei=0.733*VDC (eV), where VDC is the DC sputtering 

voltage.
108

 In most of our experiments, the voltage is around 250 V. Therefore, the 

electrons and argon ions have an average kinetic energy of around 183 eV, which is 

equivalent to a thermal temperature of 2.110
6
 K. With such a strong kinetic energy, they 

can easily split the N2 molecule to get N atoms. In our experiment, a mixture gas of argon 

and nitrogen was used as the sputtering gas. Fe targets with 99.99 at% purity were used 

as the sputtering target. During fabrication, N2 molecules were split into active nitrogen 

atoms by high energy argon ions and electrons. At the meantime, the Fe atoms were 
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knocked out of the target by the bombardment of argon ions. As a result, the Fe and N 

mixture atom gas was formed in the proximity of Fe target. The Fe atoms condensed 

together with the N atoms to form iron nitride nanoparticles. This synthesis process 

naturally solves the first challenge of “doping” N atoms into iron. Then being carried by 

the gas flow, the iron nitride nanoparticles will fly from the source chamber to the 

deposition chamber, and deposit on the substrate. Based on this synthesis process, the 

composition of the FeN nanoparticles can be precisely controlled by adjusting the volume 

percentage of N2 in the sputtering gas. In order to find the optimal N2 gas volume ratio, 

FeN nanoparticle samples have been made by systematically increasing the volume ratio 

of nitrogen gas.  Rutherford Backscattering (RBS) analysis was used to determine the 

N:Fe atomic ratio of FeN nanoparticle samples made at different N2 percentage. As 

shown in Fig. 4-2(a), the N peak intensity in RBS curve increases with the nitrogen gas 

volume ratio. Based on RBS curve, the N:Fe atomic ratio can be calculated by equation 

(4.1) below:
109
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(4.1) 

Where IN and IFe represent the integrated area of N peak and Fe peak respectively. The 

nitrogen nucleus enhance coefficient fN is 1.7 and for Fe atoms the nucleus enhance 

coefficient fFe is 1. ZN and ZFe represent the atomic number of nitrogen and iron atoms. 

The calculated N:Fe atomic ratio has been summarized in Fig. 4-2(b). By increasing N2 

percentage from 1% to 10%, the N:Fe atomic ratio continuously increases from 0.129 to 

0.7, which proves the sputtering plasma is very effective in terms of splitting N2 
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molecules. The 8:1 atomic ratio of Fe:N can be achieved by adding 1% nitrogen in the 

sputtering gas. For all FeN nanoparticles samples mentioned in this chapter, without 

special explanation a sputtering gas with 1 vol% N2 has been used to make the 

nanoparticles. 

 

4.2.2 Phase control for synthesizing α´´-Fe16N2 nanoparticles 

Under the correct stoichiometric composition, phase control becomes the next critical 

issue for making α´´-Fe16N2 nanoparticles. Similar as the synthesis of SmCo5 

nanoparticles, the field-controlled plasma heating effect has been used to control the 

phase formation of FeN nanoparticles. The optimal thermodynamic condition that has 

been achieved should match with the requirements from Fe-N alloy phase diagram.
104,105

 

Based on Fe-N alloy phase diagram, at the composition of Fe:N = 8:1, it forms γ phase 

N-austenite at a temperature above 650 ºC. The α´´-Fe16N2 phase only exists at a 

Fig. 4-1 (a) Rutherford Backscattering curves for FeN nanoparticles made by a sputtering gas with 1 vol% 

N2 (black line), 2 vol% N2 (red line) and 10 vol% N2 (blue line); (b) the dependence of N:Fe atomic ratio 

on the volume percentage of N2 in the sputtering gas. 
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temperature below 214 ºC. Between 214 ºC and 650 ºC, the γ phase N-austenite will 

decompose into more stable α-Fe and γ -́Fe4N. Therefore, considering its metastability, 

the α''-Fe16N2 nanoparticle should be synthesized indirectly following the route γ→α'→α'', 

as proposed by Jack in 1994.
105

  As shown in Fig. 4-2, under the sputtering current of 0.6 

A, the iron nitride nanoparticles grow in a high energy condition, preferring to form high 

temperature N-austenite (γ) phase. When the particles fly out of the high energy plasma 

region, they cool down rapidly to form N-martensite (α') phase and deposit on the 

substrate. Then, by post-annealing at 250 ºC for 48 hours, the as-deposited α'-Fe8N 

nanoparticles readily transform to α''-Fe16N2 nanoparticles through the nitrogen ordering 

process. This whole growth process well matches the γ→α'→α'' route for synthesizing 

pure phase α''-Fe16N2 material. In our experiment, the sputtering current and pressure 

have been fixed at 0.6 A and 350 mTorr, respectively. The ex-situ annealing was carried 

out at 250 ºC for 48 hours in a vacuum chamber with a base pressure below 5×10
-8

 Torr.  

 

Fig. 4-2 Illustration of the α´´-Fe16N2 phase formation process following the γ→α´→α´´ route. 
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4.3 Crystal structure characterization of α''-Fe16N2 nanoparticles 

TEM observations have been carried out to determine the morphology and crystal 

structure of the obtained iron nitride nanoparticles. Based on the TEM images of the 

samples before and after post-annealing as shown in Fig. 4-3 (a) and (b), the average size 

of the nanoparticles is 20.4 nm and there is certain extent of aggregation for both samples. 

To prove the formation of α''-Fe16N2 nanoparticles, SAED measurements were carried out 

to detect the obtained phases in our samples. As shown in Fig. 4-3(c), the SAED pattern 

of the as-deposited sample contains α'-Fe8N phase and γ'-Fe4N phase. The existence of 

Fe4N phase implies the cooling rate of the particles was not fast enough and part of the 

sample decomposed into the more stable γ' phase. In this diffraction pattern, the weak 

diffraction ring of iron oxide came from the natural oxidation of Fe after the sample was 

took out the vacuum chamber. By annealing the as-deposited sample, N ordering process 

was initiated to achieve the transformation from N-martensite α'-Fe8N to α''-Fe16N2. As 

shown in Fig. 4-3(d), α''-Fe16N2 (002) characteristic diffraction ring (the finger print for 

α''-Fe16N2) shows up in the SAED pattern of the annealed sample, which implies the 

ordered body-centered tetragonal (bct) Fe16N2 phase was formed during the post-

annealing. The γ'-Fe4N phase formed in the particle growth stage still exists after the 

post-annealing since it is a thermodynamically stable phase. 
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After the post-annealing, the obtained FeN nanoparticle sample contains mixed 

phases, including α''-Fe16N2, γ'-Fe4N and Fe3O4. In order to characterize Ms of α''-Fe16N2, 

it becomes critical to measure its volume percentage in the sample. Due to the tiny 

amount of nanoparticles that we can grow for each sample because of the limitation from 

the system, the SAED pattern was used to calculate the volume ratio of each phase in the 

post-annealed sample.
110

 In the SAED pattern as shown in Fig. 4-4(a), each diffraction 

ring represents a certain phase in the sample. The R as labeled in the figure is the 

reciprocal space vector of the crystal structure, and the diffraction intensity of each 

diffraction ring is proportional to the volume of its corresponding phase. By calculating 

the circulation integral of the diffraction intensity along the R direction and converting 

Fig. 4-3 TEM images and SAED patterns of FeN nanoparticle sample (a) & (c) before, and (b) & 

(d) after post-annealing. 
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the reciprocal space R back to the d-space of the crystal planes accordingly, the SAED 

pattern can be converted to the electron diffraction curve by plotting the integrated 

diffraction intensity versus the d-space as shown in Fig. 4-4(b). Assuming each 

diffraction peak has a Gauss distribution, the diffraction curve can be fitted well (red line 

in Fig. 4-4(b)), and the integrated diffraction intensity of each peak can be obtained based 

on the fitting results.  

 

Table 4.1 summarizes the integrated intensity of the diffraction peaks obtained from 

the fitting results. Here, α''-Fe16N2 (202) diffraction peak, γ'-Fe4N (111) diffraction peak 

and Fe3O4 (311) peak, which are the strongest diffraction peak for each phase, have been 

selected to represent each phase to calculate their volume percentage in the annealed 

sample. Assuming the integrated intensity of the representative diffraction peak of each 

phase is proportional to its volume with a coefficient of 1, the volume percentage of each 

phase can be directly calculated by dividing the intensity of its representative peak over 

Fig. 4-4 (a) SAED pattern of post-annealed FeN nanoparticle sample with R labeled as the reciprocal 

space vector. (b) Electron diffraction curve converted from the SAED pattern on the left, with black 

line as the experimental result and red line as the fitting curve. 
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the total diffraction intensity of all three representative peaks. As summarized in Table 

4.1, the volume percentage of α''-Fe16N2 phase in the post-annealed sample is 35% and its 

mass percentage is 42%. 

Table 4.1 Volume and mass percentage of α''-Fe16N2, γ'-Fe4N and Fe3O4, calculated from the electron 

diffraction curve in Fig. 4-4 (b) 

 α''-Fe16N2 (202) γ'-Fe4N (111) Fe3O4 (311) 

Diffraction 

intensity 2138 709 3240 

Volume percentage 35% 11.6% 53% 

Mass percentage 42% 13.6% 44.4% 

 

4.4 Magnetic property of α''-Fe16N2 nanoparticles 

4.4.1 Specific saturation magnetization of α''-Fe16N2 nanoparticles 

Knowing the volume percentage of α''-Fe16N2 phase in the post-annealed sample, we 

can further calculate the saturation magnetization of the obtained α''-Fe16N2 nanoparticles 

based on the total nanoparticles’ volume of the annealed sample and its saturation 

magnetic moment. Fig. 4-5 compares the hysteresis loops of both the as-deposited sample 

and the post-annealed sample. According to the hysteresis loop of the annealed sample as 

shown in Fig. 4-5 (b), its saturation magnetic moment is 2776 μemu. In order to estimate 

the total volume of the FeN nanoparticles, the sample was treated as a “thin film” 

partially covering the 5 mm*5 mm Si substrate. The area S of this “thin film” was 

calculated by multiplying the area of the substrate and the particle coverage of the sample 
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obtained from its TEM image in Fig. 4-3 (b). The mean diameter of the FeN 

nanoparticles is treated as the film thickness D. Therefore, the total volume 
totalV  of the 

FeN nanoparticle sample can be calculated by: 

totalV S D 
 

(4.2) 

which is 2.6*10
-6

 cm
3
 for the post-annealed FeN nanoparticle sample. Then, if we remove 

the magnetic moment of γ'-Fe4N and Fe3O4 phases by taking into account their volume 

percentage obtained in the previous section, the specific saturation magnetization 

16 2Fe N

sm of α''-Fe16N2 can be calculated by: 

3 4 3 44 4

16 2

16 2 16 2

Fe O Fe OFe N Fe N
Fe N total s s
s Fe N Fe N

M M V M V
m

V 

 



 

(4.3) 

totalM  is the total saturation magnetic moment of the sample; 4Fe N

sM  and 4Fe N
V  are the 

saturation magnetization and volume of Fe4N phase; 3 4Fe O

sM  and 3 4Fe O
V  are the saturation 

magnetization and volume of Fe3O4 phase; 16 2Fe N
V  and 16 2Fe N  are the volume and mass 

density of α''-Fe16N2 phase. Based on our experiment data, the calculated specific 

saturation magnetization of α''-Fe16N2 is 255 emu/g, which is slightly larger than the 

specific ms of Fe8N (251.8 emu/g), but much smaller than the value we expected from α''-

Fe16N2 (319.3 emu/g). The deviation comes from the rough estimation of the particles’ 

total volume totalV . If we take into account the deviation of volume estimation as ±10%, 

the specific saturation magnetization of α''-Fe16N2 is between 217 emu/g and 300 emu/g.  
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4.4.2 Magnetic anisotropy of α''-Fe16N2 nanoparticles 

The hysteresis loops of the as-deposited and post-annealed FeN nanoparticle samples 

also give us some insight into the phase formation in our fabrication process. As shown in 

Fig. 4-5(a), at 5 K the coercivity (Hc) of the as-deposited sample is as high as 1204 Oe 

and the sample saturates at a magnetic field of 5000 Oe, which means the sample 

contains hard magnetic phase nanoparticles. Table 1 compares the calculated coercivities 

of all possible iron nitride phases and α-Fe phase.
26,111,112,113,114

 

Table 4.2 Comparison of the magnetic properties of α-Fe and FeN phases 

 α-Fe α''-Fe16N2 Fe8N Fe3N γ'-Fe4N 

Ku (erg/cc) 4.8*10
5
 2*10

7
 6*10

6
 2*10

5
 2.9*10

5
 

Ms (Tesla) 2.1 2.98 2.35 1.6 1.85 

Hk=2Ku/Ms (Oe) 574 16868 6414 314 394 

 

Only α'-Fe8N or α''-Fe16N2 could generate a coercivity higher than 1000 Oe. Based on 

the SAED pattern as shown in Fig. 4-3(c), the hard phase in the as-deposited sample 

could only come from α'-Fe8N.  After the post-annealing, as shown in Fig. 4-5(b), the 

coercivity at 5 K decreases to 800 Oe, even though α''-Fe16N2 has been formed in the 

annealed sample. That’s because the γ'-Fe4N soft phase was competing with α'-Fe8N 

phase during the annealing process. Some of the hard phase was consumed by the more 

stable Fe4N phase. Consequently, the volume of the hard phases decrease, while the soft 

phase part increases, resulting in a smaller coercivity. Nevertheless, after annealing the 
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sample still has a saturation field of 5000 Oe. This means there are still some hard 

magnetic phases in the annealed sample, which is the α''-Fe16N2 phase.  

 

In order to investigate the magnetic anisotropy of the annealed FeN nanoparticle 

sample, hysteresis loops were measured at different temperatures from 5 K to 300 K, to 

get the temperature dependence of Hc. As shown in Fig. 4-6, for the annealed FeN 

nanoparticle sample the coercivity decreases from 800 Oe at 5 K to 153 Oe at 300 K. 

Taking into account of thermal fluctuation on Hc, the result has been fitted with the 

Sharrock equation (4.4):
115
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(4.4) 

Hc represents coercive field; H0 represents the switching field at 0 K; Ku is the 

magnetic anisotropy constant; V is the average volume of the nanoparticles; kB is 

Boltzman’s constant; tp is the measurement time (~5 sec) and f0 is the thermal attempt 

Fig. 4-5 Hysteresis loops of (a) as-deposited and (b) post-annealed FeN nanoparticle samples, measured 

by SQUID at 5 K. 
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frequency (~10
9
 Hz). The red fitting curve matches well with the experimental result. 

Based on the fitting result, KuV=1.139×10
-12

 erg and H0=793 Oe. The Fe nanoparticles 

has an average size of 20.4 nm based on the TEM image in Fig. 4-3 (b). Assuming the 

FeN nanoparticles have spherical shape, the average volume V of the obtained FeN 

nanoparticles is 4.4×10
-18

 cm
3
. As a result, the effective Ku of the annealed FeN 

nanoparticle sample was found to be 2.56×10
5
 erg/cc, which is much lower than the Ku of 

α''-Fe16N2 (2×10
7
 erg/cc). That’s because the sample also contains Fe4N and Fe3O4 which 

are much softer than α''-Fe16N2. The obtained magnetic anisotropy constant represents the 

effective Ku of the whole sample, which should be lower than the pure α''-Fe16N2. 

 

4.5 Summary 

In this chapter, I discussed my work on synthesizing and characterizing α''-Fe16N2 

nanoparticles.  α'-Fe8N nanoparticles with an average size of 20.4 nm have been directly 

Fig. 4-6 Temperature dependence of the coercivity for the post-annealed FeN nanoparticle sample 

(square data points) with the red fitting curve using Sharrock equation. 
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synthesized by a magnetron-sputtering-based Gas-Phase Condensation method. By post-

annealing at 250 ℃ for 48 hours, the as-deposited α'-Fe8N nanoparticles readily 

transformed into α''-Fe16N2 nanoparticles. This method could easily supply the active 

nitrogen atoms and well follow the ideal γ→α'→α'' route for synthesizing pure phase α''-

Fe16N2 material, which make itself suitable for making α''-Fe16N2 nanoparticles. The post-

annealed FeN nanoparticle sample has 35 vol% α''-Fe16N2, together with 11.6 vol% Fe4N 

and 53 vol% Fe3O4. The specific saturation magnetization of α''-Fe16N2 is between 217 

emu/g and 300 emu/g if ±10% volume variation has been taken into account. The 

magnetic anisotropy energy of the post-annealed FeN nanoparticle sample was found to 

be 2.56×10
5
 erg/cc, lower than the expected value of pure α''-Fe16N2. That is because the 

sample also contains soft phase Fe4N and Fe3O4. Over all, the magnetic properties of 

fabricated FeN nanoparticle sample are not as superior as we expected, mainly due to the 

mixture phases. More detailed works need to be done in future to improve the phase 

purity.  
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5 Novel Body-Centered Tetragonal (BCT) Fe nanoparticles 

 

Up to now, I have discussed the fabrication of SmCo5 nanoparticles aiming at 

synthesizing nanocomposite exchange-spring permanent magnets and explored the 

feasibility of making α''-Fe16N2 nanoparticle aiming at producing nano-structured 

permanent magnets with this new material.
116

 In addition to those two directions, people 

are also seeking conventional materials with unconventional phases to produce stronger 

permanent magnets in the future.
8,66,77,117,118

 Following this direction, a typical example is 

to use BCT-Fe nanoparticles to synthesize the nano-structured permanent magnetic 

material. Based on the first principle calculation, Burkert et al predicted the 

magnetocrystalline anisotropy of body-centered tetragonal Fe and FeCo increases by 

orders of magnitude, while their Ms is still comparable to that of BCC-Fe and BCC-

FeCo.
24,119

 Bct-structured FeCo has been made by epitaxial growth of Fe0.36Co0.64/Pt 

superlattice.
120

 Its Ms and Ku are 1791 emu/cc and 2.1×10
7
 erg/cc respectively, in good 

agreement with theoretical predictions. So far, no high coercivity was ever reported for 

any BCT-Fe and BCT-FeCo samples, which is a basic requirement for the permanent 

magnet application. All the available experimental results were limited in strained thin 

films with multi-domain structure, and the strong demagnetization field concealed their 

magnetocrystalline anisotropy, which hinders the further characterization and 

understanding of those new phases. As a result, BCT-Fe or BCT-FeCo nanoparticles with 

single magnetic domain are highly desirable for both fundamental magnetic material 
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research and technological applications. Due to its metastability, a large strain was 

needed to stabilize this distorted phase and it turns out to be a nontrivial work to make 

BCT phase Fe or FeCo nanoparticles. In this work, body-centered tetragonal (BCT) Fe 

nanoparticles, with a large coercivity of 4742 Oe at 5 K and 1828 Oe at 300 K were 

directly synthesized by our gas-phase-condensation (GPC) method. Its magnetic 

anisotropy constant Ku and saturation magnetization Ms were found to be 5.06×10
6
 

erg/cc and 1635 emu/cc, respectively. 

5.1 Fabrication of BCC and BCT Fe nanoparticles 

Similar as making SmCo5 and α''-Fe16N2 nanoparticles, our home-made magnetron-

sputtering-based GPC nanoparticle deposition system was used to synthesize BCT-Fe 

nanoparticles.
62,121,122

 In order to investigate the growth mechanism and magnetic 

property of BCT-Fe NPs through comparing BCT-Fe NPs with BCC-Fe NPs, BCC-Fe 

nanoparticle sample has also been made by modifying the fabrication conditions. As 

shown in Fig. 5-1, the magnetron sputtering source, mounted with a 2'' disk shape Fe 

target, was installed in the source chamber. An iron ring and core were attached on the Fe 

target surface to utilize the field-controlled plasma heating effect to control the particle 

growth and phase formation.
62

 During the nanoparticle fabrication process, Ar sputtering 

gas was injected in the vicinity of the target to build up a sputtering pressure of 350 

mTorr. Meanwhile, the pressure of the deposition chamber was maintained at 3 mTorr 

under the vacuum pumping. Due to this pressure differential, a gas flow was formed 

flowing from the left to the right. In the source chamber, the Fe atoms, which have been 
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generated by the sputtering process, nucleate to form nuclei. Then the nuclei grow into Fe 

nanoparticles by absorbing more Fe atoms. Finally, having been carried by the Ar gas 

flow, the Fe nanoparticles will fly through the aperture and deposit onto the substrate 

located in the deposition chamber. For making BCC-Fe nanoparticles, the sputtering 

current is 0.6 A and the magnetic field over the erosion track of the target is 700 Gs. 

While for making BCT-Fe nanoparticles, the current was reduced to 0.2 A and the 

magnetic field was increased to 850 Gs. The magnetic field strength has been adjusted by 

changing the thickness of the copper disk placed between the magnetron cathode and Fe 

target. 
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5.2 BCT-Fe phase formation mechanism 

The final phase or crystal structure of the Fe nanoparticles is determined by their 

thermodynamic history, which can be adjusted by the sputtering plasma density, plasma 

space distribution and pressure. Among them, the space distribution of sputtering plasma 

is critical for making bct Fe nanoparticles, which can be tuned by the sputtering current 

and magnetic field. According to the field-controlled plasma heating effect, the 

nanoparticles can obtain energy from the sputtering plasma, by colliding with the 

energetic argon ions and electrons in the plasma. In competing to this, the Ar gas which is 

Fig. 5-1 Schematic diagram of Fe nanoparticle fabrication system, integrated with the illustration for the 

concept of tuning the thermal history for the growth of BCC- and BCT-Fe nanoparticles. At the condition of 

(I1, B1), the plasma region is longer as shown by the dot line boundary. Fe nanoparticles gradually cool 

down from FCC phase, through BCT phase, and eventually to BCC phase. At the condition of (I2, B2), the 

plasma region is shorter as shown by the solid line boundary. Fe nanoparticles rapidly cool down from FCC 

phase and are eventually quenched at BCT phase. (I1>I2, B1<B2). 
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filled in source chamber behaves as an energy drain to cool down the nanoparticles. 

When the particles fly away from the target, the plasma diminishes and the particles 

gradually cool down, accompanying with phase evolution. At the end of the plasma, they 

will quench down dramatically due to missing the energy source, which means the 

boundary of the plasma behaves as the quenching boundary for the phase of the 

nanoparticles. Therefore, the space distribution of the sputtering plasma is critical for 

determining the final phase of the nanoparticles. It can be tuned by the sputtering current 

I and the magnetic field B. As shown in Fig. 5-1, at high current I1 and small magnetic 

field B1, the energetic Ar
+
 and electrons have more energy to diffuse far away from the 

target due to higher cathode accelerating voltage. At the meantime, the plasma is less 

confined by the magnetron magnetic field due to weaker Lorentz force under small 

magnetic field. As a result, the plasma region will be longer. Vise verse, at low current I2 

and large magnetic field B2, the plasma region will be shorter. By changing the current 

and magnetic field, the plasma region will stretch back and forth. Accordingly, the Fe 

nanoparticles can be quenched at certain metastable phase, similar as taking snap shot of 

the phase evolution process of the particles. 

Based on our experimental results, both bct and bcc single domain Fe nanoparticles 

can be made using different combinations of (I, B), which change the space distribution 

of sputtering plasma. According to the low pressure phase diagram of pure iron, it has 

FCC-structured γ-Fe as the high temperature phase and BCC-structured α-Fe as the low 

temperature phase.
123

 Comparing to BCC-Fe, FCC γ-Fe can be treated as a distorted BCC 
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α-Fe by stretching c axis to reach 2c a  . Between them, there is a metastable BCT-Fe 

as the intermediate phase, according to the Bain path.
124

 Based on the previous discussion 

of particle growth mechanism in Chapter 2, in our method the nanoparticles always 

evolve from a high temperature phase to a low temperature phase. In order to get BCT-Fe 

phase, the Fe nanoparticles need to be quenched at the intermediate stage before they 

evolve into the stable BCC phase. 

5.3 Crystal structure of BCC- and BCT-Fe nanoparticles 

 According to the previous discussion, both BCC- and BCT-Fe nanoparticles can be 

formed by controlling the space distribution of sputtering plasma using different 

combinations of (I, B). As shown in Fig. 5-1, under the condition of (I1=0.6 A, B1=700 

Gs), the plasma region is long enough. So the Fe nanoparticles have enough time to 

gradually cool down from a high energy stage to low energy stage. Following the Bain 

path, the Fe nanoparticles form FCC structure at the beginning due to the high energy 

state, then evolve into BCT structure as an intermediate phase, and finally become BCC 

structure. As a result, Body-Centered Cubic (BCC) Fe nanoparticles have been easily 

obtained. Based on the TEM image and electron diffraction pattern as shown in Fig. 5-2 

(a) and (c), the BCC-Fe nanoparticles have an average size of 19 nm and their SAED 

pattern matches well with BCC α-Fe. Fig. 5-2 (e) shows the HRTEM image of a single 

domain BCC-Fe nanoparticle that has been formed. The well-crystallized particle has 

been cut off at (100) crystal planes and forms cubic shape. The enclosure of its [110] 

crystal axes forms a square shape which is a typical feature for bcc structure. Following 



 

 70 

the same trend for the phase evolution of Fe nanoparticles, at smaller sputtering current 

and larger magnetic field (I2=0.2 A, B2=850 Gs), the plasma will be confined in a short 

region as illustrated in Fig. 5-1. As a result, the Fe nanoparticles can be quenched at the 

intermediate stage and single domain BCT-Fe nanoparticles have been formed. The 

SAED pattern of BCT-Fe nanoparticles, as shown in Fig. 5-2 (d), matches well with the 

calculated diffraction pattern of BCT-Fe using a=2.79 Å and c/a=1.1. From the 

diffraction pattern of BCC-Fe to the diffraction pattern of BCT-Fe, each diffraction ring 

tends to split into two rings, since the symmetry of the BCC crystal structure has been 

broken due to the stretching along c axis and the contraction along an axis. The same 

distortion feature has been observed in the HRTEM image as shown in Fig. 5-2 (f). Due 

to the distortion along [001] axis, the enclosure of the [110] axes forms a diamond shape. 

Besides, there are two extra diffraction rings in the SAED patterns of both BCC-Fe and 

BCT-Fe nanoparticle samples. The inner one with the highest d-spacing comes from 

contamination in TEM. The second one with 2.54 Å d-spacing matches the diffraction of 

Fe3O4 (311), which comes from the natural oxidation of Fe nanoparticles when the 

samples were taken out of vacuum chamber after the fabrication. This iron oxide shell 

with a thickness of about 3 nm has also been observed in HRTEM images as shown in 

Fig. 5-2 (e) and (f). 



 

 71 

 

Fig. 5-2 (a) TEM image of BCC-Fe nanoparticle sample with (c) its SAED pattern; (b) TEM image of 

BCT-Fe nanoparticle sample with (d) its SAED pattern; High resolution TEM images of single domain (e) 

BCC-Fe nanoparticle and (f) BCT-Fe nanoparticle, with insets of 2D crystal structure on the bottom right 

corner. 

 

Fe3O4

(311) 

Fe3O4
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5.4 Comparison of magnetic properties between BCC- and BCT-Fe nanoparticles 

The in-plane hysteresis loops of the BCC- and BCT-Fe nanoparticle samples have 

been measured by SQUID both at 5 K and 300 K. The large switching field of BCT-Fe 

nanoparticles (6070 Oe at 5 K) confirms its theoretically predicted high Ku. For bcc Fe 

nanoparticles, as shown in Fig. 5-4 (a), both hysteresis loops measured at 5 K and 300 K 

have a single-step switching, showing the sample has pure bcc Fe phase. Its coercivity is 

1207 Oe at 5 K and 750 Oe at 300 K, relatively larger than the expected value from the 

magnetocrystalline anisotropy of BCC iron.
125

 Considering the nanoparticles form chains 

in the sample, its relatively large coercivity mainly comes from the shape anisotropy 

resulting from the dipole interaction between the Fe nanoparticles within each chain.
126

 In 

contrast to BCC-Fe NPs, as shown in Fig. 5-4 (b), the sample with BCT-Fe nanoparticles 

has much larger coercivities, reaching 4742 Oe at 5 K and 1828 Oe at 300 K. Its 5 K 

hysteresis loop has a two-steps switching implying the sample has both BCC and BCT 

iron nanoparticles. The switching field (named switching field-I) at 6070 Oe results from 

BCT-Fe nanoparticles, while the other one (named switching field-II) at 2539 Oe comes 

from the shape anisotropy of the chains which is in consist of BCC-Fe nanoparticles.  
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In order to prove this, the out-of-plane hysteresis loop of the BCT-Fe nanoparticle 

sample was measured at 5 K. As seen from Fig. 5-4, the switching field-I stays at 5000 

Oe, while the switching field-II decreases to zero. Indeed, this result follows our previous 

explanation that, the switching field-I comes from BCT-Fe nanoparticles and the 

switching field-II originates from the shape anisotropy of Fe nanoparticle chains. For 

switching field-II, the easy axis of the shape anisotropy is along those Fe nanoparticle 

chains which lie in the sample plane.  The out-of-plane direction should be the absolute 

hard axes. As a result, switching field-II goes to zero at the out-of-plane direction. In 

contrast to the switching field II, for the switching field-I, the easy axes of bct Fe 

nanoparticles (along c axis of BCT structure) are randomly distributed, since the bct Fe 

nanoparticles are randomly orientated. So the switching field-I is irrelevant to 

measurement directions. 

Fig. 5-3 Hysteresis loops of (a) BCC-Fe nanoparticle sample and (b) BCT-Fe nanoparticle sample, the 

black curve was measured at 5 K and the red curve was measured at 300 K. 
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The temperature dependence of the switching field of the BCT-Fe nanoparticles 

further proves the BCT-Fe phase has a giant magnetic anisotropy energy Ku of 5.06×10
6
 

erg/cc and a relatively large Ms of 1635 emu/cc. In order to do this, hysteresis loops of 

the BCT-Fe nanoparticle sample were measured at different temperatures from 5 K to 

300 K. Then half of each loop, from the negative saturation to position saturation, was 

taken to do the first order derivation. Based on the curves of the obtained derivative Vs 

magnetic field, as shown in Fig. 5-5(a), the switching field-I and II at different 

temperatures can be located, which are the peaks’ positions of the curves. From 5 K to 

300 K, the positions of both peaks continuously decrease. The peak position representing 

the switching field-I decreases faster than the other one which represents the switching 

field-II. Eventually, those two peaks combine together at 250 K. By fitting those two 

peaks in each curve, the switching field-I and II can be obtained. As summarized in Fig. 

Fig. 5-4 Out-of-plane hysteresis loop of the BCT-Fe nanoparticle sample measured at 5 K. 
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5-5 (b), switching field-I decreases faster than switching field-II. That is because the 

magnetocrystalline anisotropy for the switching field-I has a high order of temperature 

dependence, while the shape anisotropy for the switching field-II has a low order of 

temperature dependence.
127,128

 The temperature dependence curve of the switching field-I 

has been fitted with the Sharrock equation (4.4). The red fitting curve matches well with 

the experimental result, KuV=1.93×10
-12

 erg and H0=6192 Oe. Based on the TEM image 

in Fig. 5-2 (b), the BCT-Fe nanoparticles have spherical shape. Statistical analysis of 

random 100 particles in Fig. 5-2 (b) shows the BCT-Fe nanoparticles have a Gaussian 

distribution with a mean size of 15 nm and a standard deviation of 2 nm. Considering the 

Fe nanoparticls have 3 nm thick iron oxide shell, the average volume V of the spherical 

Fe nanoparticles is 3.81×10
-19

 cm
3
. As a result, the magnetocrystalline anisotropy of 

BCT-Fe nanoparticle was found to be 5.06×10
6
 erg/cc. Furthermore, the saturation 

magnetization of the BCT-Fe phase was found to be 1635 emu/cc (Ms=2Ku/H0), 

comparable to the Ms of BCC-Fe phase at 0 K (1752 emu/cc). 
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5.5 Summary 

In summary, spherical BCT-Fe nanoparticles with a large coercivity have been 

synthesized for the first time. This metastable BCT phase was formed by quenching the 

Fe nanoparticle at the intermediate stage during the process when they evolve from FCC 

phase towards BCC phase. The high uniaxial magnetocrystalline anisotropy of spherical 

bct Fe nanoparticles contributes to its large coercivity, which is 4742 Oe at 5 K and 1828 

Oe at 300 K. By measuring the temperature dependence of the switching field of BCT-Fe 

nanoparticles, the Ku and Ms of BCT-Fe phase were found to be 5.06×10
6
 erg/cc and 

1635 emu/cc, respectively. Those properties make the BCT-Fe a good candidate for 

future permanent magnetic materials, which require both high Ms and high Ku. 

Fig. 5-5 (a) First order derivative curves calculated from the hysteresis loops of bct Fe nanoparticle sample, 

measured at temperatures from 5 K to 300 K; (b) Summarized temperature dependence of switching field I 

(with square symbol) and switching field II (with circle symbol) based on the peak positions of the first 

order derivative curves in (a), with the red fitting curve for switching field I. 
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6 High-yield gas-phase condensation nanoparticle fabrication 

system 

 

With the development of nanotechnology since 1990s, enormous kinds of 

nanoparticles have been made and investigated. Their potential applications expand 

dramatically, including synthesis of nanocomposite permanent magnets, drug delivery, 

MRI contrast agents, magnetic hyperthermia, biomedical transducers, magnetic recording 

media, catalysts, processors, optical waveguide and so on.
22,129,130,131,132,133,134,135,136

 

Having been driven by the demand of those applications, people start to focus on making 

the nanoparticles with good quality and large quantity. Up to now, tens of methods have 

been reported to make diverse nanoparticles.
137,138,139,140

 Every method has its own 

advantages and disadvantages. Generally, the top-down methods is limited by their 

physical limitation: the wavelength of the optical light being used is much larger than the 

small feature we want to make. Inevitably, the importance of bottom-up methods, which 

starts from atom size to micron size, becomes more and more pronounced. Table 6.1 

compares the typical features of different mainstream nanoparticle fabrication methods. 

The lithography method, which trims thin film into nanoparticles, has good control on 

particle size and crystallinity.
5
 But it has low yield and high cost, which greatly limits its 

application in massive nanoparticle production. On the contrary to lithography method, 

the ball milling has high yield and low cost. But it has limited control on particle size and 
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crystallinity.
71,86

 Currently, the chemical wet method is a mainstream method for making 

nanoparticles. It has been commercialized due to its high yield, low cost and good control 

on particle size.
141

 However, it has limited control on the crystallinity, since the 

nanoparticles are made at low energy condition. The other mainstream approach for 

synthesizing nanoparticles is the gas-phase condensation (GPC) method.  But the 

traditional GPC method is bad in every aspect, wide size distribution, no control on 

particle crystallinity, low yield and high cost. Nevertheless, as discussed in Chapter 2, 

based on the deep understanding of the particle growth mechanism in this method, our 

group has developed the novel GPC system use the plasma heating effect to improve 

particle crystallinity. Besides, this new method also has good control on particle size and 

phases. The only disadvantage of this novel GPC technique is its low yield and high cost 

which greatly limits its application in a lot of areas. 

Tracing back the history of the GPC method, we found people in this area 

continuously improve this method in order to make good quality nanoparticles. In the 

1970s, Granqvist and Buhrman first introduced the gas-phase condensation method to 

make ultrafine metal particles.
40

 This first edition GPC system used thermal evaporation 

source and particles were formed in static inert gas environment. So it has no control on 

particle size and crystallinity. Later on, Sattler et al introduced the differential pumping to 

the second generation GPC system. A skimmer was used to filter the nanoparticles to 

narrow down the size distribution.
41

 In 1992, Haberland et al changed the evaporation 

source to a sputtering cathode which makes the GPC method more versatile for making 
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nanoparticles of different materials.
42

 At the early stage, both Sattler and Haberland only 

focused on the size of the clusters, and they tried to get narrow size distribution by 

skimmer filtering, only after the clusters finished growth. In 1998, Yamamuro et al first 

pointed out the key for making monodispersed nanoparticles is to separate the nucleation 

and growth process both in time and space domain.
34,59

 Thereafter, people started to make 

uniform nanoparticles by controlling particles’ size distribution during the nucleation and 

growth stage. At the mean time, phase control of the GPC method became critical, since 

more and more applications require the nanoparticles form certain phase. It was until 

2005, that our group discovered the field-controlled plasma heating effect which can be 

utilized to control particles’ phase and crystallinity. Up to now, the only issue left is its 

low yield and high cost. And it is the job of this chapter to improve particle yield using a 

hollow cathode sputtering system. The synthesis of FeCo nanoparticles has been used to 

demonstrate this new technique. In the first section, I will describe the working principles 

of this hollow cathode nanoparticle fabrication system. Then the key parameters for 

making massive good quality nanoparticles by this new technique will be discussed in the 

following sections. 
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Table 6.1 Comparison of typical features of mainstream nanoparticle fabrication  methods 

 Size 

Uniformity 

Control on 

Crystallinity 
Yield Cost 

Lithography Method good good low high 

Ball Milling bad bad high low 

Chemical Wet Method good bad high low 

Traditional GPC Method bad bad low high 

Novel GPC with Plasma 

Heating Effect 
good good low high 

 

6.1 Hollow cathode nanoparticle fabrication system 

Thanks to the pioneers’ creative works, the magnetron-sputtering-based gas-phase 

condensation method has become a mainstream method for nanoparticle synthesis. As we 

have discussed in previous chapters, adopting the magnetron sputtering in this 

nanoparticle synthesis method has two major advantages. One is the easy separation of 

nucleation and growth which is critical for making monodispersed nanoparticles. From 

nucleation to growth, the nanoparticles naturally fly away from the magnetron sputtering 

source both in time and space domain. Therefore, nucleation and growth take place in 

different locations. The other advantage of this technique is the field-controlled plasma 

heating effect. The sputtering plasma which has been confined by the magnetic field is 

capable of supplying extra thermal energy to crystallize the nanoparticles. The plasma 

heating effect gives this technique the ability to control particles’ phase and crystallinity. 
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If we go deep into the fundamental mechanism of this particle synthesis method, the 

magnetron is the source of those two advantages. As shown in Fig. 6-1, the magnetic 

field confines the plasma in a small erosion trench region, which is only 5% of the whole 

target area assuming a 2´́ planar target has been used. So the sputtering mainly takes 

place at this small area and most of the nanoparticles have been formed from the 

sputtered atoms knocked out from this region. Therefore, the particles will have identical 

growth conditions and growth time. And the final nanoparticles tend to have good 

uniformity. In addition to this, since the plasma has been confined in this small region, 

the plasma density of this region is much higher than regular process, especially after we 

added the iron core and iron ring pieces. The plasma heating effect can surpass the 

cooling effect from the low energy sputtering gas and supply the extra energy to 

crystallize the nanoparticles. Unfortunately, the magnetic field is also the root cause for 

the disadvantages of this technique, i.e. low particle yield and low target utilization. As 

the sputtering has been confined in the small erosion trench region by the magnetic field, 

the yield of sputtered atoms is low and so it is for the yield of the nanoparticles. At the 

meantime, the target utilization of the planar target system is also low, since only a small 

portion of the target material (at the erosion trench region) has been knocked out to 

generate the nanoparticles. Consequently, in order to improve particle yield and target 

utilization, we must separate the magnetic field from the sputtering process. 
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Among all other sputtering techniques, the hollow cathode sputtering, which has 

usually been used for thin film deposition, turns out to be an excellent solution to this 

critical issue in nanoparticle fabrication. It’s a self-sustained sputtering method, which 

does not require the magnetic field to maintain the sputtering process. As shown in Fig. 

6-2, typically a tube target is used as the hollow cathode. During the sputtering process, 

the sputtering gas is injected from backside of the target and it flows through the tube 

target. After applying a high negative voltage on the target, there will be electrons 

emitted from the target. At the initial stage, the electrons are accelerated by the electric 

field inside the target. The electrical potential energy converts to the kinetic energy of the 

electrons. Then, the electrons ionize the Ar atoms through colliding with them to generate 

more electrons and Ar
+
 ions. Having been accelerated by the electric field, those 

energetic electrons and Ar
+
 ions continue to ionize more Ar atoms. Eventually, the Ar gas 

inside the tube target will be ionized and stable sputtering plasma can be formed inside 

the target. The plasma contains a negative glow region in the tube center and a dark 

Fig. 6-1 Schematic diagram for the cross-section of a planar target magnetron sputtering source. 



 

 83 

sheath region near the inner surface of the tube target. When the positive Ar
+
 ions diffuse 

into the dark sheath region, they will be accelerated by the electrical field and bombard 

on the inner surface of the target. This bombardment process uniformly knocks out the 

atoms of the target material and generates the secondary electrons to maintain the 

sputtering process. After sputtering, the sputtered atoms will be blown out of the target by 

the Ar sputtering gas to grow into nanoparticles. The electrons are driven back and forth 

inside the tube target, since the whole target has high negative voltage. Whenever the 

electrons move towards the target inner surface, they will be repelled back into the center. 

As a result, the electrons are physically confined inside the tube target and the sputtering 

process is maintained without adding the magnetic field. As we can see from the whole 

process, without the magnetic field, the plasma uniformly distributes inside the target, 

and so does the sputtering process. Therefore, the target will be uniformly bombarded 

and almost 90% of the target material can be used to form nanoparticles. Besides this, 

assuming the plasma density is constant, the particle yield is proportional to the area of 

sputtering surface. Since the sputtering surface of the tube target is much larger than the 

planar target, the particle yield of the hollow cathode sputtering system will be much 

higher that the planar target system. More importantly, the particle yield of the hollow 

cathode system can be easily increased by using larger size tube targets or by integrating 

multiple tube targets together to produce massive nanoparticles. 
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Based on the hollow cathode sputtering mechanism, a hollow cathode nanoparticle 

fabrication system has been built up to demonstrate its capability of massive nanoparticle 

production. As shown in Fig. 6-3(a), the hollow cathode system contains a source 

chamber on the left and a deposition chamber on the right, which are separated by a plate 

with a small orifice. The sputtering source is located in the source chamber and the 

substrate for collecting particles is placed in the deposition chamber. In order to maintain 

the chamber at low temperature, cooling water with a temperature of 9 ºC is circulated 

inside the double layer wall of the source chamber. During particle fabrication process, 

the sputtering gas Ar is injected from the back side of the tube target and the vacuum 

pumping is applied at the right end of the deposition chamber. Due to the separation of 

the orifice plate, a pressure differential is built up between the source chamber and the 

deposition chamber, and a gas flow is formed flowing from the source chamber to the 

Fig. 6-2 Schematic diagram for the cross-section of a self-sustained hollow cathode sputtering source. 
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deposition chamber. Therefore, the Ar sputtering gas flows through the tube target and 

then carries the nanoparticles through the orifice. Eventually, the nanoparticles land on 

the substrate in the deposition chamber. The design details of the tube target source are 

shown in Fig. 6-3 (b). The target has a tube shape with an inner diameter of 5 mm and an 

outer diameter of 20 mm, and its length is 40 mm. The tube target is inserted into a 

copper cooling jacket which has a cylinder shape. In order to cool down the target during 

sputtering process, it is important to ensure good thermal contact between the target and 

the cooling jacket.  

Besides the requirement on the cooling efficiency of the cooling jacket, the inner 

diameter of the tube target is also critical in our system design. According to the 

experiment results which will be discussed in the following sections, we must avoid 

nucleation inside the tube target in order to make monodispersed nanoparticles. To 

achieve this, the “temperature” in the tube target needs to be high enough to ensure the 

inner environment doesn’t meet the supersaturation condition required for nucleation. 

Basically, we can increase plasma density inside the target to achieve high “temperature”. 

There are two ways to increase plasma density. One is to increase the sputtering current 

which is proportional to the plasma density. But it is limited by the cooling efficiency. If 

the current is too high, the cooling jacket couldn’t cool down the target and the sputtering 

becomes unstable. The other way is to reduce the inner diameter of the target to 

physically confine the plasma in a small space. However, the inner diameter cannot be 

too small to maintain the sputtering process. For the sputtering conditions used in this 
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system, the dark sheath near the inner surface of the target is about 2~3 mm thick. So the 

inner diameter of the tube target must be larger than twice of the dark sheath thickness. 

Otherwise, the dark sheath surrounding target inner surface cannot have a full electric 

potential drop and the Ar
+
 ions cannot be fully accelerated by the electrical field. As a 

result, the bombardment of Ar
+
 ions cannot generate enough secondary electrons to 

sustain the plasma. Considering all those factors, the starting inner diameter of the target 

has been chosen as 5 mm. As the sputtering goes, it will increase to 20 mm.  

As we have discussed before, the hollow cathode sputtering doesn’t need magnetic 

field to sustain the plasma. But during the particle growth process, the designed system 

needs magnetic field to supply extra plasma to crystallize the nanoparticles by using the 

plasma heating effect. Therefore, in our design one pair of permanent magnets has been 

attached to the front of the target. Once the electrons escape the tube target, they will be 

trapped by the magnetic flux generated by the magnets. Then the electrons will ionize the 

Ar gas to generate the extra plasma at the vicinity of the outlet of the tube target. When 

the nanoparticles fly through this extra plasma region, they can gain energy from the 

plasma to crystallize. 
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Fig. 6-3 (a) The schematic diagram of high-yield hollow cathode nanoparticle fabrication system and (b) the 

detailed design for the hollow cathode sputtering source. 

(a) 

(b) 

Source Chamber Deposition 

Chamber 



 

 88 

6.2 Critical requirements for fabricating nanoparticles by the hollow cathode 

sputtering system 

Based on the previous experience with the planar target magnetron sputtering system, 

there are two golden rules for making high quality nanoparticles, one is to separate the 

nucleation and growth to ensure uniformity, and the other is to use the plasma heating 

effect to crystallize the nanoparticles. When we switch to hollow cathode sputtering 

system, those two golden rules are still valid. But the nanoparticle fabrication conditions 

need to be changed accordingly, since the sputtering mechanism is completely different 

between the magnetron sputtering and the self-sustained hollow cathode sputtering. Some 

new critical rules which evolve from the golden rules can be applied to the new system. 

In this section, I will discuss those new rules that need to be complied with in order to 

make large quantity of good quality nanoparticle by this hollow cathode nanoparticle 

fabrication system. 

6.2.1 Thermalization of the sputtered atoms 

As a special rule for the hollow cathode sputtering system, the sputtered atoms need to 

be thermalized and carried out of the cathode in order to generate the nanoparticles and 

maximize particle yield. Unlike the planar target magnetron sputtering system in which 

the sputtering atoms naturally fly away from the target, the hollow cathode system traps 

the sputtered atoms inside the target.  With the initial kinetic energy (usually 20 eV per 

atom) that has been gained from the bombardment, the sputtered atoms drift towards the 

opposite side of the tube target’s inner wall and could redeposit on the target. As a result, 
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no sputtered atoms can escape the target and no nanoparticles could be formed. To avoid 

this kind of situation and maximize the particle yield, the sputtered atoms need to be 

thermalized and carried out of the tube target by the Ar gas flow. During this 

thermalization process, the kinetic energy of the sputtered atoms dissipates into the Ar 

gas through the collisions between the energetic sputtered atoms and the low energy Ar 

atoms. When the sputtered atoms lose sufficient kinetic energy, they will be brought out 

of the tube target by the Ar gas flow.  

The thermalization process is determined by the product of the sputtering gas pressure 

and the length of the trajectory that the atoms fly through. At higher pressure, the Ar 

atom density is higher and the sputtered atoms have more chance to collide with Ar 

atoms. Similarly, the longer the atom travels, the more collision incidents will happen and 

more kinetic energy of the atom will be taken away. Here, we assume the sputtered atoms 

are fully thermalized when 90% of their kinetic energy dissipates into the Ar sputtering 

gas. The product PD0.1 is used to characterize the thermallization process, where P is the 

Ar gas pressure and D0.1 is the atoms’ travel distance when 90% of their kinetic energy 

has been lost. Based on Somekh’s calculation results, under our sputtering conditions, the 

parameter PD0.1 is 2175 mTorr·mm, which means the requirement for thermalizing the 

sputtered atoms in our system is 2175PD   mTorr·mm.
142

 As shown in Fig. 6-4, in our 

system a sputtered atom can travel in a range from 0 mm to 5 mm. So, the average 

distance that an atom can travel is 2.5 mm. Then the sputtering gas pressure must be 

larger than 870 mTorr in order to thermalize the majority of the sputtered atoms.  



 

 90 

 

In order to find the threshold pressure that can ensure the complete thermalization of 

the sputtered atoms and maximize the yield (the deposition rate) of nanoparticles, the 

sputtering pressure in the source chamber has been continuously increased from 500 

mTorr to 1000 mTorr, to make the FeCo nanoparticle samples. At the meantime, the 

sputtering current and the deposition time are kept at 0.6 A and 2 minutes respectively. 

Based on the TEM images of those samples as shown in Fig. 6-5, the amount of the FeCo 

nanoparticles continuously increases when the pressure increases from 500 mTorr to 800 

mTorr. At 500 mTorr, a small amount of FeCo nanoparticles have been formed, since 

only part of the sputtered atoms manage to escape the tube target, i.e. the atoms that 

travel in the range from 4.35 mm to 5 mm, which make them satisfy the condition 

2175PD   mTorr·mm. From 500 mTorr to 800 mTorr, more and more sputtered atoms 

can be carried out of the target by the Ar gas flow. As a result, the atom density of the 

sputtered atom gas increases and the nucleation rate is higher. After the nucleation, the 

sputtered atoms have been depleted and there are not enough atoms available for particle 

Fig. 6-4 The front view of the tube target showing the distance that a sputtered atom can travel inside the 

target. 
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growth. Consequently, the amount of the nanoparticles increases, while particle size 

doesn’t change. From 800 mTorr to 1000 mTorr, the amount of the nanoparticles 

decreases, while the average size of the nanoparticles increases. The nanoparticles can 

grow bigger by absorbing the available atoms that have been left after the nucleation 

process. 
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Fig. 6-5 TEM images of FeCo nanoparticle samples made at (a) 500 mTorr, (b) 600 mTorr, (c) 700 mTorr, 

(d) 800 mTorr, (e) 900 mTorr and (f) 1000 mTorr, using a sputtering current of 0.6 A and having been 

deposited for 2 minutes. 

(a) (b) 

(c) (d) 

(e) (f) 
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The pressure dependence of nanoparticle yield for the hollow cathode system has been 

summarized in Fig. 6-6, in order to find out the saturation point of particle yield, i.e. the 

threshold pressure for completely thermalizing the sputtered atoms. The particle yield has 

been calculated based on the particle coverage of the TEM images, following the same 

procedure described in Section 4.4 for calculating FeN nanoparticles’ volume. Then, the 

total volume of the obtained nanoparticles in the each sample can be transferred into the 

mass by multiplying the mass density of Fe30Co70 (
30 70

38.59 /Fe Co g cm  ). Following the 

dotted guide line, we can see, from 500 mTorr to 800 mTorr, the particle yield increases 

with the sputtering pressure. After 800 mTorr, the particle yield saturates and the 

deposition rate fluctuates around some peak value between 800 mTorr and 900 mTorr. 

This means the threshold pressure for thermalizaiton is between 800 mTorr and 900 

mTorr, which coincides with the theoretical prediction of 870 mTorr. After the threshold 

pressure, the particle yield saturates, since almost all the sputtered atoms has been 

thermalized and carried out of the tube target to form the nanoparticles. In summary, for 

the hollow cathode system, the sputtering pressure need be larger than 870 mTorr in 

order to maximize the nanoparticle yield. 
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6.2.2 Control of nucleation process 

Complying with the golden rule of separating the nucleation and growth in order to 

generate uniform nanoparticles, the nucleation must take place outside the tube target of 

the hollow cathode nanoparticle deposition system. If the nucleation happens inside the 

tube target, the nucleation cannot be separated from the growth process. After the 

nucleation takes place, the sputtering process continuously supplies atoms to compensate 

the depletion of atoms resulting from the nucleation. As a result, the nucleation 

continuously happens along the tube target. The nuclei that have been formed at different 

locations along the tube target will have different growth time. Therefore, the final 

nanoparticles will have wide size distribution. On the contrary, if the nucleation only 

happens outside the tube target, it will stop shortly due to the consumption of sputtered 

Fig. 6-6 The pressure dependence of FeCo nanoparticle deposition rate (square symbol), under a sputtering 

current of 0.6 A; the dotted guide line shows the trend of deposition rate versus sputtering pressure. 
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atoms by the nucleation process. Consequently, in order to make uniform nanopartciles, 

the nucleation should take place outside the tube target. This will depend on where the 

supersaturation condition is satisfied. In this section, I will calculate the actual density of 

sputtered atoms inside the tube target, based on the simulation result of gas flow velocity. 

Meanwhile, the saturation atom density is estimated based on the nominal temperature of 

the sputtering gas in the plasma environment. By comparing the actual atom density with 

the saturation atom density, I will discuss where the nucleation will take place and how to 

control the nucleation process.  

6.2.2.1 Gas flow in the source chamber of the hollow cathode system 

As being discussed in section 6.1, a gas flow is formed during the sputtering process, 

flying through the hollow cathode and then flying from the source chamber to the 

deposition chamber. It mainly has three functions, maintaining the sputtering process, 

cooling down the sputtered atoms to achieve the supersaturation condition, carrying away 

the sputtered atoms and the nanoparticles that have been generated. So, the gas flow, 

especially the part inside the source chamber is critical for particle formation in the 

hollow cathode system. In order to investigate the nucleation in the hollow cathode 

system, the pressure and gas flow velocity in the source chamber have been simulated 

using the software COMSOL 3.3. In the 2D simulation model as shown in Fig. 6-7, the 

Ar sputtering gas is injected from the left end of the tube target and the pressure at the 

orifice is set to zero. In experiment, the sputtering pressure is measured inside the 

chamber, but outside the hollow cathode. So, in the modeling the gas injection has been 
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adjusted to match the experiment condition of the sputtering pressure in the source 

chamber. Based on the simulation result under the sputtering pressure of 900 mTorr as a 

typical case, a large differential pressure has been built up inside the hollow cathode. As 

a result, the sputtering gas flows through the hollow cathode at a high speed. When it 

comes out of the cathode, it expands and then converges at the orifice. Generally, high 

pressure was built up inside the hollow cathode, while the pressure outside the cathode is 

quite consistent with variation around 5 Pa. 

 

In the simulation, the sputtering gas pressure has been increased from 600 mTorr to 

1200 mTorr to investigate its effect on the pressure distribution and gas flow velocity. 

Fig. 6-7 The 2D simulation model used for simulating the gas flow in the source chamber by COMSOL 3.3, 

showing the pressure and gas flow velocity distribution under the sputtering pressure of 900 mTorr (the 

color bar shows the scale of pressure and the arrows show the velocity field). 

 

Target 

Target 

Aperture Ar injection 
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The simulation result shows the argon gas pressure inside the tube target (at the position 

of 0~4 cm) continuously decreases, as seen from the Fig. 6-8 (a). Outside this range, the 

sputtering pressure keeps consistent. At the same position, higher sputtering pressure 

condition builds up higher pressure. Besides, inside the cathode, the slope of the pressure 

curve at higher sputtering pressure condition is larger than the low sputtering pressure 

condition, which means its gas flow will be faster than the low sputtering pressure 

condition. This feature is more obvious in the gas velocity curves as shown in Fig. 6-8 

(b). The gas flow velocity is constant inside the hollow cathode, except at the two ends of 

the cathode. So, inside the cathode, the gas velocity can be treated as a constant. Outside 

the cathode, the gas flow velocity continuously drops and stabilizes in the range from 0.3 

m/s to 0.6 m/s. At higher sputtering pressure condition, the gas flow velocity is generally 

higher than that of the lower sputtering pressure condition, especially inside the hollow 

cathode, due to the larger differential pressure. 
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Fig. 6-8 The simulation results of (a) the gas pressure distribution and (b) the gas flow velocity distribution 

along the center line of the tube target, under the sputtering pressure of 600 mTorr (blue curve), 900 mTorr 

(green curve) and 1200 mTorr (red curve). 
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6.2.2.2 Actual density of sputtered atoms 

Based on the gas flow velocity distribution obtained from the previous gas flow 

simulation, the actual density of the sputtered atoms can be calculated using the one-

dimensional continuity equation (6.1): 
143

 

     2

2

, , ,n x t n x t n x t
D v g

t x x

  
  

    

(6.1) 

Considering a cylindrical space along the long axis of the tube target with unit cross-

section area, the term on the left represents the density of sputtered atoms  ,n x t  

depending on time t  and the position x  along the center axis of the target. On the right 

hand side of equation (6.1), the three terms include all the three factors that affect the 

density of sputtered atoms. The first team represents the diffusion of the atoms from high 

density side to low density side (D is the diffusivity of Fe & Co atoms in Ar gas). The 

second term comes from the drift of the atoms following the Ar gas flow ( v is gas flow 

velocity of the argon gas). The third term g  which is a constant represents the generation 

of sputtered atoms from the sputtering process. When the sputtering is stable, the system 

can be treated as an equilibrium system. So the atom density doesn’t change with time 

(  , 0n x t t   ). Equation (6.1) can be re-written as below: 
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(6.2) 

By solving equation (6.2) under the boundary condition of  0 0n x   , the density of 

sputtered atoms can be expressed as: 
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1 1
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g
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(6.3) 

In this equation, the diffusivity D is 0.0624 m
2
/s, calculated from the Chapman-

Enskog theory.
144

 The velocity v is obtained from previous gas flow simulation. 

Considering the sputtering current is constant at 0.9 A, the generation rate g of sputtered 

atoms is 
24 3 14.655 10 m s  . Assuming all the atoms can be carried out of the target, the 

amount of sputtered atoms that come out of the target per unit area and unit time is a 

constant, which is   23 2 10.04 1.862 10nv x m s    . By applying this as another 

boundary condition, the constant K1 in the general solution (6.3) of the second order 

differential equation (6.2) can be calculated. Eventually, the density distribution of the 

sputtered atoms inside the tube target can be solved and the results are summarized in 

Table 6.2.  

Table 6.2 The values of K1 and ν in the solutions of the sputtered atom density distribution under different 

sputtering pressures 

 600 mTorr 900 mTorr 1200 mTorr 

k1 (m
-3

) 3.32*10
19

 5.85*10
18

 1.25*10
18

 

ν (m/s) 4.9 7 9 

 

Based on the calculation results, the actual density of sputtered atoms has been plotted 

out versus the position along the tube target (the origin is the left end of the tube target). 

As shown in Fig. 6-9, the atom density increase with position x which is the distance to 

the left end of the target. That is because more and more sputtered atoms converge into 
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the sputtering gas flow. In addition to this, at higher sputtering pressure, the atom density 

is lower than that of the lower sputtering pressure condition, since at the higher pressure 

the gas flow velocity is also higher. Nevertheless, the sputtering pressure doesn't have 

significant effect on the atom density. 

 

6.2.2.3 Nucleation process of the hollow cathode system 

In order to find where the nucleation happens, we need to compare the distribution of 

the actual density of sputtered atoms obtained in previous section, with the distribution of 

the saturation atom density which is corresponding to the temperature of the sputtered 

atom gas. As being discussed in section 6.1, the sputtered atoms need to be thermalized in 

the tube target. So, the temperature of the sputtered atom gas is equal to the temperature 

Fig. 6-9 The actual density distribution of the sputtered atoms along the center axis of the tube target, 

calculated under the sputtering pressure of 600 mTorr (with circle symbol), 900 mTorr (with square 

symbol), 1200 mTorr (with triangle symbol), assuming a constant current of 0.9 A has been used. 
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of the Ar gas. Considering the small inner space of the tube target which is full of 

sputtering plasma during the sputtering process, the effective temperature of the Ar 

sputtering gas inside the tube target is directly related to its pressure. According to the 

pressure distribution of the sputtering gas obtained from the gas flow simulation in 

section 6.2.2.1, the distribution  of the effective temperature inside the tube target can be 

estimated based on the relationship between the effective temperature and the gas 

pressure for ionized gas.
145,146

 With the effective temperature, the saturation density of 

the sputtered atoms can be obtained. Fig. 6-10 compares the actual density of sputtered 

atoms with the estimated saturation density, under the sputtering pressure of 600 mTorr, 

900 mTorr and 1200 mTorr respectively. At 600 mTorr the density of sputtered atoms 

continuously increase from the left side of the target (x=0) to the outlet of the target on 

the right (x=4 cm). At the meantime, the saturation atom density continuously decreases 

due to the decrease of sputtering gas pressure. Eventually, the curve of saturation density 

crosses with the curve of the actual atom density at x=3.7 cm, which means the 

supersaturation condition has been satisfied and the nucleation happens inside the target 

starting at x=3.7 cm. To move further, when the sputtering pressure increases to 900 

mTorr, the saturation density is higher than the situation at 600 mTorr due to the higher 

effective temperature, while the actual atom density is still on the same order. Therefore, 

the nucleation is pushed out of the target to x=4.2 cm. When we further increases the 

sputtering pressure to 1200 mTorr, the saturation density is even higher and there is no 

crossing point in the calculated range, which means the nucleation absolutely happens 
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outside the tube target. Based on this result, the sputtering pressure of 900 mTorr is a 

threshold point where the nucleation just happens outside the target. Below this threshold 

point, the nucleation takes place inside the target. While beyond this point, the nucleation 

starts outside the target. Consequently, in order to make monodispersed nanoparticles, the 

sputtering pressure must be equal or larger than 900 mTorr.  
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Fig. 6-10 Comparison of the actual density of sputtered atoms (black curve with square symbols) with the 

saturation atom density (red curve with diamond symbols), along the center axis of the tube target, at the 

sputtering pressure of (a) 600 mTorr, (b) 900 mTorr and (c) 1200 mTorr. 
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In our experiment, the sputtering pressure has been continuously increased from 600 

mTorr to 1000 mTorr to check the uniformity of the obtained FeCo nanoparticles, while 

keeping the sputtering current at 0.9 A. When the pressure is below the threshold point of 

900 mTorr, at 600 mTorr and 800 mTorr, the nanoparticles show a wide size distribution 

of 59% (Fig. 6-11 (a) & (c)) and 46% (Fig. 6-11 (b) & (d)) respectively. As shown from 

Fig. 6-11 (c) and (d), the distribution follows the log-normal distribution with a long tail 

on the high side, which implies the nucleation doesn’t happen simultaneously and 

secondary growth may happen. At 900 mTorr as shown in Fig. 6-11 (e) and (g), the size 

of the nanoparticles follows the Gaussian distribution, implying the nucleation takes 

place simultaneously outside the tube target. Here, the size distribution is quite large at 

29%. That is because at this critical point any fluctuation in the gas flow will result in the 

fluctuation in the particle size. When the sputtering pressure has been further increased to 

1000 mTorr, the nucleation completely starts outside the tube target according the 

analysis in the previous discussion. As a result, the nanoparticles have a very narrow size 

distribution at 17% and the distribution follows the Gaussian distribution. So, the 

experimental results confirm that in order to make uniform nanoparticles the sputtering 

pressure must be equal or larger than 900 mTorr. 
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Fig. 6-11 TEM images and size distribution of FeCo nanoparticles made at (a) & (c) 600 mTorr, (b) & (d) 

800 mTorr, (e) & (g) 900 mTorr and (f) & (h) 1000 mTorr, with a sputtering current of 0.9 A. 
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Following the previous analysis on the nucleation, higher sputtering pressure can push 

the nucleation outside the tube target. Then beyond 900 mTorr, how does the sputtering 

pressure affect the nucleation process outside the tube target? Under this scenario, it has 

been found that at higher pressure the nucleation moves closer to the target. Generally, 

the situation becomes much more complicated when the nucleation happens outside the 

target. Because the gas velocity is not constant, the continuity equation is invalid outside 

the target. And the previous estimation of the atom saturation density is inaccurate 

neither, since outside the target the space is not full of plasma. We can only analytically 

estimate the situation.  After the gas flow came out of the tube target, it expanded 

according to the gas flow simulation result in Fig. 6-7, resulting in the decrease of the 

sputtered atom density as shown by the blue curve in Fig. 6-12. At different sputtering 

pressures, the actual atom density distributions outside the target are quite similar, since 

the total amount of sputtered atoms is the same at the same sputtering current, the gas 

expansion patterns are similar and the gas velocities are very close. At the meantime, the 

saturation concentration of the sputtered atom also decreased due to the diminishing of 

the plasma density, as shown by the red curves in Fig. 6-12. Generally, it decreases faster 

than the sputtered atom density. So, when the sputtered atom density surpasses the 

saturation atom density, the supersaturation condition is satisfied and the nucleation 

starts. Furthermore, at higher pressure condition, the effective temperature of the 

sputtered atoms decreases faster, since the cooling effect from the Ar gas is stronger. This 

brings the nucleation close to the outlet of the target as shown by the dash red curve in 
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Fig. 6-12. In sum, with the increasing of sputtering pressure, the starting position of the 

nucleation is pushed away from the target when the pressure is below 900 mTorr. Beyond 

900 mTorr, the nucleation will be brought close to the target at extremely high pressure. 

Nevertheless, the conclusion that the nucleation happens outside the hollow cathode at a 

sputtering pressure larger than 900 mTorr, is still valid and has been approved by our 

experimental data. 

 

6.2.3 Supplying the extra plasma for nanoparticle crystallization 

The advantage of the hollow cathode nanoparticle fabrication system is the ability to 

separate the magnetic field from the sputtering process, which can improve the particle 

Fig. 6-12 The illustration of the distribution of the sputtered atoms density out of the tube target(blue solid 

curve), in comparison with the distribution of the saturation density both at a low sputtering pressure (red 

solid curve) and a high pressure (red dash curve).  
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yield and the target utilization. But the field-control plasma heating effect is still 

necessary for making nanoparticles with good crystallinity, according to the particle 

growth mechanism in the planar target sputtering system. It has been found that the extra 

plasma for crystallizing the nanoparticles can be supplied by adding a pair of permanent 

magnets near the front of the tube target with their N pole facing N pole. Fig. 6-13 shows 

the hollow cathode layout with a 3 mm thick iron ring attached on the target surface and a 

pair of magnets has been fixed on the anode plate. Between the iron ring and the anode 

plate, there is a Teflon insulating plate. The iron ring has two functions, one is to attract 

the magnetic flux of the magnets, and the other is to guide the gas flow and avoid 

possible gas flow turbulence near the outlet of the target. Due to the N-to-N magnet 

layout, half of the magnetic flux coming out of the magnets will be attracted by the iron 

ring towards the tube target. During the sputtering, the electrons that have been repelled 

by the high negative electrical potential will eventually escape the target. After the 

electrons eject from the target, they will be confined the magnetic flux to do gyration 

motion, which greatly increase their path length before they eventually escape onto the 

anode. As a result, the collisional ionization efficiency has been greatly improved and an 

extra plasma can be generated near the outlet of the tube target. 
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The magnetic simulation has been carried out by the software COMSOL 3.3 to find 

out the magnetic field distribution under this magnetic field design. Based on the 

simulation result as shown in Fig. 6-14, the maximum magnetic field along x direction is 

located at the center of the iron ring near the target outlet. So the majority of the electrons 

are trapped in this region and the extra plasma is mainly located in this region. When the 

nanoparticles are formed in the proximity of the outlet of the target, they will not cool 

down dramatically like the case without adding the magnetic field. Extra plasma in the 

iron ring region will continue to supply extra energy to the nanoparticle to make them 

crystallize. 

Fig. 6-13 The schematic diagram of the hollow cathode layout with the iron ring and the magnets. 
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By supplying the extra plasma in the hollow cathode system, the phase and 

crystallinity of the nanoparticles can be controlled due to the plasma heating effect. Fig. 

6-15 shows the thermodynamic path for the nanoparticles that have been grown by the 

hollow cathode with the layout as shown in Fig. 6-13. After the sputtered atoms come out 

of the tube target, they will start to nucleate and grow into nanoparticles. At the same 

time, the plasma heating effect competes with the cooling effect of the sputtering gas. 

Due to the diminishing of the plasma density, the nanoparticle will gradually cool down. 

Nevertheless, by adding the magnetic field and the iron ring, the plasma outside the target 

will be enhanced. With the energy obtained from the extra plasma, the nanoparticles can 

slowly cool down both in time and space domain. As a result, they will have enough time 

and energy to crystallize, and the crysatllinity of the nanoparticles can be improved. On 

Fig. 6-14 The simulation result of the magnetic field distribution for the hollow cathode with the iron ring 

and the N-to-N magnet layout, simulated by COMSOL 3.3. 
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the contrary, without adding the magnetic field, the nanoparticles will grow up in a low 

energy condition and will not have enough energy to crystallize. So, the crystallinity of 

the nanoparticles made without the extra plasma will be poor. More importantly, the 

hollow cathode system with the magnetic field is more flexible in terms of controlling 

particles’ phase and crystallinity. By changing the strength of the magnetic field, the 

density of the extra plasma can be increased or decreased. Besides, by changing the 

separation between the magnets and the target, the region of the extra plasma can be 

stretched back and forth. This means the density and space distribution of the extra 

plasma can be manipulated freely by the magnetic field. Depending on the 

thermodynamic requirement from the phase diagram, we can always achieve the desired 

phase by modifying our magnetic field design to reach that specific thermodynamic 

condition. 

 

Fig. 6-15 The thermodynamic path of the nanoparticles growing in the hollow cathode system by supplying 

the extra plasma. 
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Our experimental results confirm that the extra plasma can enhance the crystallinity of 

the nanoparticles made by the hollow cathode nanoparticle deposition system. We fix the 

sputtering current at 0.9 A and the sputtering pressure at 900 mTorr. The FeCo 

nanoparticles fabricated without adding the magnets and the iron ring, have spherical 

shape, as shown in Fig. 6-16 (b) and (d). Typically, based on our group’s previous work, 

the well-crystallized FeCo nanoparticles had cubic shape and the spherical shape FeCo 

particle were under-crystallized due to fast quenching condition.
147

 This means the 

spherical FeCo nanoparticles made without adding the magnetic field have been 

quenched down too fast and don’t have enough energy to crystallize. The SAED pattern 

of this sample in Fig. 6-16 (f), which contains weak diffraction rings, also confirms its 

poor crystallinity. In comparison to this, the sample made by adding the magnets and the 

iron ring, has better crystallinity. Its SAED pattern in Fig. 6-16 (e) shows sharp BCC-

FeCo phase diffraction rings and its TEM image in Fig. 6-16 (a) clearly shows some 

well-crystallized cubic shape FeCo nanoparticles have been formed in this sample. 

According to the HRTEM image as shown in Fig. 6-16 (c), the nanoparticles had clear 

lattice fringe which matches with the crystal structure of BCC-FeCo. Nevertheless, they 

were half on the way of evolving into the cubic structure, which means the crystallization 

process of those nanoparticles hasn’t been completed yet. That is because the gas velocity 

is too fast. Even though, the extra plasma could effectively supply the energy to the 

nanoparticles and greatly improve their crystallinity. The nanoparticles don’t have 

enough time to crystallize. In sum, by supplying the extra plasma during particle growth 
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process, the nanoparticles’ crystallinity can be effectively improved. More works need to 

be done to further improve the crystallinity by reducing the gas flow velocity outside the 

tube target. 
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Fig. 6-16 The TEM images, HRTEM images and SAED patterns of the FeCo nanoparticle samples 

fabricated ((a), (c), (e)) with the magnetic field, and ((b), (d), (f)) without the magnetic field, under a 

sputtering pressure of 900 mTorr and a sputtering current of 0.9 A 
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6.3 Comparison between the planar cathode system and the hollow cathode 

system 

The initiative to build up the hollow cathode nanoparticle deposition system is to 

improve the particle yield, i.e. the nanoparticle deposition rate. After the optimization of 

the fabrication conditions in the previous sections, uniform nanoparticles can be 

fabricated using a sputtering gas pressure equal or larger than 900 mTorr, and good 

crystallinity can be achieved by adding the magnetic field to generate extra plasma near 

the target to “heat” the nanoparticles. Most importantly, the particle yield can be 

maximized by thermalizing the sputtered atoms at a sputtering pressure larger than 870 

mTorr. Except the sputtering pressure, the sputtering current is another important factor 

affecting the nanoparticle yield. The sputtering current is proportional to the flux of Ar
+
 

ions which bombard the tube target to generate the sputtering atoms. So the sputtering 

current is directly proportional to the atom sputtering rate which determines the particle 

yield. In order to further maximize particle yield, the sputtering current has been 

increased to 0.9 A (limited by our sputtering power supply and the cooling system). Fig. 

6-17 shows the nanoparticle yield at different pressures from 600 mTorr to 1200 mTorr, 

using the maximum current of 0.9 A. At 1000 mTorr, the nanoparticle yield reached as 

high as 0.35 mg/hr which is over four times the particle yield of the planar target system 

(0.081 mg/hr). Furthermore, for the hollow cathode system, the tube target can be 

uniformly sputtered and the target utilization is almost 90%. While for the planar target 

system, the target usage is below 5%. This means the nanoparticle yield and target 
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utilization have been successfully improved by the hollow cathode nanoparticle 

deposition system. In addition to the high yield and high utilization of target materials, 

the hollow cathode system is more compatible with industrial production, since the 

particle yield can be greatly improved by integrating multiple tube targets together or 

using tube sources with multiple inner surfaces. 

 

6.4 Summary 

In this work, a hollow cathode nanoparticle deposition system has been built up to 

improve the nanoparticle yield of the gas phase condensation method. Based on the 

fabrication of Fe70Co30 nanoparticles, we successfully demonstrated the high yield of the 

Fig. 6-17 The dependence of the nanoparticle deposition rate on the sputtering gas pressure for the hollow 

cathode nanoparticle deposition system, under a sputtering current of 0.9 A.  
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hollow cathode system achieving as high as 0.35 mg/hr, which is over four times the 

nanoparticle yield of the planar target system. Besides, the tube target utilization is about 

90%, while the planar target system only has 5% target utilization.  

In addition to the nanoparticle yield, detailed analysis and experiment has been carried 

out to optimize the nanoparticle fabrication condition, in order to make high quality 

nanoparticle by this novel hollow cathode nanoparticle fabrication system. It has been 

found that there are generally three fundamental requirements for making monodispersed 

nanoparticles with good crystallinity. Firstly, the sputtering pressure needs to be higher 

than 870 mTorr (depending on the inner diameter of the tube target) to thermalize the 

sputtered atoms, so as to maximize the particle yield. Secondly, the nucleation position 

needs to be pushed out of the tube target at high pressure in order to separate the 

nucleation and growth of the nanoparticles, so as to improve particle uniformity. Thirdly, 

extra plasma needs to be provided near the target where the nanoparticles grow up, in 

order to crystallize the nanoparticles during their growth process. The extra plasma can 

be formed by adding a pair of magnets with N-to-N layout together with an iron ring 

attaching to the target surface. 

Based on our experimental results, this innovative technique effectively improved the 

nanoparticle yield of the GPC method and can further expand the application of GPC 

method both in industrial production and fundamental research. In our future work, the 

external magnetic field needs to be further optimized and the gas flow outside the tube 

target needs to be slowed down, in order to make the nanoparticles fully crystallized. 
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Besides, the particle yield can be greatly increased by integrating multiple tube targets 

together or by using multi-surface tube targets.  
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7 Conclusion and Outlook 

7.1 Conclusion 

In this thesis, we studied the synthesis of hard magnetic nanoparticles (SmCo5, α''-

Fe16N2 and bct Fe nanoparticles) by the gas-phase condensation method, and discussed 

their potential application in making nano-structured permanent magnets. A hollow 

cathode nanoparticle deposition system has been developed to improve the particle yield 

of the gas-phase condensation method. 

By optimizing the fabrication conditions, SmCo5, α''-Fe16N2 and bct Fe nanoparticles 

have been successfully synthesized by our nagnetron-sputtering-based gas-phase 

condensation method. Based on the study of synthesizing SmCo5 nanoparticles, we found 

that well-crystallized SmCo5 nanoparticles with large size can be formed at a high 

sputtering current condition, through a three-stage growth process including aggregation, 

coalescence and second crystallization. The well-crystallized SmCo5 nanoparticles tend 

to form a hexagonal disk shape, which will facilitate the alignment of their easy axes 

during the fabrication of anisotropic nanocomposite permanent magnets. Besides, the 

feasibility of using this GPC method to make α''-Fe16N2 nanoparticles has also been 

systematically studied. By post-annealing at 250 ℃ for 48 hours, the as-deposited α'-Fe8N 

nanoparticles readily transformed into α''-Fe16N2 nanoparticles. This method could easily 

supply the active nitrogen atoms and well follow the ideal γ→α'→α'' route for 

synthesizing pure phase α''-Fe16N2 material, which make itself suitable for making α''-
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Fe16N2 nanoparticles. Furthermore, we discovered this magnetron-sputtering-based 

nanoparticle deposition method was also capable of making single domain hard magnetic 

BCT-Fe nanoparticles. By using high magnetic field and low sputtering current, this 

metastable BCT phase can be formed by quenching the Fe nanoparticles at the 

intermediate stage during the process when they evolve from FCC phase towards BCC 

phase. In the end of each section, we investigated the magnetic property of those SmCo5, 

α''-Fe16N2 and bct Fe nanoparticles, and discussed the feasibility of using those 

nanoparticles to synthesize future nano-structured permanent magnetic materials. 

In addition to the synthesis of hard magnetic nanoparticles, we developed a novel 

hollow cathode nanoparticle deposition system to further improve the gas-phase 

condensation method and expand its application in both industry and scientific research. 

It has been demonstrated that by using this hollow-cathode-sputtering-based nanoparticle 

deposition system, the particle yield is over four times the particle yield of the planar 

target magnetron sputtering system and the target utilization is over 90%. Based on the 

detailed study of this novel nanoparticle fabrication method, we found that there are 

generally three fundament requirements for making uniform nanoparticles with good 

crystallinity by this method, including thermalizaiton of the sputtered atoms, nucleation 

outside the hollow cathode and supplying extra plasma to crystallize the nanoparticles. 

In summary, based on the achievements and the discoveries we have made, the 

synthesis of hard magnetic SmCo5, α''-Fe16N2 and bct Fe nanoparticles opens more ways 

to fabricate the nano-structured permanent magnetic materials. The development of 
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hollow cathode nanoparticle deposition system further improves the GPC method for 

massive nanoparticle production which would expand the application of this method in 

both industry and scientific research. 

7.2 Outlook 

Despite those achievements, there are still some challenges that need to be solved. 

More efforts are needed to make pure phase nanoparticles. In terms of making 

nanocomposite permanent magnets which contain both soft and hard magnetic phases, we 

are only half on the way. We need to find a suitable soft magnetic material which will 

have strong exchange coupling with the SmCo5 nanoparticles. By combining the soft 

phase with SmCo5 nanoparticles, we can produce this strong nanocomposite exchange-

spring magnet. For making α''-Fe16N2-based or bct-Fe-based nano-structured permanent 

magnets, we don’t need to find a soft magnetic phase, since the materials themselves 

have both high saturation magnetization and high magnetic anisotropy. However, the 

nanoparticles need to be magnetically separated in order to prevent the formation of 

magnetic domain wall and maximize the magnetic energy product. Perhaps, a very thin 

layer of oxide shell can fulfill the job. But we need more studies to explore the feasibility. 

For the development of hollow cathode nanoparticle deposition system, more efforts 

are needed to further improve the particle yield to satisfy the requirement of industry 

production. As a potential solution, we can simply integrate more tube targets together, or 

make huge size tube targets, or use multi-surface tube sources to achieve ultrahigh yield. 

But still we need to build a system to testify those ideas. Besides, the system needs to be 
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optimized in order to further improve the crystallinity of the nanoparticles, by reducing 

gas flow velocity and by further optimizing the magnetic field. 
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