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Abstract 

It has been debated for decades whether ”-Fe16N2 has a giant saturation magnetization, 

which couldn’t be predicted by the traditional band magnetic theory. Because of a lot of 

previous inconsistent research results in the past 40 years, ”-Fe16N2 has been regarded 

as a debatable mystery material in magnetic research community. 

 

Recently, Wang’s group has successfully rationalized a partially localized 3d electron 

model based on the first principles calculation and predicted the existence of the giant 

saturation magnetization in ”-Fe16N2. Furthermore, we have synthesized FeN thin films 

with partially ordered ”-Fe16N2 phase on GaAs substrate with Fe as the underlayer. Our 

repeatable experimental results proved the existence of giant saturation magnetization of 

partially ordered ”-Fe16N2 phase. However, there has been a critical question on this 

topic for any experimentalist to answer, which has actually bothered magnetic researchers 

for almost four decades. Why did most experimental research groups not succeed to 

report the giant saturation magnetization value even with their fabricated FeN films with 

observed ”-Fe16N2 phase? 

 

This critical question has been answered in this MS thesis work. The effect of the initial 

strain on the phase transformation between Fe8N and Fe16N2, which is caused by the 

lattice mismatch between the FeN layer and its growth template, was investigated. A 

model was proposed, based on the Johnson-Mehl-Avrami equation, to describe the phase 
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transformation process between Fe8N and Fe16N2 phases. Aging effect of the partially 

ordered Fe16N2 phase, e.g. degradation of giant magnetization behavior vs. time, was 

analyzed semi-quantitatively. Based on this proposed model, we have successfully 

rationalized the inconsistency of the fabricated ”-Fe16N2 films by different research 

groups using different growth technologies. 

 

An integrated facing-target sputtering system has been set up during my MSEE thesis 

work, which has three pairs of facing targets and ultra high vacuum capability. 
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Chapter 1 

Introduction 
 
 
In modern magnetic recording industry, the materials with high saturation magnetization 

are demanded and playing more and more important roles. By now, several kinds of high 

saturation magnetization materials, such as Permendurs (FeCo alloys), Hiperco-50 (2% 

V-FeCo, ordered) and amorphous FeCoB, have been made with saturation 

magnetizations (Ms) ~ 2 T [1]. Among them, the well known highest saturation material 

Fe65Co35 alloy can reach the highest Ms as 2.45 T. It is also well known that several iron 

nitrides are magnetic phases, such as α-FeN, ε-Fe2−3N (hcp), γ′-Fe4N (fcc) [2, 3, 4]. α”-

Fe16N2 was reported to possess a giant saturation magnetization value that is much 

greater than that of Permendurs but most of magnetic research group couldn’t repeat this 

result and traditional magnetism theory didn’t support this claim too [5]. 

 

Jack first found the existence of α”-Fe16N2 phase in the 1951. He reported this iron nitride 

phase as a metastable phase that was formed from a rapid quenching process from γ′-Fe-

N austenite [6]. And in the work of Usikov and Khachaturyan [7], the α”-Fe16N2 phase 

was reported as an intermediate phase and could not exist stably for a long time. Kim and 

Takahashi reported to observe a giant saturation magnetization as high as 2.58 T on thin 

film α”-Fe16N2 phase material that was deposited on glass substrate through a thermal 

evaporation synthetic process in 1972 [8]. Nakajima et. al. and Russak et. al. both 
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reported a series of research results on this material [9, 10, 11], especially Sugita et. al., in 

the 1990s, reported that the single crystal α”-Fe16N2 samples grown epitaxially on GaAs 

or In doped GaAs substrates by molecule beam evaporation (MBE) could achieve as high 

as 3.23 T saturation magnetization [12, 13, 14, 15, 16, 17]. Because of its giant saturation 

magnetization value, this iron nitride phase immediately has attracted a great deal of 

attentions in the world. 

 

However, many follow-up investigation from independent research groups couldn’t 

achieve the same giant saturation magnetization value as reported by Sugita et. al., based 

on either powder, bulk or thin film material that contains partially ordered α”-Fe16N2 

phase. Only saturation magnetizations less than 2.0 T or about 2.0 T were obtained [18, 

19, 20, 21, 22], some others obtained greater saturation magnetization on thin film 

materials through specially designed thin film deposition processes [23, 24, 25, 26, 27, 

28, 29], but still far from the result reported by Sugita et al. Even worse, most of these 

results seem inconsistent. Since then, α”-Fe16N2 has been regarded as a mystery material 

in magnetic research community [30]. At the annual conference on Magnetism and 

Magnetic Materials in 1996, a special symposium was held on the topic Fe16N2, on which 

both theoreticians and experimentalists presented their work. The papers were published 

in J. Appl. Phys. 79 (1996). No decisive conclusion was drawn on whether it has giant 

saturation magnetization. Especially, there is no existing theory to rationalize the 

existence of the giant saturation magnetization. Since then, this research topic has been 

dropped by most of magnetic researchers. 
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Recently, Wang’s group at the University of Minnesota successfully synthesized α”-

Fe16N2 thin film material on GaAs substrate by post-annealing Fe8N phase that was 

deposited by a magnetron DC facing-target sputtering technology [31, 32]. Our material 

growth processes are highly reproducible, and also the thin film component is verified to 

be consistent through different material characterization technologies. Furthermore, 

Wang’s group has successfully rationalized a partially localized 3d electron model based 

on the first principles calculation and predicted the existence of the giant saturation 

magnetization in α”-Fe16N2. 

 

However, there has been a critical question on this topic for any experimentalist to 

answer, which has actually bothered magnetic researchers for almost four decades. Why 

did most experimental research groups not succeed to report the giant saturation 

magnetization value even with their fabrication FeN films with observed α”-Fe16N2 

phase? 

 

This critical question has been answered in this MS thesis work. The effect of the initial 

strain on the phase transformation between Fe8N and Fe16N2, which is caused by the 

lattice mismatch between the FeN layer and its growth template, was investigated. A 

model was proposed, based on the Johnson-Mehl-Avrami equation, to describe the phase 

transformation process between Fe8N to Fe16N2 phases. Aging effect of the partially 

ordered Fe16N2 phase, e.g. degradation of giant magnetization behavior vs. time, was 
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analyzed semi-quantitatively. Based on this proposed model, we have successfully 

rationalized the inconsistency of the fabricated ”-Fe16N2 films by different research 

groups using different growth technologies. 

 

In this thesis, the details of crystalline structure of α”-Fe16N2 is described in Chapter 2, 

and the Johnson-Mehl-Avrami equation, which is used to quantify ordering-disordering 

phase transformation behavior is also introduced in the same chapter. Chapter 3 

introduces the magnetron DC facing-target sputtering systems (FTS) that include an 

existing single-pair facing-targets and a three-pair facing-target system (set up through 

my thesis work) in our lab, which are used to prepare thin film Fe-N samples. The 

deposition and characterization of Fe-N samples with partially ordered α”-Fe16N2 phase is 

introduced in Chapter 4. A model is proposed to address the inconsistency of the 

fabricated ”-Fe16N2 films by different research groups using different growth 

technologies. In the last chapter, some conclusions based on our results are made and 

some future research directions are suggested. 
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Chapter 2 

Background 

2.1 Crystalline Structure of ’-Fe8N and ”-Fe16N2 Phases 

Figure 2.1 shows the Fe-N phase diagram from ASM handbook [33]. In the phase 

diagram, the existence of α”-Fe16N2 phase is circled out through the material growth 

method of Jack [6].  

              

        Figure 2.1. The metastable α”-Fe16N2 phase is circled out in the Fe-N phase diagram. 

 

From the previous reports, as shown in Figure 2.2, both α’-Fe8N and α”-Fe16N2 have 

body-centered-tetragonal (bct) structures. The difference is that α’-Fe8N is a chemically 

disordered phase with randomly located nitrogen atoms, but α”-Fe16N2 phase is an 
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ordered one, in which nitrogen atoms are located in the a regular position. The lattice 

parameters for α”-Fe16N2 phase are a = 5.72 A
0

 and c = 6.29 A
0

, respectively, from Jack’s 

measurement, where a is almost twice the lattice parameter of iron (2.87 A
0

). These values 

are slightly variable depending on different Fe-N material growth conditions and also the 

Fe-N thin film thickness. For the sample by Tanaka et. al., these values were reported as 

a = 5.72 A
0

 and c = 6.31 A
0

 [34], and Okamoto et. al reported that a varied between 5.70 

and 5.71 A
0

, and c varied between 6.30 and 6.31 A
0

. These parameters have larger variants 

for α’-Fe8N phase. In the same report of Okamoto et. al., a was found to vary from 5.66 A
0

 

to 5.70 A
0

 and c from 5.97 A
0

 to 6.28 A
0

 with different nitrogen concentration during Fe-N 

thin film growth.  

 

 

Figure 2.2. The single crystal structure of α”-Fe16N2 is the body-centered-tetragonal, with lattice 

parameters a = 5.72 A
0

 and c = 6.29 A
0

 [6]. 
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Considering about the ordered α”-Fe16N2 phase, at each nitrogen atom position, the atoms 

of Fe around the N form an octahedral cluster, which is shown in Figure 2.3. There are 

three iron sites. Fe8h atoms and Fe4e atoms are inside the octahedral cluster and Fe4d 

ones are outside the cluster. 

 

                            

Figure 2.3. In each octahedral cluster that constructed by the atoms of Fe around the N, Fe8h and 

Fe4e atoms are inside the octahedral cluster and Fe4d ones are outside the cluster. 

 

Typically the prepared FeN samples with α”-Fe16N2 phase have other iron nitrides 

coexisting. In order to distinguish α”-Fe16N2 phase from other iron nitride, different 

material characterization techniques could be applied. X-ray diffraction (XRD) is the 

most common technique to characterize the existence of α”-Fe16N2 phase in the iron 

nitrides. For the XRD patterns of Fe-N thin film as shown in Figure 2.4 [17], the (002) 

peaks is a fingerprint peak for α”-Fe16N2 phase. And the integration ratio of X-ray 

diffraction intensity peaks can be also used to calculate the ordering parameter of nitride 
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atoms as below [35]: 

                                       O. P. I"(002) /I["(004)'(002)].                                                   (1) 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. The (002) group of intensity peaks are unique for α”-Fe16N2 phase that indicate the 

existence of this phase and the integration ratio of intensity peaks can be also used to calculate the 

ordering parameter of nitride atoms.  

 

X-ray Photoelectron Spectroscopy (XPS) is usually used to measure the Fe and N 

component percentages in the iron nitrides and therefore verify the Fe-N thin film 

thickness, which includes α’-Fe8N and α”-Fe16N2 phase [27]. But XPS has difficulty in 

distinguishing α′-Fe8N and α”-Fe16N2 phase, because they have the same Fe/N ratio. 
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2.2 Magnetic Properties of ”-Fe16N2 Phase 

Sugita et. al. reported the saturation magnetization values of FeN thin film samples with 

pure α’-Fe8N phase, pure α”-Fe16N2 phase and α’-Fe8N with partial α”-Fe16N2 phase by 

Vibrating Sample Magnetometer (VSM) [15]. It was found that the saturation 

magnetization for α’-Fe8N martensite film is 2.4 T, and for pure α”-Fe16N2 phase sample, 

that increases obviously to 2.9 T. This value is much larger than that of Permendurs, 

which is 2.45 T. Even for the sample with partial α”-Fe16N2 phase, which was 

characterized by XRD, the saturation magnetization value can reach 2.7 T, which is still 

larger than the value of Permendurs. In the other reported work, the saturation 

magnetization value of α”-Fe16N2 phase sample reached as high as 3.23 T [16]. 

 

M o ssbauer spectra is another useful technology to characterize magnetic materials. But 

it needs to notice that there are different conclusions of using M o ssbauer spectra to 

characterize α”-Fe16N2 phase. Sugita et. al. showed that the M o ssbauer spectra of Fe16N2 

phase were very similar to that of pure Fe, which seemed contradictory because the 

magnetic moment of Fe16N2 phase should be much different with that of pure Fe [15], 

while Borsa and Boerma’s research showed the pattern of Fe16N2 phase and pure Fe were 

different and distinguishable [36]. Also, Borsa and Boerma claimed that the M o ssbauer 

spectra couldn’t be used to distinguish the α”-Fe16N2 phase and α′-Fe8N phase, but 

Brewer et. al. showed the M o ssbauer spectra pattern of pure Fe8N phase was different 

from with the combination of Fe16N2 and Fe8N phase [37]. So far, whether M o ssbauer 

spectra can be used to verify the existence of α”-Fe16N2 phase is still doubtful. 
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2.3 Thermal Stability of ”-Fe16N2 Phase 

The thermal stability of α”-Fe16N2 is very important for practical applications. Sugita et. 

al. reported that this phase is thermally stable with temperature lower than 300 ◦C [13]. 

But Jiang et. al. believed that at 200 ◦C, the α”-Fe16N2 phase began to decompose to α-Fe 

and γ′-Fe4N phases, until 300 ◦C, the decomposing process was completed [38]. The 

change of the saturation magnetization with temperature is another method to estimate 

the thermal stability of α”-Fe16N2 material. Takahashi and Shoji compared the saturation 

magnetization change with temperature reported by Kim and Takahashi [8], Sugita et al 

[13] to their own [30]. From the comparison, it was found that the thin film samples with 

partial α”-Fe16N2 phase that were prepared by Kim and Takahashi was decomposed at 

300 ◦C, and the decomposing process finished at 400 ◦C. When the sample was cooled 

back, α”-Fe16N2 phase started to reform at 250 ◦C, until 150 ◦C, the reformation process 

finished. The α”-Fe16N2 phase was only reformed partially. For the result of Takahashi 

and Shoji, it can be seen that the α”-Fe16N2 phase in their samples was decomposed at 

about 200 ◦C, which agrees with the result of Jiang et. al. And it was transformed to the 

other phase above 250 ◦C. After the cooling process, the α”-Fe16N2 phase decomposition 

is irreversible, which is totally different from the result of Kim and Takahashi. For the 

result of Sugita et. al., the α”-Fe16N2 phase was thermally stable up to 400 ◦C. This result 

is different from all other reports. Differential scanning calorimetry (DSC) is commonly 

used to analysis the thermal stability. Tanaka et. al. used DSC to analyze the thermal 

stability of the α”-Fe16N2 phase [34]. It was found that there was a stage at about 150 ◦C 

in the DSC pattern of a 0.1 mm thick as-quenched iron plate containing 1.5 mass% N, 
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which indicated the α”-Fe16N2 phase was precipitated from the decomposition of 

martensite α′ phase iron nitride. But by now, there is no research of DSC measurement on 

single phase α”-Fe16N2 samples because DSC measurement usually needs much thicker 

sample than 1000 A
0

, which can’t be achieved by current research works. 

 

The α”-Fe16N2 phase spontaneously aging process under different temperature conditions 

also belongs to phase thermal stability topic. And it is very important for material 

industrial application because it is related with material long-term reliability. Because the 

α’-Fe8N to α”-Fe16N2 phase transformation is a reversible transformation, after the 

partially Fe16N2 phase in Fe8N is formed by annealing, a part of it will transform back to 

Fe8N phase spontaneously. The aging process will depend not only on the ordering 

parameter of the α’-Fe8N+α”-Fe16N2 sample, but also on the environment temperature 

and other issues. In order to satisfy the industrial application requirement, α”-Fe16N2 

phase has to be relatively stable under different working temperatures for a long time, 

which means the α”-Fe16N2 phase spontaneously aging process needs to be controlled. By 

now, there is no reported work in this topic, and in this MS thesis, it will be discussed 

first time.  

 

  

2.4 Review of High Magnetic Moment ”-Fe16N2 - Theoretical 

Research 

For the theoretical analysis and simulation on magnetic moment of α”-Fe16N2 phase, 
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similar to most iron nitrides phases, the magnetism in iron nitrides is generally considered 

to be based on itinerant ferromagnetism. When the N atom is located in the voids of the 

iron octahedral clusters as shown in Figure 2.3, to form interstitial compounds, the Fe3d 

down spin electrons redistribute themselves on different Fe sites because of p-d 

hybridization between N and its nearest 6 Fe neighbors [39]. But this will fail to predict 

magnetic moment as high as the reported experimental results [40, 41]. In order to 

explain the giant magnetic moment mechanism, more models are proposed. 

 

Lai et. al. assumed that there existed a strong correlation effect on all Fe sites in α”-

Fe16N2 system and obtained the magnetic moment much closer to the high moment 

experimental data [42]. However, other researchers couldn’t commonly agree that the 

material system can maintain the properties that gave the high on-site Coulomb U values, 

so it is hard to guide the future experimental research. Also, Sakuma proposed a high 

moment charge transfer model [43], which inferred the existence of empty N orbitals near 

the Fermi level that served as charge hopping sites. This new model can predict a high 

spin configuration of Fe and also explain the long-range ferromagnetic order through an 

effective ”double exchange” process in the context of highly localized spin interacting 

configuration. But from the experimental research results, there is no obvious evidence 

showing that there is much more negatively charged, relative to other iron nitrides. So, 

there is still some doubting on this model. Recently, Wang’s group discovered the 

localized 3d electron states by X-ray magnetic circular dichroism (XMCD) technology 

[44, 31]. This for the first time experimentally shows that α”-Fe16N2 phase has a dual 
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electron configuration. We believed that neither itinerant nor localized magnetism alone 

can satisfyingly describe the magnetism in α”-Fe16N2 phase, and there seems to appear a 

considerable charge density difference inside and outside the Fe-N octahedral clusters 

shown in the Figure 2.3 due to the N atom reduced symmetry in the α”-Fe16N2 phase in 

the octahedral cluster. Using the Local Spin Density Approximation with on-site 

Coulomb (U) correction (LDA+U) calculation that illustrates the necessary features of 

the proposed physical configuration, a giant saturation magnetization simulation result, 

which is very close to the experimental results, was obtained. 

 

 

2.5 Review of ”-Fe16N2 - Material Growth Methods 

Iron nitride films that are thinner than 1000 A
0

 and contain different percentages single 

crystal α”-Fe16N2 phase and nano-particle materials are the main research materials in the 

giant saturation magnetization α”-Fe16N2 phase research field. In the review of Metzger 

et. al. [45], they addressed to believe that epitaxial films of α”-Fe16N2 material can be 

prepared as pure phase, even with some doubts. But the powder of α”-Fe16N2 material 

could not yet be prepared as pure phase. Research shows the saturation magnetization 

magnitude of the samples contained α”-Fe16N2 phase does not depend on the thickness of 

the sample, which means the giant saturation magnetization should come from the bulk 

material magnetic property of α”-Fe16N2 phase, and has no relation with the thin film 

magnetic property [15]. This implies the thick sample that contains more α”-Fe16N2 phase 

will not enhance the saturation magnetization of it [46, 47], but only takes more time and 
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cost. These are the main reasons that most current α”-Fe16N2 research works are focusing 

on thin film samples instead of powder or bulk ones. 

 

The most common α”-Fe16N2 thin film crystal growth technologies include thermal or 

molecule beam evaporation [8, 12, 13, 15, 16, 17], DC magnetron sputtering with 

nitrogen or ammonia gas atmosphere annealing [48, 31, 32]. And for nano-particle 

growth, nitriding of Fe3O4, Fe2O3, Fe92B8 or Fe91B8Cu1 nano-particle in NH3 or NH3+H2 

gas atmosphere is the main technology [49, 50, 28, 29, 51]. 

 

For each crystal growth method, the experimental conditions, such as crystal growth 

temperature control, substrate material, material impurity, nitrogen gas partial pressure 

and vacuum pressure, even radio-frequency field in RF sputtering and deposit speed, may 

influence the crystal structure, magnetic property, even existence of α”-Fe16N2 phase in 

the iron nitride crystal. This makes uniform single crystal α”-Fe16N2 material extremely 

hard to grow, and also may be the main reason that none of the material growth process 

from current reported results is easily repeated and the material properties from different 

research works are inconsistent. 

 

For the α”-Fe16N2 deposition substrate selections, several different material are chosen. 

Kim and Takahashi deposited pure Fe thin film on the glass substrate, and then grew α”-

Fe16N2 on top of Fe layer [8]. This is one of the most common choices for later research 

[9, 11, 52]. GaAs or InGaAs is another common choice as substrate material. First, Fe or 
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Ag layer is deposited on GaAs or InGaAs substrate, then the Fe-N film containing α”-

Fe16N2 phase grows on top of that [12, 13, 14, 15, 38, 16, 35, 53, 25, 26, 27, 31, 32]. 

Some other research select MgO as the substrate material because they worry about high 

mobility of In and As atoms may cause the diffusion problem in the interface between 

substrate and Fe-N layers [10, 54, 55, 56, 57, 58, 23, 59, 36]. As a common substrate 

material, Si is also selected by some research [21, 37, 60, 61]. And there are also some 

other substrate choices, such as, NaCl and Al2O3 [24, 22], but they are not commonly 

used. Here, it needs to mention that the substrate material crystalline orientation may be 

different in different research even the same material is selected. 

 

Inoue et. al. first researched the enhancement of α”-Fe16N2 phase by Co additions [57]. It 

was found that the Fe-10 at.% Co alloy enhanced the formation amount α”-Fe16N2 three 

times than pure iron, and at the same time increased the formation temperature for 50 ◦C. 

Takahashi et. al. further researched not only the Co but also H additions on the α”-Fe16N2 

phase formation [47]. It was found that the stable phase formation of α”-(Fe100−XCoX)16N2 

(X=10-30) is very difficult through the ordering process of N atoms by post annealing. 

And it is not like the Co additions can obviously increase the magnetization of pure Fe, 

the Co additions only very slightly increase the magnetization of α”-Fe16N2. It was also 

found that the added H2 can only accelerate the nitride speed of Fe atoms, and would not 

influent the magnetization value. Recently, Atiq et. al. researched the effect of Co, Pt and 

Cr additions on α”-Fe16N2 formation and magnetization [61]. It was found that the 

saturation magnetization always decreased with contents of Co, Pt and Cr additions 
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increased, which is different with Takahashi’s conclusion for Co additions. 

 

From the early Kim and Takahashi research, the effect of vacuum pressure and nitrogen 

gas partial pressure during the deposition on the saturation magnetization of material was 

noticed. It was found the material with largest saturation magnetization value was 

deposited in a specific vacuum pressure range, which was ~ 0.5 mTorr in nitrogen 

atmosphere. Gao et. al. noticed that the nitrogen flow rate during sputtering also 

influenced the saturation magnetization of iron nitride compound that included α”-Fe16N2 

phase [52]. Tian et. al. [25], Li et. al. [60] also discussed or noticed the effect of nitrogen 

gas pressure or content during different deposition processes on the different iron nitrides 

deposition. Recently, Atiq et. al. found the different nitrogen partial pressures during 

deposition generated different iron nitride components, such as Fe3N, γ′-Fe4N and α”-

Fe16N2. And only at about nitrogen partial pressure equaled to 0.8 mTorr, almost pure α”-

Fe16N2 phase material was obtained and the largest saturation magnetization value was 

achieved. And most of other research only used some specific nitrogen partial pressures 

or contents or flow rate to deposit the α”-Fe16N2 material [31, 32]. 

 

Different material growth technologies, different substrates, different working gases, 

different material deposition ratios and temperatures and different annealing conditions 

from previous reported works are summarized in Table 2.1. And phase components and 

overall saturation magnetizations of thin film or powder samples, based on different 

material growth technologies are given in Table 2.2. The α”-Fe16N2 phase percentages in 
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iron nitrides are given by different characterization methods, therefore the Ms of α”-

Fe16N2 phase can be calculated. By now, there is not a commonly agreed optimum and 

consistent deposition condition on α”-Fe16N2 phase material. This is the main reason of 

the achieved material properties are not reliable in different reported results. 
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2.6 Chemically Order-Disorder Phase Transformation and 

Johnson-Mehl-Avrami Equation 

Johnson–Mehl–Avrami (JMA) theory is often used to estimate the order-disorder phase 

transformation by using an activation energy value [62]. For an isothermal phase 

transformation process, the relationship between the ordering parameter and the 

annealing time can be expressed as: 

                                     x(t) 1exp(ktn ),                                                                   (2)  

where x is the ordering parameter (0  x   1), t is the annealing time, n is the Avrami 

exponent and k is related with the new phase nucleation and growth during the phase 

transformation process. k can be further expressed as: 

                                     k  k0 exp(EaK
1T 1) ,                                                             (3) 

where k0 is a temperature-independent parameter, Ea is the activation energy of the phase 

transformation, K is the Boltzmann constant and T is the annealing temperature.  

 

Consider the strain energy during the phase transformation process, which can be written 

 

as,  

                                    Es  E 2V (1)1,                                                                      (4) 

where Es is the strain energy, E and   are the Young’s modulus and Poisson’s ratio of the 

material,   is the strain and V is the mole volume of the material. If there is a certain 

amount of initial strain during order-disorder phase transformation, which may be caused 
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by different phase lattice mismatching or lattice mismatching between thin film and 

substrate material, the existence of strain, therefore strain energy, will obviously 

influence the activation energy in Eqn. 3, and so that influence the phase transformation 

process. This has been found in a variety of alloy systems, when the alloys are transferred 

form one phase to the other under external pressures [63]. 

 

Now let us consider the phase transformation between α’-Fe8N (disordered) to α”-Fe16N2 

(ordered). We will use an in-situ annealing method to achieve α”-Fe16N2 phase from the 

as-deposited Fe8N phase. For the as-deposited Fe8N/underlayer/substrate sample, because 

of the lattice mismatch between Fe-N layer and the underlayer, there always exists a 

certain level of strain energy that is generated by the initial strain. This strain will change 

the activation energy and therefore influence the ordering parameter of this sample after 

its post-annealing for a possible α’-Fe8N to α”-Fe16N2 phase transformation. It is 

reasonable to assume the dependence of the activation energy on the initial strain energy 

of this material as: 

                                     Ea  E0  Es  ,                                                                           (5) 

where E0 is the activation energy value when there is no initial strain caused by any 

lattice mismatch or other reasons. Combine eqns. 4 and 5, the activation energy can be 

further written as, 

                                    Ea  E0  A(a  a0)2 ,                                                                   (6) 

where a is the in-plane lattice parameter of the as-deposited sample, a0 is the in-plane 

lattice parameter without any material deformation, and  
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                                    A  EVa0
2(1)1                                                                       (7) 

is a constant related with material physical properties.  

By using Fe-N thin films that contain partial α”-Fe16N2 phase ordering parameter data, 

which can be calculated from XRD patterns by eqn. (1), under different in-situ annealing 

temperature and time, the unknown parameters in the expression of JMA can be obtained. 

Therefore, the optimum annealing temperature and time for the phase transformation 

from α’-Fe8N to α”-Fe16N2 can be estimated. Furthermore, the α”-Fe16N2 phase aging 

process, which is the reverse transformation from α”-Fe16N2 to α’-Fe8N can also be 

estimated. 
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Chapter 3 

Experimental Apparatus 

All Fe-N samples in our experiments were prepared by DC magnetron facing-target 

sputtering (FTS) technique, which was first developed by Naoe et. al. [64]. Figure 3.1 

shows the technical configuration of FTS.  

                

                     

Figure 3.1. The technical configuration of FTS is shown with details. The high density plasma 

and high energy electrons are constrained between two targets by applied magnetic field. 

 

In the structure, two pieces of targets with same size and material are arranged parallel 

and facing each other. The high negative sputtering voltage is applied at the surfaces of 

both targets. The applied magnetic field with proper intensity is perpendicular to the 

surface of targets. Under the co-action of applied sputtering voltage and magnetic field, 
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the plasma will be confined between the two targets. Comparing with ordinary DC 

magnetron target sputtering technology, the FTS have several advantages. First, FTS can 

achieve higher deposition rate under same sputtering conditions for both nonmagnetic 

material and magnetic material. Because the confined electrons can improve the 

ionization of the working gas between targets and increase the amount of sputtering ions. 

This will increase the sputtering speed. Especially for ferromagnetic material deposition, 

for the ordinary DC magnetron sputtering technique, the applied magnetic field upon the 

target surface is shorted by the ferromagnetic target. This reduces the ionization upon the 

surface of target and drops the deposition rate dramatically. But for FTS method, the 

magnetic field between two targets is always homogeneous with a high intensity, which 

makes the ferromagnetic thin film deposition ratio much higher than ordinary DC 

sputtering. Second, during FTS deposition process, the particles that deposition on the 

substrate are all neutral atoms, because both ions and electrons are confined between the 

facing targets by the magnetic field, and the substrate is out of sputtering plasma. This 

will obviously minimize the deposition defect. Without the high-energy ions and 

electrons bombard on the substrate, the temperature increasing of the substrate during 

sputtering process is minimized. Of course, the sputtering target cost in FTS will be 

doubled, and the device setup is more complicated than ordinary DC magnetron 

sputtering. 

 

Since the FTS technique can be used to deposit both ferromagnetic and nonferromagnetic 

thin films with higher deposition ratio and better defect and temperature control, it is 
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widely used today in thin film preparation [65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 

77, 78, 79, 80, 81, 82]. 

 

There are two sets of DC magnetron FTS systems locating in Department of Electrical 

and Computer Engineering laboratory 6-138 of University of Minnesota. One is a single-

pair (Fe) facing-target sputtering system (SFTSS), the other is a multiple-pair facing-

target sputtering system (MFTSS) that includes three pairs of facing-targets. And all 

majority experiments are finished in the SFTSS, because the MFTSS is still partially 

under construction. In this chapter, both systems will be introduced with details. 

 

 

3.1 Single Facing-Target Sputtering System 

Figure 3.2 shows the outside view of the SFTSS. And the technical configuration is 

shown in Figure 3.3.  

 

In Figure 3.3, the top configuration is the top view of chamber inside details, and the 

bottom configuration is the cross-section view along the middle axis of the system. The 

SFTSS is made up of three sub-systems. The first sub-system includes one 15-inch 

diameter chamber and one small load-lock. The load-lock can only be used to load one 

piece of sample each time. Between the main chamber and load-lock, there is a high-

vacuum manual gate valve that used to keep the vacuum condition of main chamber 

during load-lock opening for sample loading and unloading. There is a vertical oriented  
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Figure 3.2. The Single Facing-Target Sputtering System is located in laboratory 6-138 in 

Department of Electrical and Computer Engineering, and the outside view of the system is shown 

here. 

 

sample stage. The sample will be transferred from load-lock by a sample transfer beam 

and plate, which is attached on load-lock, and set up on the sample holder on the stage. 

And the sample’s preheating and in-situ annealing are both finished by the sample heater, 

which is a heating light bulb at the back of the sample holder. The heating light bulb 

input voltage can be adjusted by a set of Sorensen DCR60-9B DC power supply. And the 

relationship between the sample heater input voltage and the final stable heating 

temperature has been calibrated. So the preheating and post-annealing temperature can be 

controlled accurately. The second sub-system is the pair of Fe facing targets, which is 

used to deposit Fe underlayer and Fe-N thin film. The pair of facing targets includes two  
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Figure 3.3. The SFTSS technical configurations of top view and side cross-section view are 

shown. 

 

 

 



 

 28 

pieces of 99.99% purity Fe targets, and they are both 4 inches in diameter and 0.125 inch 

in thickness. The distant between these two targets is about 4 inches. At the backside of 

either target, there is one piece of ring-shape strong magnet. And the distribution of south 

poles and north poles are shown in the figure. The pair of magnets will provide magnetic 

field that normal to the surfaces of targets, then to constrain the high-speed ions during 

sputtering, therefore to control the amount and ultimate energy of Fe atoms that deposit 

on the substrate. The high negative sputtering voltage of targets is provided by a set of 

ENI DCG-100 DC plasma generator. Either the sputtering plasma power, the sputtering 

voltage or the sputtering current can be preset through the plasma generator to satisfy the 

experimental requirements. And during sputtering process, the facing targets are cooled 

down by the water-cooling circuits at the back of them to avoid overheat. The facing 

targets and main chamber are electrically insulated by two pieces of Teflon, which keep 

the main chamber (includes sample stage) and other parts of SFTS system electrical 

grounded condition during sputtering. And the positive power side of plasma generator is 

also grounded. The third sub-system is the vacuum system, which includes three stages 

vacuum pumps. The first stage is a Leybold AEG mechanical pump, which can pump the 

pressure of load-lock and main chamber below 5*10-2 Torr and satisfy the starting 

requirement of the second stage, Leybold TurboVac50 turbomolecular pump. The 

turbomolecular pump can ultimately vacuum the pressure of chamber and load-lock 

below 10-6 Torr, and reach the pressure level to operate the third stage vacuum pump, a 

set of CTI Cryogenics Cryo-Torr8 pump. After the three-stage vacuum process, the base 

pressure of Fe-N thin film deposition can be kept lower than 1.5*10-7 Torr (~2.0*10-5 
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Pa). Besides these three sub-systems, there are also some other additional devices in the 

SFTS system, such as working gas flow controllers, vacuum monitors including low-

vacuum rough gauges and high vacuum ion gauges, shutter for sample pre-sputtering 

protection, etc. 

 

 

3.2 Multiple Facing-Target Sputtering System 

Figure 3.4 shows the outside view of MFTSS in lab 6-138, which is still partially under 

construction now.  

                 

 

Figure 3.4. The Multiple Facing-Target Sputtering System is also located in laboratory 6-138, and 

the outside view of the system is shown above. 
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In Figure 3.5, the technical detail is shown in the configuration. First, the top 

configuration shows the top outside view of the MFTSS, and the bottom one shows the 

cross section view along view plane A-B of the system. Similar with SFTSS, the MFTSS 

is also mainly made up of three sub-systems.  

 

The first sub-system includes a pentagon chamber, and a large load-lock. There are 

several differences between MFTSS and SFTSS for this sub-system. First, in MFTSS, the 

load-lock can load multiple pieces of samples each time, but in SFTSS, the load-lock can 

only load one piece each time. Second, the sample transfer beam is attached with the 

load-lock in SFTSS, but is attached and in the main chamber in MFTSS. And the sample 

is set up at a fixed position in the chamber of SFTSS, but can be relocated in different 

positions in the chamber of MFTSS depending on the sputtering targets choice. Third, the 

sample preheat and in-situ annealing in SFTSS are both finished in the chamber without 

sample transfer needed, but because the sample heaters are located in the load-lock in 

MFTSS as shown in Figure 3.5, sample needs to be preheated in the load-lock and 

transferred into chamber for thin film deposition, and then transferred back to load-lock 

for post-annealing. For the second sub-system, sputtering facing-targets, there are three 

pairs of exchangeable facing targets. All targets are 3 inches in diameter and 0.0625 inch 

in thickness. Currently, one pair of 99.995% purity Fe targets, one pair of 99.995% purity 

Ag targets and one pair of 99.99% purity Cr targets are set in the system. Each target is 

fixed in a copper target stage. Two target stages with same targets are placed face-to-face 

in a rectangular shape target holder, and the working gas is also designed to flow into the 
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Figure 3.5. The technical details about the MFTSS are shown in the configuration above, and the 

configuration includes top view and side cross-section view. 
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target holder to generate plasma during sputtering. The sputtering voltage is applied to 

targets through the stages and the targets are also cooled by the water-cooling circuits 

inside the stages during sputtering to prevent targets overheat. Each set of target and 

stage are electrical insulted by a Teflon plate with the holder, therefore insulated with the 

whole body of the chamber. Same as SFTSS, at the backside of each target stage in 

MFTSS, there is one strong cylinder 3 inches diameter magnet that used to apply 

magnetic field between the surfaces of each pair of facing targets. The setting of north 

poles and south poles of magnets can be seen in Figure 3.5. The sputtering plasma is also 

generated by a set of ENI DCG-100 plasma generator. In MFTSS, the vacuum sub-

system also includes three stages vacuum pumps. The first one is an Edwards E2-80 

mechanical pump, which is used to vacuum system below 5*10-2 Torr pressure level. 

After the second stage Pfeiffer TMU065 turbomolecular drag pump vacuuming, the 

pressure level can reach 10-6 Torr level. After running the CTI cryogenics APD 

cryopump for a while, the base pressure can reach 10-7 Torr level to satisfy the high 

quality thin film deposition base pressure requirement. 

 

There is one important issue in MFTSS, which doesn’t exist in SFTSS. That is the facing 

targets may be contaminated during other targets sputtering. A shutter plate is used to 

prevent this problem, which is set up to attached the chamber cover and can be rotated 

parallel to the chamber cover plane. There is a rectangular open area in the shutter plate, 

which has the same size with the bottom open of target holders. When one pair of the 

facing targets is selected to sputter, the open area will be rotated manually to match the 
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target holder and let plasma sputter into chamber. At the same time, because the shutter 

plate covers the other two pairs of facing targets, they will be kept clean.   

 

Comparing the SFTSS and MFTSS, it can be seen that the utilization of SFTSS has some 

limitations. First, because only Fe targets are located in SFTSS, which is required by Fe-

N thin film sputtering, this limits the choice of underlayer material. From previous 

reported work by Okamoto et. al. [35, 53, 27], it is found that the existence and selection 

of underlayer are very important the achievement of high magnetic moment Fe-N thin 

films that contain partially α”-Fe16N2 phase. And also from their results, it can be seen 

that Ag underlayer helps the formation of α”-Fe16N2 phase better than Fe underlayer 

under same Fe-N thin film deposition conditions. But in our SFTSS, without further 

modification, there is no way to in-situ deposit other material underlayer except Fe. The 

same limitation exists in the selection of capping layer that used to prevent Fe-N 

oxidizing. Second, the sample position in the chamber is fixed in SFTSS, which makes 

the search for optimum deposition distant under different deposition conditions very hard. 

When the sample is too far from sputtering plasma, the deposition ratio will drop 

dramatically, and may be too slow. But if the sample is too near to the plasma, the plasma 

may contact with sample, which will increase the substrate temperature and deposition 

defects as ordinary DC magnetron sputtering. So the optimum of sample position related 

with the plasma is very important for FTS method. Third, when one sample’s deposition 

is finished and is in-situ annealed, the other sample can’t be deposition at the same time. 

This will limit the efficiency of large amount samples preparation. All these limitation 
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can be well overcome by MFTSS. For the first one, because there are three pairs of facing 

targets in the MFTSS, one pair targets can be selected as Fe for Fe-N layer deposition. 

Then, the second pair of targets can be selected as Ag for underlayer deposition, and the 

third pair of Cr targets is used to cap the Fe-N thin film to prevent oxidizing. If other 

materials are selected to optimize underlayer or capping layer, these two pairs of targets 

can be replaced easily. For the second one, the sample transfer beam can adjust sample 

distance to the plasma in the chamber manually as experiment design, which makes 

optimum deposition position be easily obtained. For the third one, after one sample 

deposition is finished, it can be transferred into load-lock for post annealing, then, 

another sample can be transferred into chamber at once for a new round of thin film 

deposition. And the process is same for more samples as long as the number of samples 

doesn’t exceed the limitation of load-lock.  

 

Multiple facing-target sputtering system can be further modified for radio-frequency (RF) 

facing-target sputtering in the future for non-conductible material depositions, such as 

metallic oxidization depositions. It needs to notice that the electrical insulation layers for 

non-conductible targets should be much thicker than those for conductible targets, the 

minimum thickness of insulation layers needs to be obtained from calculation based on 

RF sputtering power.  
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Chapter 4 

Fe16N2 Sample Preparation and Characterization 

4.1 Fe-N Sample Preparation by Magnetron DC Facing Target 

Sputtering System 

In our samples, a series of Fe-N/Fe films were sputtered on GaAs (001) single crystal 

substrates by using the SFTSS. The single crystal (001) GaAs substrates (2 inches 

wafers) were bought from AXT inc., the technical details of the low defect GaAs wafer 

can be found through their website [83]. First, the Fe (002) underlayer was deposited on 

GaAs (001) substrate to induce the Fe-N texture. For different samples, the thicknesses of 

Fe underlayer are different and vary from 18 to 24 nm. The substrate temperature was 

fixed at 250 ˚C during Fe underlayer deposition. Argon gas with 99.995% purity was 

used as sputtering gas. Deposition rate of Fe films was about 2.0 A
0

/s when the working 

pressure is about 5 mTorr. The Fe-N layer was subsequently deposited by sputtering the 

Fe facing targets with an appropriate Ar2 and N2 mixture gas at room temperature. The 

ratio of Ar2 and N2 for α’-Fe8N deposition is about 100:2.4. Deposition rate was 

calibrated as about 1.6 A
0

/s with 0.12 mTorr N2 partial pressure, Ar2 partial pressure is 

still fixed as 5 mTorr. Base pressure was kept at ≤ 1.5×10-7 Torr. After the film’s 

deposition, Fe-N/Fe/GaAs samples were in-situ annealed at 150 ˚C for 1-40 hrs. When 

the annealing was finished, samples were taken out of chamber, labeled, and ready for 

characterization and measurement.  
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The crystal structures were characterized by using a Siemens D5005 X-ray diffractometer 

(XRD) with Cu Kα radiation source. M-H loops and saturation magnetization values 

were obtained at room temperature for fields up to 10 kOe that was applied in-plane 

using a Princeton Vibrating Sample Magnetometer (VSM). Films’ thickness was 

measured by a Philips X'Pert Pro X-ray Diffractometer and selectively confirmed by 

cross-sectional transmission electron microscopy.  

 

4.2 Characterizations of Fe-N Samples 

Figure 4.1 shows the X-ray diffraction spectra of as-deposited Fe8N sample and in-situ 

post-annealed Fe8N with partial Fe16N2 phase sample. In the figure, the fingerprint (002) 

group peak for Fe16N2 phase can be clearly seen, which proves the existence of α”-Fe16N2 

phase after the in-situ annealing process.  

 

 

 

 

 

 

 

Figure 4.1. X-ray diffraction spectra of as-deposited Fe8N sample and in-situ post-annealed Fe8N 

with partial Fe16N2 phase sample are shown in the same figure for comparison. 
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Figure 4.2 gives the magnetic hysteresis loops of the as-deposited Fe8N/Fe/GaAs sample 

and post-annealed (Fe8N+Fe16N2)/Fe/GaAs sample. Also the M-H loop for the GaAs 

substrate with only Fe underlayer sample is shown in the figure for a comparison.  

 

 

 

 

 

 

 

 

 

Figure 4.2. Magnetic hysteresis loops of the as-deposited Fe8N/Fe/GaAs sample and post-

annealed (Fe8N+Fe16N2)/Fe/GaAs sample are shown in the figure, also a loop of the sample with 

only Fe/GaAs is shown for comparison. 

 

The Ms value of the Fe-N/Fe/GaAs sample in Figure 4.2 was calculated based on the total 

moment of both Fe-N layer (~50 nm) and Fe underlayer (~24 nm) divided by the total 

volume of both layers. The Ms value of Fe/GaAs film was found around 2.04 T. By 

subtracting the net moment contribution from Fe/GaAs, the saturation magnetization 

value of α’-Fe8N phase in the as-deposited Fe8N/GaAs samples was found around 2.0-2.2 

T. The Ms value of the Fe-N layer of the in-situ annealed Fe-N/Fe/GaAs samples, which 

has the mixed phases of Fe8N+Fe16N2, was found up to ~2.6 T. Considering a relatively 
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low volume ratio of Fe16N2 phase in Fe-N layer (~30%, which can be calculated from 

XRD intensity integrate from Eqn. 1), a much higher saturation magnetization value of 

α”-Fe16N2 phase should be extracted. This is consistent with what in Sugita’s reports. 

 

Figure 4.3 shows the dependence of the ordering parameter of the samples with 

Fe8N+Fe16N2 mixed phases on the post-annealing time at 150 ˚C annealing temperature. 

Here, the ordering parameter was obtained by calculating the XRD intensity integrated 

ratio in Eqn. 1. It can be seen that the ordering parameter of Fe-N mixed phase increases 

nonlinearly and most like exponentially with the annealing time.  

 

 

 

 

 

 

 

 

 

Figure 4.3. Dependence of the ordering parameter of the Fe8N samples with partial Fe16N2 phases 

on the post-annealing time at the same 150 ˚C annealing temperature is shown here. 

 

Figure 4.4 shows the XRD spectra of Fe-N/Fe/GaAs samples with different Fe-N and Fe 

thicknesses. The peaks of Fe8N and Fe phases were labeled. It can be seen that the in-
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plane lattice parameters are different for Fe-N layer with different Fe-N and Fe layer 

thicknesses. This lattice difference was caused by the lattice mismatch between the BCC 

Fe layer (002) plane (a=2.87 A
0

) and the GaAs (001) plane (a=2.825 A
0

), also between the 

Fe underlayer and the Fe-N layer (a= ~2.86 A
0

, c= ~3.145 A
0

).  And this initial strain exists 

after deposition and will influence the disordering-ordering phase transformation of Fe-N 

layer during annealing process. 

 

 

 

 

 

 

 

 

Figure 4.4. XRD spectra of Fe-N/Fe/GaAs samples with different Fe-N and Fe thicknesses show 

the in-plane lattice parameters of Fe-N layers are different. 

 

Table 4.1 summarizes the details of the lattice parameters, post-annealing time and 

ordering parameters of the Fe-N layer for the samples with different layer thicknesses.  
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Sample 

ID 
Fe Layer 

Thickness (nm) 
Fe-N Layer 

Thickness (nm) 
a (Å) c (Å) Anneal Time (hrs) Ordering 

Parameter 

ckl176 18 40 2.86847 3.14316 40 0.36 
ckl155 24 150 2.86847 3.12764 30 0.05 

NJ0304 24 20 2.85791 3.11229 20 0.08
NJ0412 24 40 2.86926 3.14364 10 0.11
NJ0428 24 40 2.86690 3.14804 20 0.14
NJ0512 24 50 2.87005 3.13975 30 0.23 

 

Table 4.1. A series of Fe-N/Fe/GaAs samples were prepared with different Fe-N and Fe layer 

thicknesses and they were also post-annealed with different times. After annealing, each sample 

was characterized by XRD to obtain the ordering parameter and in-plane lattice parameter.   
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Chapter 5 

Order-Disorder Phase Transformation Analysis 

Based on the sample characterization results in Table 4.1, the ’-Fe8N to ”-Fe16N2 

order-disorder phase transformation process can be analyzed through the Johnson–Mehl–

Avrami (JMA) equation.  

 

Consider the Eqns. 2 and 3 (in chapter 2.6), there are three unknowns in JMA equation. 

The first one is the Avrami exponent n , the second is the temperature-independent 

parameter k0, and the third one is the activation energy Ea , which is also temperature 

independent. From the relationship between ordering parameter and annealing time, 

Avrami exponent n  can be fitted out as 

                                            n  0.5967                                                                             (8) 

at 150 ˚C and the coefficient of determination is  

                                           R2  0.94242.                                                                         (9) 

From the value of coefficient of determination, it can be seen that the ordering parameter 

after different annealing times follows JMA equation well.  

 

It can be also noted from JMA equation that it is impossible to fit the temperature-

independent parameter k0 out under only one annealing temperature condition. So a 

relationship of ordering parameter and annealing time under different annealing 

temperature from the work of Okamota et. al. [35] is used to fit k0 here. In their paper, 
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they claimed that a largest ordering parameter of 0.32 in Fe-N mixed phase was achieved 

after 100 hours annealing at 200 ˚C. Since 200 ˚C is near the annealing temperature we 

used in our experiments (150 ˚C), the Avrami exponent n  will not change much. So here 

the Avrami exponent n  is still assumed as 0.5967 at 200 ˚C. Then the constant of k0 can 

be calculated out as  

                                           k0 1.3355 103 .                                                              (10) 

Take this value into the expressions of Ea  in eqn. (6), by using the in-plane lattice 

parameter data in Table 4.1, three unknown constant in the expression of activation 

energy can be fit out as: 

                                          a0  2.86308  0.00140A
0

,                                                    (11)  

                                          A  2183.3  528.1eV /(A
0

)2,                                                 (12) 

and 

                                         E0  0.0515  0.0129 eV .                                                      (13) 

Here, it can be seen that the activation energy of α’-Fe8N to α”-Fe16N2 phase 

transformation is about two times larger than the atomic thermal fluctuation energy 

(~0.025 eV) when there is no initial strain before the phase transformation. This is an 

important parameter for the following discussion.  

 

Now let us consider about the energy level of each Fe-N phase. It is easy to know that the 

disordered Fe8N phase is at lower energy level and ordered Fe16N2 phase is at higher one. 

The energy barrier between these two phases is defined as the activation energy of the 

phase transformation, which could be affected by the initial strain energy Es built in the 
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sample as discussed above. At room temperature, for α’-Fe8N phase, this energy barrier is 

too high to overpass simply by a thermal fluctuation process (  ~ 0.025 eV vs ~ 0.052 eV 

as calculated above). Thus α’-Fe8N phase is stable at room temperature. At a higher 

temperature, such as annealing at 150-200 ˚C, α’-Fe8N phase can gain enough energy to 

overpass the above calculated energy barrier and transform into α”-Fe16N2 phase, but it 

will never transform into a pure Fe16N2 phase (x=1 in Eqn. 2) even with a very long 

annealing time. From JMA theory, it is noticed that a higher temperature will help the 

transformation of α’-Fe8N phase into α”-Fe16N2 phase. However, unfortunately, with 

higher annealing temperatures, Fe-N layer will be transformed to other phases, such as 

γ’-Fe4N [6]. So the choice of the annealing temperature is very critical for the Fe8N-

Fe16N2 phase transformation. Meanwhile, there is a probability for a reverse phase 

transformation process, since the energy barrier is lower for the phase transformation 

from the Fe8N to Fe16N2 phase and the Fe16N2 phase has a higher equilibrium energy 

level of itself. This will enable the α”-Fe16N2 phase transformation back to α’-Fe8N 

phase, even at room temperature. Figure 5.1 shows the Fe8N+Fe16N2 sample decay time 

vs. α”-Fe16N2 phase activation energy at room temperature with different ordering 

parameters from 0.1 to 0.9. This decay effect is also named as the aging effect. Now our 

model can be used to address some arguments and shed the light on the inconsistency in 

previous α”-Fe16N2 reports. For example, some researchers found that α’-Fe8N layer 

could be well deposited but only very small amount of α”-Fe16N2 phase could be obtained 

through post-annealing [52]. Based on our model, this may be caused by a bad choice of 

substrate, which could provide a large initial strain energy, therefore a large activation 



 

 44 

energy to prevent the phase transformation from α’-Fe8N to α”-Fe16N2 phase. One key 

experimental report on the non-existence of the giant Ms in α”-Fe16N2 phase was given in 

reference [56], in which the researchers obtained α”-Fe16N2 phase with a high ordering 

parameter (characterized by XRD) by different sputtering processes including the FTS 

process but only found its saturation magnetization around α’-Fe8N level (measured by 

VSM). This has been quoted as one of main results to be inconsistent with MBE grown 

α”-Fe16N2. Based on our model, assume the reverse activation energy from α”-Fe16N2 to 

α’-Fe8N is 60% of that from α’-Fe8N to α”-Fe16N2, using the lattice parameter in their 

report, the activation energy from α”-Fe16N2 phase to α’-Fe8N phase is only about 0.03 

eV, and this will make their α”-Fe16N2 sample with high ordering parameter (0.36) 

transform back to α’-Fe8N in less than 34.5 hours as shown in Figure 5.1. This may imply 

their samples had partially or fully transformed back to Fe8N phase before they were 

measured by VSM. At the same time, the ordering parameter of Sugita’s MBE grown α”-

Fe16N2 samples is very close to 1. As shown in Figure 5.1, it can be seen that if their 

sample’s activation energy is above 0.05 eV (this is very possible if there exists a large 

strain energy after α”-Fe16N2 phase is cooled down to room temperature after post 

annealing for MBE method), the decay time of their samples will be as long as months. 

This explains the Sugita’s MBE grown α”-Fe16N2 sample could show more stable 

magnetization during the characterization period. But even for their sample, it would 

transform back to α’-Fe8N phase in a long time later. 
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Figure 5.1 The relationship between Fe8N+Fe16N2 mixed phase sample decay time and material 

activation energy at room temperature condition with different ordering parameter is shown. 
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Chapter 6 

Conclusions and Some Thought for Future 

Research 

 

During my one-year EE Master Degree study, I have finished two things: 1) set up a 

three-pair of facing-target sputtering system (MFTSS); 2) studied the phase 

transformation mechanism between Fe8N and Fe16N2;  

Through my quantitative analysis, I discovered the following: 1) Initial strain between the 

Fe-N layer and the template that is used to grow Fe-N layer changed the activation 

energy level of the phase transformation and thus influenced the Fe8N-Fe16N2 

transformation process. The choice of the substrate and the underlayer material is very 

critical for the epitaxial growth of Fe-N layer; 2) Choice of the post-annealing 

temperature was found also very important. A proper annealing temperature should not 

only help the transformation from the α’-Fe8N phase to α”-Fe16N2 phase by overpassing 

the energy barrier, but also prevent the formation of other Fe-N phases; 3) It is impossible 

to achieve pure α”-Fe16N2 phase through annealing an α’-Fe8N phase. The final ordering 

parameter of α”-Fe16N2 was decided by its initial lattice strain, annealing temperature and 

annealing time; 4) Inconsistency of the reported α”-Fe16N2 results on the giant saturation 

magnetization was explained based on our proposed model, which was part of aging 

effect or reverse phase transformation process from α”-Fe16N2 phase with giant saturation 

magnetization to α’-Fe8N phase with normal saturation magnetization.  
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In the future research, first, the FTS deposited α’-Fe8N samples will be annealed under 

different annealing temperatures and annealing times, then the ordering parameter of each 

sample will be measured carefully. Therefore, the Avrami exponent n  under different 

temperature can be obtained accurately. Then the error bar for the activation energy may 

be minimized. Also, this group of experiments will help optimize the annealing 

temperature. Second, the lattice mismatch data for the samples with different underlayer 

and Fe-N layer thicknesses needs to be carefully measured. And it is also very important 

for the best underlayer material and thickness hunting. Third, to avoid the aging effect of 

α”-Fe16N2 phase is the most practical challenge for achieving giant saturation 

magnetization Fe-N samples with long-term reliability. We need to search methods to 

stabilize α”-Fe16N2 phase without quick aging to satisfy the industrial application 

requirements.   
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