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Chapter 1 
Introduction 
 

 

 

1.1. Microstructure designing for improving magnetic properties 

 

Since properties of materials are related to their microstructures, designing the 

microstructure is vital for achieving the desirable properties of the material. In this study, we focus on 

the microstructure designing of an equiatomic CoPt alloy which is a promising material for magnetic 

recording media due to its high magnetocrystalline anisotropy as addressed in the section 1.2. To 

achieve high magnetic properties in the CoPt alloy, the microstructure designing will be considered 

from several points of view. 

Phase transformation is one of the most important phenomena in the material designing, 

because it introduces drastic change in the microstructure and thus has a great impact on properties of 

the material. In the thermodynamics, phase transformation can be explained by considering the phase 

equilibrium between two phases in terms of the free energy. Importantly, it is possible to artificially 

modify phase equilibrium by applying external fields such as uniaxial stress and magnetic field, since 

the free energy consists of not only the chemical free energy, but also free energies related to strain or 

magnetic states of the material. This indicates that the external fields are useful to control the phase 

transformation. As seen in the section 1.2.3, it has been reported that a magnetic field is useful to 

control the variant selection during the disorder-order transformation in the CoPt alloy (as well as an 

FePd alloy which has the same crystal structure as the CoPt alloy). In Chapter 3, we will see how a 

magnetic field affects variant selection in A1-L10 disorder-order transformations, and in Chapters 3 

and 4, discuss the mechanism of preferential variant selection induced by the magnetic field. 

In magnetic materials, crystalline defects play an important role for magnetic properties. For 

example, grain boundaries or other planar defects can be pinning sites for movements of magnetic 

domain walls, and thus affects coercivity of the magnetic material. Therefore, controlling crystalline 

defects in the microstructure is vital for designing magnetic materials. In Chapter 5, antiphase 

boundaries (APBs) in the ordered CoPt alloy will be characterized by using electron microscopy and 

discuss the effect of APBs on the magnetic properties of the CoPt alloy.  

Furthermore, since the magnetic properties such as coercivity are strongly related to 

magnetic domain structure in the material, direct observation of magnetic domains is important to 

reveal how we should improve the microstructure to achieve high magnetic properties. For this 

purpose, in Chapter 6, we will develop a scanning electron microscopy (SEM)-based method for 

imaging magnetic domains. As indicated in Chapter 6, the method provides an easy way to characterize 
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both magnetic domains and crystallographic microstructure. Thus, it is useful for designing 

microstructure in magnetic materials. 

 

 

1.2. Phase transformation and magnetic properties in CoPt 

 

 In this section, we briefly describe the A1-L10 disorder-order phase transformation in the 

CoPt alloy, magnetic properties of disordered and ordered phases, and previous reports on a method 

to control the variant selection in the A1-L10 disorder-order transformation with a magnetic field. 

 

1.2.1. A1-L10 disorder-order transformation in CoPt alloy 

 

 Near-equiatomic Co-Pt, Fe-Pd, and Fe-Pt alloys undergo A1-L10 disorder-order 

transformation as shown in the phase diagram of Co-Pt binary system (Fig. 1.1) [1]. In this 

transformation, the crystal structure changes from the face-centered cubic (FCC) disordered phase to 

the face-centered tetragonal (FCT) ordered phase as shown in Fig. 1.2. The structure of disordered and 

ordered phases are denoted as A1 and L10 with Strukturebereicht symbols, respectively. Both phases 

are ferromagnetic at room temperature, and in particular, the L10-type ordered phase exhibit high 

uniaxial magnetocrystalline anisotropy with the easy axis along c-axis. The lattice parameters and 

magnetic properties are summarized in Table 1.1 [2], Table 1.2 [3,4], and Table 1.3 [5]. The kinetics 

of A1-L10 disorder-order transformation has been studied by several researchers [5-7]. Figure 1.3 

shows electric resistivity curves in Co-50 at% Pt [5]. Supercooling is observed in both ordering and 

disordering processes. This indicates that the A1-L10 disorder-order transformation in the CoPt alloy 

is a first-order transition. Note that the potential barrier for ordering depends on temperature and even 

can be vanished (i.e., the transformation can be second-order) at a specific temperature which is 

referred to as spinodal ordering temperature [8]. Tanaka et al reported the spinodal ordering 

temperature for CuAu by observing ordering process in X-ray spectrum [9]. 

The degree of order normally depends on the time and temperature of annealing as shown 

in a time-tempearture-transformation diagram in FePd (Fig. 1.4) [10]. Although the equilibrium degree 

of order should be higher at lower annealing temperature due to less contribution of entropy to the free 

energy, the ordering process becomes slower at lower temperature due to less mobility of atoms. 
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Table 1.1 Lattice parameters and magnetic properties of equiatomic CoPt, FePt, and FePd alloys [2]. 

Properties CoPt FePt FePd 

Lattice parameter in A1 phase, a0 (nm) 0.380 0.386 0.385 

Axial ratio in L10 phase, c/a 0.972 0.966 0.966 

Equilibrium temperature, Teq (K) 1100 1600 1050 

Curie temperature, Tc (K) 720 750 730 

Saturation magnetization, Ms (T) 1.005 1.445 1.382 

Crystalline anisotropy constant, K1 (106 J/m3) 4.9 6.6 2.0 

Anisotropy filed, HA = 2K1/Ms (A/m) 9.95 9.15 2.79 

Theoretical maximum energy product, (BH)max = (Bs/2)2 (103 TA/m) 199 406 382 

Exchange constant, A~kTc/a (10-11 J/m) 2.7 2.7 2.7 

Bloch domain wall width, δ = π(A/K)1/2 (nm) 7.4 6.3 11.5 

Domain wall energy density, γ180 = 4(AK)1/2 (10-3 J/m2) 46 53 29 

 

Table 1.2 Lattice parameters and elastic constants of equiatomic FePd alloy 

Properties Ref. [3] Ref. [4] 

Lattice parameter in A1 phase, a0 (nm) 0.3805 0.3835 

Lattice parameter in L10 phase, a (nm) 0.3852 0.3881 

Lattice parameter in L10 phase, c (nm) 0.3706 0.3748 

Axial ratio in L10 phase, c/a 0.962 0.9666 

 

Table 1.3 Lattice parameters and transformation temperatures of Co-50 at% Pt and Fe-55 at% Pd alloys 

[5]. 

Properties Co-50Pt Fe-55Pd 

Lattice parameter in A1 phase, a0 (nm) 0.377 0.382 

Lattice parameter in L10 phase, a (nm) 0.381 0.387 

Lattice parameter in L10 phase, c (nm) 0.371 0.372 

Axial ratio in L10 phase, c/a 0.974 0.961 

Disorder-order transformation temperature, T(d-o) (K) 1045 955 

Order-disorder transformation temperature, T(o-d) (K) 1095 1025 

Curie temperature in A1 phase, Tc
(d) (K) 850 740 

Curie temperature in L10 phase, Tc
(o) (K) 730 670 
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Fig. 1.1 Phase diagram for Co-Pt binary system [1]. 

 

 

 
Fig. 1.2 (a) A1-type disordered structure. All atomic sites are randomly occupied by Co and Pt. (b) 

L10-type ordered structure. Blue and gray atoms represent Co and Pt, or equivalently Pt and Co, 

respectively. 
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Fig. 1.3 Electric resistivity curves for the CoPt alloy [5].  

 

 

Fig. 1.4 Time-temperature-transformation diagram for an equiatomic FePd alloy. Percentages show 

the degree of order [10]. 

 

 

Importantly, due to the lowering of crystal symmetry, three orientation variants are generated 

from a single A1 phase matrix in the A1-L10 disorder-order transformation. The lattice correspondence 

between A1 matrix and L10 orientation variants are described in Fig. 1.5. In this study, these variants 

will be called x-, y-, and z-variants hereafter, where the variants are characterized by the following 

lattice correspondences, respectively; (001)x//(100)A1, (001)y//(010)A1, (001)z//(001)A1, [001]x//[100]A1, 

[001]x//[010]A1, and [001]z//[001]A1. Since these orientation variants are equivalent each other except 

their orientations, the ordered structure normally includes three variants with nearly the same volume 



10 
 

fractions. 

Despite the high magnetocrystalline anisotropy in L10 ordered phase, the formation of multi-

variant structure results in the offset of the anisotropy between the variants and decreasing the net 

anisotropy in the product material. Therefore, it is essential to control variant selection in the disorder-

order transformation and achieve the single variant structure. 

 

 

1.3. Purpose and outline of this study 

 

In this study, the microstructure control for the equiatomic CoPt alloy will be discussed to 

obtain desirable magnetic properties such as magnetocrystalline anisotropy and coercivity. For this 

purpose, microstructures in the CoPt alloy will be observed with electron microscopy and discussed 

with numerical calculations to address the points raised in the section 1.1. A flowchart of this study is 

shown in Fig. 1.6. 

 In Chapter 2, basics of experimental techniques including electron microscopy and 

numerical calculations will be briefly explained. These techniques will be used in the following 

chapters. 

In Chapter 3, microstructure evolution in the CoPt alloy during the two-step of ordering 

heat-treatment with a magnetic field of 10 T will be investigated by electron microscopy. Transmission 

electron microscope (TEM) and scanning transmission electron microscope (STEM) is used for 

observation in microscopic scale (on the order of nm), and scanning electron microscope (SEM) is 

used for observation in mesoscopic scale (on the order of μm to mm) with bulk specimens. 

In Chapter 4, the microstructure evolution observed in Chapter 3, will be reproduced by the 

phase-field simulation. The simulation model of A1-L10 disorder-order transformation will be 

discussed in detail. Using the model, the effect of preferential nucleation and boundary conditions on 

the preferential growth will be studied. 

 In Chapter 5, properties of planar defects, antiphase boundaries (APBs), in an ordered CoPt 

alloy will be studied in atomic scale. The atomic width of APBs will be estimated by the statistical 

parameter estimation theory for high-angle annular dark field (HAADF)-STEM. 

 In Chapter 6, an improved SEM-based method to visualize magnetic domains will be 

proposed, in which an annular electron detector is placed on the optical axis. The properties of the 

method will be examined by comparing with magnetic force microscopy image and by changing 

observation conditions. Using the method, magnetic domains on the bulk CoPt alloy (and Fe-Pt alloys) 

will be observed as well as the surface relief and crystal orientations. 

In Chapter 7, the results obtained throughout this study will be summarized. 
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Fig. 1.6 Flowchart of this study. 
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Chapter 2 
Experimental methods 
 

 

 

2.1. Transmission electron microscopy and related techniques 

 

TEM-based techniques have been widely used to characterize microstructures of materials. 

They allow for visualizing crystallographic microstructure, and can be associated with analytical 

instruments such as energy dispersive X-ray spectrometry (EDS) and electron energy-loss 

spectrometry (EELS), providing a method to obtain additional information on composition, electronic 

states, etc. These techniques are systematically summarized in many textbooks [1-4], and thus in this 

section, only the techniques related to this study will be briefly addressed. 

 

2.1.1. Conventional techniques in TEM 

 

Electron diffraction [5-7] is fundamental for many of TEM-based techniques. When a 

crystalline specimen is illuminated by a parallel electron beam, an electron diffraction pattern is 

formed at the back focal plane, from which various information on crystallographic microstructure 

can be extracted, such as crystal structure, lattice parameters, lattice correspondence between two 

phases, and so forth. If a selected area aperture is used, an electron diffraction pattern from an 

arbitrarily selected area can be obtained. The method enables to analyze local crystallographic 

properties in combination with microstructure images. Quantification of diffraction intensity is, 

however, rather difficult compared with the similar diffraction techniques such as X-ray diffraction, 

since strong interaction between electrons and crystal structures result in complex multiple scattering 

in the crystal. Precession electron diffraction (PED) method is useful to overcome this problem. The 

details of PED will be addressed in the next section. 

When a transmitted wave or a diffracted wave of electrons is selected at the back focal plane 

by an objective aperture, bright field or dark field images can be obtained, in which crystallographic 

microstructure is clearly visualized and the contrast is related to the selected wave. High-resolution 

transmission electron microscopy (HRTEM) [8] is performed by selecting multiple waves and can 

visualize atomic arrangements based on the interference between the waves. 

These techniques have been dedicated to characterize crystallographic microstructures in 

alloys and compounds, and they are still fundamentals for any advanced TEM-based techniques. A 

novel imaging method, called the scanning transmission electron microscopy (STEM), has opened the 

field of STEM-based analytical electron microscopy [9,10]. STEM-based methods have been further 
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developed by installing the probe corrector [11], which can significantly reduce lens aberrations. The 

STEM and related techniques will be described in the section 2.1.4. 

 

 

2.1.2. Precession electron diffraction 

 

In a conventional electron diffraction, intensity of reflections depends on not only the crystal 

structure, but also the specimen thickness, since incident electrons are normally diffracted many times 

owing to strong interaction between incident electrons and crystal potential, leading to complicated 

intensity transfer between the reflections. The information on crystal structure that can be extracted 

from an electron diffraction pattern is thus limited. The complex influence of multiple diffraction is 

called dynamical effect, whereas the diffraction, in which electrons are diffracted only once, is referred 

to as the kinematical diffraction. 

In a zone-axis condition, multiple diffraction is more likely to happen than in tilted viewing 

conditions, since in a zone-axis condition, incident electrons satisfy Bragg conditions for two or more 

atomic planes, and thus the net probability of multiple diffraction is considerably increased. When the 

incident electron beam is tilted away from the zone-axis, less number of reflections are excited and 

the net probability of multiple diffraction is reduced. The tilted diffraction pattern, however, includes 

several practical problems, e.g., (1) the intensity distribution is asymmetric, (2) the incident direction 

is difficult to be determined, and (3) the intensity may be kinematical, but difficult to be interpreted 

due to inclined incident direction. The tilted diffraction pattern is therefore not necessarily suitable for 

structure analysis. 

 To overcome these key problems, the precession electron diffraction (PED) method [12] has 

been developed, in which a tilted incident electron beam is precessed around the optical axis as shown 

in Fig. 2.1. A series of diffraction patterns obtained by the precession are superimposed to provide a 

pseudo zone-axis pattern, which is called a PED pattern hereafter in this study. Since the PED pattern 

is constructed from a series of tilted diffraction patterns, it is less affected by multiple diffractions 

unlike a conventional zone-axis pattern. Furthermore, the intensity distribution in the PED pattern 

approaches to that of the kinematical electron diffraction pattern. The conditions required to obtain a 

sufficiently kinematical diffraction pattern have been discussed, for example, in the references [13,14]. 
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Fig. 2.1 Schematic illustration of precession electron diffraction. The electron probe is tilted and 

precessed around the optical axis by using the beam deflection coils, and converged to a parallel 

condition by using the descan coils. The PED pattern is thus obtained as an averaged pattern of a series 

of off-axis diffraction patterns. 

 

 

2.1.3. Scanning transmission electron microscopy 

 

In the STEM, incident electrons are not projected in parallel, but converged to create an 

extremely fine electron probe, the diameter of which is down to the order of sub-nanometer or less. In 

the electron probe, the incident electrons are incoherent each other due to wide angle dispersion. The 

incident electrons are elastically/inelastically scattered by the atoms, emitted from the exit plane, and 

detected at annular/non-annular detectors placed below the specimen. When using an annular detector, 

scattered-angle-selective imaging is possible. Importantly, high-angle scattered electrons mainly 

consists of inelastically scattered electrons, and the intensity obtained is nearly proportional to the 

mean atomic number of the atom column, through which incident electrons are scattered. The contrast 

is referred to as Z-contrast and the imaging with the high-angle scattered electrons, called the high-

angle annular dark-field (HAADF), therefore can provide information on composition at atomic scale. 

The typical experimental setup for HAADF-STEM imaging is shown in Fig. 2.2. Owing to this 

advantage, HAADF-STEM imaging has been widely used for microstructure observations in atomic 
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scale. 

 Quantification of local composition based on the HAADF-STEM image is, however, still a 

challenge, since the intensity can be easily disturbed by different factors: thickness variation, 

irradiation damage, contamination, etc (for a review, see Ref. [15]). Van Aert et al. [16] proposed an 

empirical method to extract quantitative information from a HAADF-STEM image. The method is 

dedicated to quantify structure parameters with high accuracy and precision based on the model-based 

parameter estimation, and has been successfully applied to quantification of atomic displacements 

[17,18], compositions [16, 19], and even the number of atoms included in each atom column [20-23]. 

In the Chapter 5, atomic structures in the vicinity of antiphase boundaries in a CoPt alloy will be 

characterized by using the method. 

 

 

Fig. 2.2 Schematic illustration of HAADF-STEM imaging in TEM. The fine electron probe is scanned 

over the specimen. HAADF detector detects high-angle scattered electrons, including mainly the 

contribution from thermal diffuse scattering. The bright field (BF) detector is placed at lower position, 

providing mainly diffraction contrast. 

 

 

2.2. Scanning electron microscopy and related techniques 

 

Scanning electron microscopy (SEM) has a big advantage to be able to observe the specimen 

in bulk state. Thus, it has been used for observing wide variety of materials. In this section, the 
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principle of SEM and several imaging techniques related to this study are briefly explained. The 

following descriptions is mostly based on Refs. [24-26]. 

 

2.2.1. Signal electrons in SEM 

 

 In SEM, a converged electron probe is scanned on a specimen surface. Incident electrons 

are accelerated by acceleration potential after emission from the electron gun and incident on the 

specimen surface. Inside the specimen, incident electrons are strongly interacted with electrostatic 

potential of the material, resulting in elastic/inelastic scattering of incident electrons and/or generation 

of secondary signal electrons. The incident electrons which are scattered inside the specimen and then 

emitted again from the surface are called backscattered electrons (BSE), and the signal electrons that 

are excited by incident electrons and emitted from the surface is called secondary electrons (SE). 

These definitions on BSE and SE are, however, not useful in view of experiments, since generation 

and travelling processes of signal electrons cannot be observed directly and only the energy spectrum 

and the angle distribution with respect to the optical axis are measurable. Note that other parameters, 

such as spin polarization, could be detected when using a sufficient experimental set. A typical energy 

spectrum is schematically described in Fig. 2.3. A major peak at high energy, located near the energy 

of incident electrons, is from BSE, since a large portion of incident electrons are emitted from the 

surface without a huge loss of kinetic energy. Another major peak at around a few eV represents 

contributions from SE, since the typical kinetic energy of SE is 2-5 eV for metals [24]. Based on this 

clear difference in kinetic energy, BSE and SE are defined in practice as follows: Signal electrons with 

kinetic energy of less than 50 eV are SE, and the other electrons with higher kinetic energy are BSE. 

It should be noted that the criterion of 50 eV has been artificially defined for a practical use, based on 

less physical basis. In fact, it is possible for electrons excited by incident electrons to have higher 

energy than 50 eV (which are sometimes called high energy SE), and when the energy of incident 

electrons is comparable to the energy of SE, i.e., on the order of 100 eV, the conventional definition 

becomes less meaningful. Nevertheless, the definition is still useful for explaining a number of 

phenomena, and has been extensively used in previous studies. Following the convention, therefore, 

the definition will be used hereafter in this study unless the other definition is mentioned. 
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Fig. 2.3 Schematic energy spectrum of electrons emitted considering of SE, BSE, low-loss electrons 

(LLE) with energy losses of a few hundreds of eV, and peaks of Auger electrons (AE) [24]. 

 

 

2.2.2. Parameters for imaging in SEM 

 

 To consider imaging mechanism in SEM, it is useful to define several parameters related to 

electron probe, stage position, signal electrons, etc. In this sections, the parameters needed for later 

discussion are briefly summarized. 

 

Operational parameters: 

 Acceleration voltage is one of the most important operational parameters in SEM. It 

determines the kinetic energy of incident electrons; e.g., the kinetic energy of incident electrons is 

about 10 keV when they are accelerated at 10 kV. Higher energy electrons can reach deeper or more 

distanced position of the specimen, and thus signal electrons could include information averaged over 

wide regions. The maximum volume, from which the incident electrons can travel back to the surface, 

is called the information volume. 

 Probe current affects the number of signal electrons and therefore image quality, such as 

signal-to-noise (S/N) ratio. It depends on, for example, selection of apertures, that is, high probe 

current can be obtained with large aperture size. High probe current could improve image quality, 

while it could increase diameter of the electron probe, deteriorate coherency, and often accelerate 

irradiation damage and contamination. 

 Working distance is the distance between the pole piece and specimen surface. Since the 

detectors are always fixed, the working distance determines geometrical relation between the specimen 

surface and the positions of detectors, which are vital for considering signal collection. 

 Stage tilt is another way to change the geometrical relation between incident direction, 
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specimen surface, and the positions of detectors. The stage tilt aligns the surface normal, resulting in 

different form of interactions between incident electrons and the specimen. 

 Electric stage bias is sometimes used to observe the specimen using a low-energy electron 

probe, or to enhance collection of signal electrons. When the negative stage bias is applied, incident 

electrons are decelerated by electric field from the specimen. Therefore, the landing energy of incident 

electrons becomes different from the kinetic energy given by the first acceleration. Since it is difficult 

to create fine electron probe at low acceleration voltage, the deceleration with the electric stage bias 

has been used to obtain the low landing energy in a fine electron probe. In contrast, signal electrons 

emitted from the surface are accelerated by the electric field and their orbitals are aligned to the optical 

axis. Thus, it is useful to enhance collection efficiency in an in-lens type detector. The method using 

the electric stage bias is often referred to as the retarding method. 

 

Properties of signal electrons: 

 Signal electrons can be characterized by kinetic energy and takeoff angle. The kinetic energy 

has already mentioned in the energy spectrum in Fig. 2.3 [24]. The takeoff angle of BSE is strongly 

related to elastic scattering. The elastic scattering from a single atom has been well understood as the 

Rutherford scattering, or more correctly the Mott scattering (e.g., Ref. [24]). The differential scattering 

cross-section, which represents the probability of scattering to the corresponding direction, is shown 

in Fig. 2.4 [24]. The details of Fig. 2.4 will be discussed in the next section. The takeoff angle of SE 

is, unlike BSE, related to excitation process, including excitation of core electrons, electron-electron 

scattering, and plasmon decay. The SE excitation in these processes have been calculated and the 

contributions to the energy spectrum and the takeoff angle distribution are shown in Fig. 2.5 [27]. 

The orbital of high energy BSE is hard to be affected by an electric or magnetic field, and 

thus BSE with a certain range of takeoff angle can be selectively collected by using an annular detector. 

In contrast, since the kinetic energy of SE is typically on the order of a few eV, the orbital of SE is 

easily curved by an electric or magnetic field. For this reason, the conventional detector for SE, called 

the Everhert-Thornely detector (ETD) [28], collects SE by attracting SE using a positive electric bias. 

Nevertheless, the takeoff angle distribution is important for imaging with an in-lens annular detector. 

The details are discussed in the section 2.2.4 and Chapter 6. 
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Fig. 2.4 Logarithmic polar diagram of the differential cross-sections for single carbon and gold atoms. 

The Rutherford formula fails at low scattering angle because of screening effects and at large scattering 

angles because of the neglect of relativistic effects, which are considered by the Mott cross-section 

[24].  

 

 

Fig. 2.5 (a) Calculated energy distribution of SE with contributions from (1) core electrons, (2) 

electron-electron scattering, (3) plasmon decay; (4) shows the total distribution. (b) Angular 

distribution of SE for the kinetic energy of 2 eV with the same contributions as in (a). Reproduced 

from Ref. [24]. The original article is Ref. [27]. 
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2.2.3. Imaging with backscattered electrons 

 

 It is seen from Fig. 2.4 that for carbon (Z = 6), the cross section for forward scattering is 

high compared with that for backward scattering, whereas for gold (Z = 79), the difference between 

these cross sections is smaller than for carbon. This indicates that the probability of backward 

scattering increases for heavy elements, i.e., depends on the atomic number, Z. The Z-dependence of 

backward scattering enables to obtain BSE-based chemical composition contrast, called Z-contrast. 

Since inelastic scattering and multiple scattering reduces Z-dependence of BSE, it is important to 

selectively collect BSE which are elastically scattered. For this purpose, an energy grid is often used 

to cut off relatively low-energy BSE. 

 The other useful contrast using backscattered electrons is electron channeling contrast 

(ECC), which is based on the electron channeling effect in crystalline materials. It has been known 

that incident electrons are resolved into multiple Bloch waves in a crystal due to the interaction with 

the periodic crystal potential. Some Bloch waves are easily reflected by the crystal potential and 

emitted from the surface, while others propagate deeply inside the crystal and finally absorbed through 

inelastic scattering. Abnormal absorption is observed in the latter case, which is referred to as the 

electron channeling effect. Which Bloch waves are strongly excited is dependent on the 

crystallographic orientation with respect to the incident direction. Thus, imaging based on the electron 

channeling effect enables to obtain crystallographic orientation contrast, which is referred to as ECC. 

ECC is clearly obtained when using high-takeoff angle BSE, since low-takeoff angle BSE includes a 

large number of elastically scattered electrons. 

 

 

2.2.4. Imaging with secondary electrons 

 

 Conventionally, SE have been collected by the ETD and used for imaging surface 

topography. The ETD attracts SE by using a positively biased grid, and amplify the signal through a 

photomultiplier tube [28]. The topographic contrast is mainly originated from the asymmetric position 

of ETD, which is normally placed outside the SEM column and largely tilted away from the optical 

axis as shown in Fig. 6.1. In this geometry, SE emitted from one side of the surface are hard to be 

collected compared with those emitted from the other side of the surface, which is called the 

illumination effect. 

 Novel imaging method using another detector has been proposed recently (for applications, 

see Ref. [29]). In the method, an annular detector placed inside the SEM column is used to collect SE. 

In this study, the detector is defined as the in-lens detector (ILD) by following the previous reports 
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(e.g., Ref. [29]). Note that the non-annular detector placed inside the SEM column is sometimes 

referred to as through-the-lens (TTL) detector, and both annular and non-annular detectors placed 

inside the column are sometimes called in-column detectors. The ILD-based method provides a 

material contrast which is different from the conventional topographic contrast, depending on 

observation conditions. The origin of the material contrast has been explained, for example, by the 

difference in the effective work function, i.e., the energy required to bring electrons to the vacuum 

level [30]. The material contrast is highly sensitive to composition, crystal structure, and even 

electronic states, and therefore, it is useful to visualize microstructure that cannot be imaged by other 

detectors. 

 In this study, an ILD-based imaging method for magnetic domains will be proposed in 

Chapter 6. As shown later, the method allows for visualizing entire magnetic domains, whereas in the 

classical SEM-based methods, only a portion of magnetic domains can be observed. The details will 

be discussed in the Chapter 6. 

 

 

2.3. Numerical calculations 

 

 

2.3.1. Digitalization in electron microscopy 

 

Following the development of computers and related technologies, operation modules of 

electron microscopes and output data have been totally digitalized. One notable example is that TEM 

images can be currently taken with CCD camera and exported as digital images, whereas they have 

been taken with photosensitive films for decades of years. Although some drawbacks in use of a digital 

image can be addressed, such as inconvenience in acquisition of electron diffraction patterns due to 

fragility of CCD components against electron irradiation, the digitalization has extensively enhanced 

the utility of TEM; e.g., three-dimensional tomography in (S)TEM is totally supported by digitalized 

procedures including automated acquisition with accurate drift correction and reconstruction of a three 

dimensional model from a series of images. Also, the recent advancements in computers and 

microscopes have extensively improved image quality and efficiency in acquisition procedures in all 

microscopes including SEM. With the aid of these developments, more amount of qualified 

information becomes easily extracted from the electron micrographs. 

 

 

2.3.2. Numerical calculations for microstructures 
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One of the important developments due to digitalization is that the methods of digital image 

processing and image analysis, which has been developed in other field of research, such as the pattern 

recognition, can be directly applied to electron micrographs. The analysis includes calculus of digital 

images, in which the digital images are regarded as data planes, and numerical calculations are 

performed to extract information from the image. The numerical calculation of the image can greatly 

improve the accuracy and precision of measurements, and even unveil information underlying images. 

One example for the former is a statistical parameter estimation theory for electron micrographs [31] 

which has been dedicated to quantifying structure parameters such as composition from electron 

micrographs with high accuracy and precision. In the method, statistical modeling and parameter 

optimization are performed. The method will be used in Chapter 5 to estimate intensity of electron 

scattering from each atomic column from HAADF-STEM images. 

Another importance of computer developments lies in numerical simulation of 

microstructures and related properties of materials. The simulation of microstructures provides a way 

to understand experimental observations in terms of energies, electronic states, and other aspects of 

materials. One of the useful method to simulate a microstructure is the phase-field method [32-34], 

which is based on a continuum model and thus has advantages for simulations on the mesoscopic scale 

(i.e., from nanometer to millimeter scale). Also, the accurate structure parameters of crystal structures 

can be estimated by the first principle calculations. The accessibility to structure parameters 

contributes to increasing quantitativeness of simulations such as the phase-field simulation. In this 

study, the phase-field method is used to simulate microstructure developments in disorder-order 

transformation in a CoPt alloy. The mechanism of preferential variant selection will be discussed based 

on the simulations. 
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Chapter 3 
Magnetic field-induced preferential variant selection in L10-type CoPt 
alloy 
 

Properties of solid materials strongly depend on their microstructures which are 

characterized by crystal structures, compositions, morphology of grains, etc. The microstructure can 

be designed through material processing, such as heat-treatment and mechanical fabrications. One of 

the important phenomena which must be considered in material processing is phase transformation, in 

which the microstructure is drastically transformed with structural and/or compositional changes. The 

control of phase transformations in material processing is therefore vital for designing materials. 

 In this chapter, the effect of magnetic field on a phase transformation in an equiatomic CoPt 

alloy is studied. The results show that the magnetic field is useful to control variant selection in A1-

L10 disorder-order transformation such that nucleation and growth of a particular orientation variant 

become dominant compared with the other variants. The mechanism of preferential nucleation and 

growth will be discussed in detail. The conclusion derived in this chapter is further discussed through 

numerical calculations in Chapter 4. 

 

 

3.1. Introduction 

 

The effect of external fields, such as compression/tensile stress, hydrostatic pressure, and 

magnetic field, on phase transformations have been extensively studied. In this section, the previous 

studies are briefly reviewed. 

 

 

3.1.1. Effect of external fields on martensitic transformations 

 

 Patel and Cohen have first presented systematic experiments showing that transformation 

temperature of martensitic transformations [1] in steels and Fe-Ni alloys is varied by applying 

hydrostatic pressure [2]. Based on thermodynamics, they explained the effect of these external fields 

by considering the balance of the free energies between parent and martensite phases as shown in 

Fig.3.1. Ms and As represents the starting temperature of martensitic transformation and revers 

transformation, respectively. Since the martensitic transformation is normally a first-order phase 

transition and has a finite latent heat, the transformation initiates at Ms, rather than at the equilibrium 

temperature, T0. In their theory, the driving force for martensitic transformation, Δ, or equivalently the 

height of the potential barrier for nucleation of martensite phase, is assumed to be constant. On the 
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other hand, the free energies G (=E+PV–TS) of parent and martensite phases are influenced by 

hydrostatic pressure through the term PV, product of pressure and volume. The change in the lattice 

volume, ΔV, due to hydrostatic pressure is different between parent and martensite phases, depending 

on elasticity of each phase, whereas the increase in the pressure, ΔP, is the same for both phases. The 

change in free energy, ΔG, is therefore different between the parent and martensite phases, leading to 

the shift of the transformation temperatures as described in Fig.3.1. This scheme has been verified 

experimentally in steels, Fe-Ni and Fe-Al-Ni alloys [2,3]. 

 

 

 

Fig. 3.1 Schematic profiles of Gibbs free energy of parent and maretnsite phases. Reproduced from 

Ref. [4]. Original idea is presented in Ref. [2]. 

 

 

Kinetics of martensitic transformation is also influenced by external fields. Conventionally, 

martensitic transformations have been classified into athermal and isothermal transformations from 

the viewpoint of transformation kinetics [1]: the athermal transformation is a first-order phase 

transition that is typical for martensitic transformations as mentioned above, and the isothermal 

transformation is a second-order, or weak first-order, phase transition, which is characterized by a 

continuous change in free energy through the transformation and a finite incubation time before the 

initiation of the transformation. Although only a limited number of alloys exhibit isothermal 

transformation, e.g., Fe-Ni-Mn alloys, many studies have been made [5,6] to clarify a general nature 

of martensitic transformations. Kakeshita et al. have revealed that an Fe-24.9Ni-3.9Mn (mass%) alloy, 

which originally exhibits isothermal transformation, undergoes athermal transformation in a high 

magnetic field, and inversely, the form of the transformation in an Fe-31.4Ni-0.5Mn (mass%) alloy 

changes from athermal to isothermal by applying a hydrostatic pressure [7]. These results imply that 

athermal and isothermal transformations could be explained in the same framework, and in fact, the 

transition between athermal and isothermal transformations has been successfully observed in a time-
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temperature-transformation diagram as shown in Fig. 3.2. A phenomenological model for this 

transition has been proposed and showed good agreements with experimental results [8]. In the model, 

it is assumed that thermally activated particles (atoms, electrons, etc.) are transported beyond the 

potential barrier, and if the number of transported particles reaches critical condition, then the 

nucleation occurs. Note that this is, in principle, the same scheme as of the nucleation in diffusional 

transformations, whereas the martensitic transformation is diffusionless. To specify the carrier in 

martensitic transformation is yet a challenge, although nucleation of martensites has been extensively 

studied in Ni-Al [9-11], Ni-Ti [12], Fe-Pd [13], and Ti-Ni-Fe/Ti-Pd-Fe [14], in which a precursor 

phenomenon for a martensitic transformation has been observed. 

 

 

 
Fig. 3.2 TTT diagrams of isothermal martensitic transformation in an Fe-24.9Ni-3.9Mn (mass%) alloy 

under a magnetic field (a) or hydrostatic pressure (b). Reproduced from Ref. [8]. 

 

 

As expected from the effect of hydrostatic pressure, uniaxial compression/tensile stresses 

also influence transformation temperatures of martensitic transformations, i.e., phase equilibrium 

between the parent and martensite phases, based on the same scheme presented in Fig.3.1. This has 

been also known as stress-induced martensitic transformation. The difference from hydrostatic 

pressure is that uniaxial stress is spatially anisotropic and thus possible to have an anisotropic influence 

on the phase transformation, leading to, for example, selective nucleation and growth of an orientation 

variant. The uniaxial stress therefore significantly modifies the morphology of the martensites. 

The effect of uniaxial stress on the morphology of the martensite phase has been recognized. 

Since in most cases, the crystal structure of the martensite phase has lower symmetry than that of the 

parent phase, multiple orientation variants arise from a single grain of the parent phase. In a 

mathematical view, these variants are characterized by different transformation tensors with respect to 
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the parent phase [15]. This indicates that the effects of uniaxial stress are different between the variants, 

i.e., the uniaxial stress can assist nucleation and growth of some variants and suppresses those of the 

other variants. 

 Although understanding of nucleation in a martensitic transformation is yet a challenge, the 

effect of stress field on nucleation has been studied. Interpretation of the effect of stress field on the 

nucleation, however, becomes far complicated during the martensitic transformation, due to overlap 

of the external stress and the internal stress created by the pre-existing nuclei. When the external stress 

is relatively small, the stress field created by pre-existing nuclei has a dominant effect on nucleation 

or growth process. This indicates that the stress field from all of the pre-existing nuclei in the 

microstructure should be taken into account to understand the subsequent microstructure evolution. 

For that purpose, numerical computation based on the micromechanics [16] can be a useful way 

[17,18]. Details of the calculations are discussed in Chapter 4. Experimentally, formation of martensite 

phase induced by the stress field from the pre-existing martensite phase have been directly observed 

by using SEM [19]. 

 Magnetic field gives rise to a similar effect on microstructure evolution in ferromagnetic 

alloys. Considerable magnetic field-induced strain due to preferential variant selection has been 

reported in Ni2MnGa [20-22], Fe-Pd [23,24], and Fe3Pt [25,26] alloys. The difference in 

magnetocrystalline anisotropy energy between the orientation variants results in the movement of twin 

boundaries toward the direction to which the total energy is reduced. This has been confirmed by the 

in-situ observation with an optical microscope in Fe-31.2 at% Pd alloy [27]. The requirement to 

introduce magnetic field-induced boundary movements has been proposed that the shear stress exerted 

by the magnetic field, τmag, is larger than that required to move the twin boundaries in a mechanical 

manner, τreq [28]. This criterion has been experimentally verified in Ni2MnGa, Fe-Pd, and Fe3Pt alloys 

[29]. 

 

 

3.1.2. Effect of external fields on diffusional transformations 

 

It has been reported that a magnetic field affects transformation temperature in ferrite to 

austenite (α-γ) diffusional transformation in Fe-Rh alloys [30], which is similar to the case of 

martensitic transformation. Shimotomai and Maruta [31] has reported elongation and anisotropic 

connection of austenite grains in an inverse transformation from lath martensite in Fe-0.1 and 0.6 wt% 

C alloys in a magnetic field of 8 T. Figure 3.3 shows optical micrographs of Fe-0.6 wt% C alloy 

annealed at 745 °C for 45 min in a magnetic field of 8 T. It is obvious that the austenite grains are 

elongated and connected each other along the direction of the magnetic field, whereas in the zero-field 

condition, anisotropic elongation and arrangement are not observed. Otsuka et al. [32] have reported 
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the similar effect in the austenite-ferrite transformation in Fe-0.4 wt% C alloy. The elongation along 

the magnetic field can be explained by considering demagnetization energy, which is reduced by 

increasing the distance between magnetic poles in each grain. The anisotropic connection of grains 

can be attributed to dipole-dipole interactions between magnetized grains: that is, when two grains are 

magnetized along the magnetic field, the magnetostatic energy can be minimized by arranging the 

grains so that the north pole of one grain connects with the south pole of the other. Similar 

consequences have been obtained by a phase-field simulation [33], showing good agreements with the 

experimental results in Ref. [32]. 

 

 

 
Fig. 3.3 Microstructures of Fe-0.6%C specimens annealed at 745 ℃ for 45 min. The cross section 

micrographs (a) parallel and (b) perpendicular to a magnetic field of 8 T which is vertical in the figure. 

(c) the microstructure of a specimen without magnetic field. Reproduced from Ref. [31]. 

 

 

3.1.3. Effect of external fields on A1-L10 disorder-order transformation 

 

It has been reported that external fields such as uniaxial stress and magnetic field are useful 

to control variant selection in transformations. Magnetic field-induced preferential variant selection 

has been reported in A1-L10 disorder-order transformations in an equiatomic FePd alloy [34]. They 

have proposed that the preferential growth can be explained by magnetocrystalline anisotropy energy 

and forced volume magnetostriction. 

The magnetocrystalline anisotropy energy of a ferromagnetic material with uniaxial 

magnetocrystalline anisotropy is given by [35] 
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where Ku1, Ku2, Ku3, … are the uniaxial magnetocrystalline anisotropy constants and θ is the angle 

between the easy axis and the spontaneous magnetization. For the FePd alloy, Ku2 is less than Ku1 by 

the three orders of magnitude and Ku3 and higher order constants are less than Ku2 [36]. Thus, the 

contributions of the second or higher order terms can be negligible. Let us consider the situation in 

which a magnetic field is applied to an L10-type ordered alloy that includes three orientation variants, 

i.e., x-, y-, and z-variants. If the magnetic field is applied along c-axis of z-variant and the alloy is 

completely magnetized along the direction, Ea is minimized for z-variant (Ea = 0), whereas it is 

maximized for x- and y-variants (Ea = Ku1 + Ku2 + …). Thus, the z-variant should be more stable than 

the other variants.  

The forced magnetostriction is defined as the magnetostriction due to the magnetic field-

induced internal magnetization, and for a FCC lattice, it is described as [35] 
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where λ100 and λ111 are the magnetostriction constants for magnetization along [100] and [111], 

respectively, N is the number of atoms in a unit volume, l(r) is the interaction energy between spins, r 

is the distance between spins, and r = r0 when there is no magnetostriction. The contribution of the 

forced magnetostriction may be far less than that of the magnetocrystalline anisotropy energy, since 

the strain energy due to the magnetostrictuion is smaller by nearly three orders of magnitude than the 

transformation strain in the FePd alloy. 

Ichitsubo et al. [37, 38] performed quantitative measurements of volume fractions of the 

orientation variants by using X-ray diffractometry for FePd single crystals. Figure 3.4 [37] shows 

volume fractions of three orientation variants after isothermal annealing for 3.6 ks in a magnetic field 

of 10 T. Remaining fraction other than the three variants corresponds to disordered phase. In their 

experiments, the magnetic field was applied along the c-axis of z-variant during the whole process of 

heat-treatments including heating and cooling process. It is notable that only negligible effects of 

magnetic field are found at the temperature of 773 K or less, whereas the considerable preferential 
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growth of z-variant is observed at 793 and 813 K. Since Curie temperatures of disordered and ordered 

phases are 673 K and 763 K, respectively [39], the specimens should be paramagnetic at 793 and 813 

K. This indicates that the preferential growth of z-variant is not simply explained by 

magnetocrystalline anisotropy energy. 

 

 

 
Fig. 3.4 Volume fractions of orientation variants in L10 ordered phase in FePd after isothermal 

annealing for 3.6 ks under the magnetic field of 10 T. Reproduced from Ref. [40]. 

 

 

This problem has been explained by considering transformation strain and induced stress 

field in the disordered matrix [37,40]. According to the micromechanics theory [16], transformation 

strain creates a stress field inside the matrix, which is proportional to the volume fraction of the ordered 

phase. The mean stress in the matrix due to the transformation strain is described as 
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where Cijkl is elastic constants, fx, fy, and fz are volume fractions of each variant, and εij
x, εij

y, and εij
z are 

transformation strain tensors of each variant. The transformation strain tensors are approximately 

given by 
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where η = 1/3(1-c/a). For example, if the ratio between the volume fractions of three variants is fx:fy:fz 

= 1:1:2, where the sum is fx+fy+fz = 0.1, η = 0.1, and c11-c12 = 50 [GPa], then the internal stress in the 

matrix is calculated based on the equations (3.1) and (3.2) as [37] 
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The equation (3.3) represents compressive stress on the c-plane along [001]A1and tensile stresses on 

a- and b-planes along [100]A1 and [010]A1, respectively, and thus the nucleation of z-variant could be 

promoted (because of c/a < 1), while that of x- and y-variants are suppressed. 

 It has been reported that a single variant structure can be obtained by the two-step ordering 

heat-treatment including a low-temperature annealing with a magnetic field applied along the c-axis 

of z-variant and a subsequent high-temperature annealing without magnetic field [41,42]. The first and 

second steps of the heat-treatment correspond to nucleation and growth stages, respectively. This 

sequence of the heat-treatment is analogue to that in Refs. [37, 40], in which the similar two-step heat-

treatment has been made with uniaxial stress. In the method, although only a little preference was 

observed for z-variant in the first step, the single variant structure can be achieved after the second 

step: In their experiments for the CoPt alloy [42], when the volume fraction ratio, fz/fx (or equivalently 

fz/fy), after the first step is larger than 1.1, the single variant structure can be obtained. In their reports, 

however, microstructure evolution in the heat-treatment has not been addressed in detail and the 

mechanism of the preferential growth in the second step still remains the problem. 

 In this chapter, microstructure developments in the two-step ordering heat-treatment with a 

magnetic field will be investigated by using TEM and SEM to discuss the mechanism of the 

preferential growth. In the section 3.3, the effect of magnetic field on the A1-L10 disorder-order 

transformation in the CoPt alloy will be discussed by referring to magnetization measurements in the 

previous studies. Then TEM and SEM observation results will be addressed in the sections 3.4 and 

3.5, respectively. 

 

 

3.2. Experimental 

 

 An ingot of Co-50 at% Pt was prepared by arc-melting in Ar atmosphere. Single crystals 

were grown by using the floating zone method with an infrared heating system (Crystal Systems Inc.). 

The single crystals were homogenized at 1273 K for 168 h in an evacuated quartz tube (~2.0×10-4 Pa). 

The orientations was determined by the back reflection Laue method, and cubic-shaped specimens 

(~2×2×2 mm3) with {100}A1 surfaces were cut out from the single crystal by electro machining. 

 The specimens were followed by the two-step ordering heat-treatment described in Fig. 3.5. 

First of all, the specimens were heated up to 1273 K and kept for 60 min to achieve disordered state, 

followed by quenching in ice-water. Although it is difficult to completely suppress ordering during 

quenching, the degree of order after quenching was estimated as sufficiently low, as shown later in the 
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experimental results. In the first step of ordering, the specimens were heated up to 773 K and annealed 

for 60 min with/without a magnetic field that is applied along c-axis of z-variant, followed by cooling 

to room temperature. Here both the heating and cooling rates were set as 5 K/min. In the second step 

of ordering, the specimens were heated up to 1023 K which is slightly lower than the order-disorder 

transformation temperature, T(o-d), and annealed for 180 min. 

 TEM samples were prepared by mechanical polishing, dimpling, and Ar ion milling. Note 

that electropolishing is not easily applicable to the CoPt alloy due to large collusion-resistance of 

platinum. SEM samples were prepared by mechanical polishing, and Ar ion milling. 

 

 

 

Fig. 3.5 Schematic diagram of the two-step ordering heat-treatment for CoPt with/without magnetic 

field. 

 

 

3.3. Magnetization measurements 

 

 The results of magnetization measurements for the specimens that experienced the two-step 

ordering heat-treatment with/without magnetic field have been reported [41,42]. Here the results are 

briefly reviewed to understand how the orientation variants develop in the heat-treatment. 

 

 

3.3.1. Two-step ordering heat-treatment without magnetic field 

 

 Figure 3.6 shows magnetization curves measured along c-axes of x-, y-, and z-variants in 

the as-quenched specimen, where the magnetization per formula unit (f.u.) of CoPt is scaled by Bohr 

magneton, μB. In Fig. 3.6, three magnetization curves are observed as completely identical each other. 
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This indicates that the as-quenched specimen is in disordered state, and volume fractions of x-, y-, and 

z-variants (which are nucleated, even though ordering during quenching is sufficiently suppressed) 

are nearly the same. 

 

 

 

Fig.3.6 Magnetization curves of CoPt alloy at 300 K in the x-, y- and z-directions after quenching from 

1273 K. Unit of magnetization is standardized by the products of Bohr magneton mB and the number 

of CoPt formula units in the specimen. Inset curve shows the enlargement of the range from 0 to 1.0 

T. Reproduced from Ref. [41]. 

 

 

The magnetization curves after the first-step of ordering without magnetic field are shown 

in Fig. 3.7(a). The results are similar to those for the as-quenched specimen, meaning that there is no 

difference in the nucleation of three orientation variants. Figure 3.7(b) show the magnetization curve 

after the second-step of ordering, in which the small difference between three variants is observed. 

This difference can be regarded as a statistical error, since after the second-step of ordering, the 

domains of each variant would be significantly coarsened. That is, after the first-step of ordering, the 

domains of each variant are on the order of a few nm (see section 3.5), and thus the obtained 

magnetization in Fig. 3.7(a) represents a mean value that is averaged over numerical number of 

domains. In contrast, after the second step of ordering, the domains of each variant are on the order of 

100 µm or more (see section 3.6), and thus the obtained magnetization in Fig. 3.7(b) is averaged only 

over, say, a several decades of domains. Therefore, in Fig. 3.7(b), statistical error due to inhomogeneity 
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of the domain size is expected to be large. Use of a larger single crystal, or of polycrystalline specimen, 

may reduce the error. Nevertheless, it can be concluded from the results that after the two-step ordering 

heat-treatment without magnetic field, all three variants are still present and the specimen has multi-

variant structure. 

 

 

 

Fig.3.7 Magnetization curves of CoPt alloy at 300 K in the x-, y- and z-directions after (a) the first step 

of ordering without magnetic field and (b) the second step of ordering. Reproduced from Ref. [42]. 

 

 

3.3.2. Two-step ordering heat-treatment with magnetic field 

 

 Figure 3.8(a) show the magnetization curves measured along the c-axes of x-, y-, and z-

variants for the specimen after the first step of ordering heat-treatment in a magnetic field of 10 T. In 

the heat-treatment, magnetic field was applied along c-axis of z-variant. Unlike the curves in Fig. 

3.7(a), the sample is magnetized slightly faster in the direction parallel to c-axis of z-variant than in 

other directions. This indicates that the volume fraction of z-variant is slightly larger than that of x- or 

y-variant due to preferential nucleation induced by the applied magnetic field. Estimated volume ratio 

Vz/Vx (or equivalently Vz/Vy) is reported as about 1.1. The magnetization curves after the second step 

of ordering heat-treatment are shown in Fig. 3.8(b). It is found that in the z direction, the sample is 

rapidly magnetized, whereas in the other directions, the magnetization of the sample is proportional 

to the strength of the applied magnetic field. These corresponds to the behavior when the magnetic 

field is applied along the easy axis (c-axis of L10 phase) and the difficult axis (a-axis of L10 phase), 

respectively. It thus concludes that the single variant state is obtained by applying a magnetic field of 

10 T during the first step of ordering heat-treatment. 
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Fig.3.8 Magnetization curves of CoPt alloy at 300 K in the x-, y- and z-directions after (a) the first step 

of ordering in magnetic field of 10 T and (b) the second step of ordering. Reproduced from Ref. [41]. 

 

 

 Farjami et al. [41] have reported that the single variant state can be obtained even by 

applying weaker magnetic field. Figures 3.9(a)-(d) show the magnetization curves when applying 

magnetic field of 2, 0.5, 0.1, and 0 T, respectively, and Figs. 3.9(a’)-(d’) are the curves after the 

subsequent second step of ordering heat-treatment without magnetic field. The magnetization curves 

in the case of 2 T and 0.5 T (Figs. 3.9(a), (b), (a’) and (b’)) show almost the same results as in Fig. 3.8, 

that is, the single variant state is obtained by using magnetic field of 2 and 0.5 T. In the case of 0.1 T, 

however, no preference for z-variant is observed after the first step. Nevertheless, the curve in Fig. 

3.9(c’) show preferential growth of z-variant in the second step, although other two variants still 

remain. The dependence of the final state on the strength of magnetic field is summarized in Fig. 3.10, 

from which the lower limit of magnetic field to achieve the single variant state is estimated as around 

0.5 T for the CoPt alloy (and 4 T for Fe-55 at% Pd alloy). It should be noted that the ratios of volume 

fractions after the first-step of ordering in magnetic field of 0.5, 2, and 10 T are estimated as nearly 

the same each other. This means that it is difficult to enhance the preferential nucleation even using a 

strong magnetic field. Ichitsubo et al. [43] has obtained similar results by using uniaxial stress instead 

of magnetic field, and they explained that this limitation is due to elastic interactions in the cubic-

tetragonal transformation; i.e., at the surroundings of the region where the z-variant (with [001]z // 

[001]A1) is nucleated, nucleation of x- and y-variants is preferred in <101>A1 directions to relax strain 

field created by the pre-existing z-variant (Fig. 3.11). This is supported by the fact that anisotropic 

arrangements of ordered domains due to the elastic interactions between the variants have been 

observed in the FePd alloy [34], in which the variants tend to be nucleated alternatively in <101>L10 
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directions. This configuration has also been predicted in general context of elasticity and TEM 

observation for Cu-2.0 at% Be alloy has been reported [44]. The details on the elastic interaction and 

its effect on preferential nucleation in the present study will be discussed in Chapter 3. 

 

 

 

Fig.3.9 Magnetization curves at 300 K in the x-, y- and z-directions. (a)-(d) Curves for the specimens 

subjected to the heat-treatment described in each figure with parenthesis. (a’)-(d’) Curves for the 

specimens subjected to isothermal annealing at 1023 K for 180 min after the treatments in (a)-(d), 

respectively. Reproduced from Ref. [42]. 
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Fig.3.10 Fraction of z-variant after the second step of ordering in Co-50 at% Pt (open circles) and Fe-

55 at% Pd (open squares) alloys plotted as a function of magnetic field applied in the first step. 

Reproduced form Ref. [42]. 

 

 

 

Fig.3.11 Expected configurations between two variants based on the calculation of elastic interactions. 

Reproduced from Ref. [43]. 

 

 

3.4. TEM observations 

 

 To understand the microstructure developments in the two-step ordering heat-treatment and 

clarify the mechanism of magnetic field-induced preferential variant selection, TEM observations 
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have been made. In this section, the results of TEM observations are addressed. 

 

 

3.4.1 Two-step ordering heat-treatment without magnetic field 

 

 A selected area diffraction pattern for the specimen after the first step of ordering heat-

treatment without magnetic field is shown in Fig. 3.12(a) and the corresponding key diagrams are 

presented in Figs. 3.12(e)-(g). Superlattice reflections of all three variants are obaserved. Dark field 

images obtained using superlattice reflections are shown in Fig. 3.12(b)-(d), in which homogeneously 

distributed ordered domains are observed. The mean size of the ordered domains was estimated as 2-

5 nm. Note that ordered domains are slightly elongated along <011>L10 due to elastic interactions in 

cubic-tetragonal transformation as has been observed in FePd [43]. 

 

 

 

Fig.3.12 (a) Selected area electron diffraction pattern for the specimen heat-treated at 773 K for 30 

min in the first step of ordering. (b)-(d) Dark field images of x-, y- and z-variants taken by using 110X, 

001Y and 001Z superlattice reflections in (a). (e)-(g) Schematic key diagrams of diffraction patterns 

derived from x-, y- and z-variants. In key diagrams of (e)-(g), black and white circles represent 

fundamental and superlattice reflections, respectively. 
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 Figure 3.13 shows a diffraction pattern, a bright field image, and dark field images of the 

specimen that was quenched into ice water after heat-treatment at 1023 K for 3 min (i.e., in the middle 

of the second step of ordering heat-treatment). It is found in Fig. 3.13(a) that the intensity of 

superlattice reflection of y-variant is stronger than those of x- and z-variants, and thus y-variant has 

larger volume fraction than other variants in the field of view. As shown later in SEM observations, 

volume fractions of the variants in this stage are likely to be the same, and the difference observed in 

Fig. 3.13 is due to a statistical error related to the coarsening of ordered domains compared with the 

area available for selected area electron diffraction. 

 

 

 

Fig.3.13 (a) Selected area electron diffraction pattern for the specimen heat-treated at 773 K for 30min 

and 1023 K for 3 min in the first and second step of ordering, respectively. (b) Bright field image and 

(c)-(e) dark field images of x-, y- and z-variants taken by using 110X, 001Y and 001Z superlattice 

reflections in (a). 
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 Figure 3.14 shows a diffraction pattern and a bright field image obtained from the specimen 

after the second step of ordering heat-treatment at 1023 K for 180 min. In the specimen, only x variant 

was observed in any region. Following the same reason in Fig. 3.13, this is due to the coarsening of 

the ordered domains compared with the field of view. Therefore, further observation using SEM is 

needed to characterize microstructure at this stage over the wider range. 

 

 

 

Fig. 3.14 (a) Selected area electron diffraction pattern and (b) the corresponding bright field image for 

the specimen heat-treated at 773 K for 30 min and 1023 K for 180 min in the first and second step of 

ordering, respectively. 

 

 

3.4.2 Two-step ordering heat-treatment with magnetic field 

 

 Figure 3.15 shows a diffraction pattern projected from [100]A1 direction and dark field 

images obtained using superlattice reflections of each variant, that is, [110]x, [001]y, and [001]z, 

respectively. The superlattice reflections of all variants are clear, and ordered domains on the order of 

a few nm are observed in the dark field images. The elongation of ordered domains along <101>L10 

directions, which has been discussed in the last section, is more recognizable in Fig. 3.15(d) than in 

the other two. The difference may be related to preferential nucleation observed in the magnetization 

measurement. 

To characterize detail arrangements of ordered domains at this stage, high angle annular dark 

field images in STEM (HAADF-STEM) was obtained from the same specimen as shown in Fig. 3.16. 

In HAADF-STEM, atomic columns composing of heavy elements are imaged to be brighter than those 
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of light elements, which is referred to as Z-contrast. Thus, the bright and dark dots (or lines) in Fig. 

3.16 correspond to Pt-rich and Co-rich columns, respectively. It is seen in Fig. 3.16(a) that L10 ordered 

domains, which can be identified for y and z-variants as layers of bright and dark atomic planes, are 

on the order of 2 to 5 nm in diameter. In Figs. 3.16(b) and (c) that are zooms of the regions B and C 

in Fig. 3.16(a), it is observed that the interfaces between y- and z-variants tend to be in twin relation, 

in which the twin plane is approximately parallel to (011)A1 or (0-11)A1 planes. Note that x- and y-

variants, or x- and z-variants, should have the same crystallographic relationship as that between y and 

z-variants, since x- and y-variants are crystallographically equivalent in the present experiment, even 

when applying a magnetic field. In the current projection parallel to [001]x, [010]y, and [100]z, however, 

only (101)y, (-101)y, (011)z, and (0-11)z can be observed in edge-on condition as schematically 

illustrated in Fig. 3.17. Thus, the other twins composing of other sets of {101}L10 planes (e.g., a pair 

of (101)x and (011)y) should be present as well as the twins shown in Figs. 3.16(b) and (c), although 

the twin planes of them are inclined to the incidence of the electron beam and thus are not visible in 

the present observation. 

 

 

 

Fig. 3.15 (a) Selected area electron diffraction pattern for the specimen heat-treated at 773 K for 30min 

under magnetic field of 10 T in the first of ordering. (b)-(d) dark field images of x-, y- and z-variants 

taken by using 110X, 001Y and 001Z superlattice reflections in (a). 
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Fig. 3.16 (a) HAADF-STEM image of the specimen heat-treated at 773 K for 30 min in magnetic field 

of 10 T in the first of ordering. (b),(c) Enlarged images of areas B and C in (a), respectively. 

 

 

Fig. 3.17 Schematic illustrations of {101}L10 planes for each variant. A pair of parallel planes (e.g., 

(101)x and (011)y planes) forms a twin plane. [001]x (or equivalently [010]y or [100]z) is the viewing 

direction of all diffraction patterns. 
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 Figure 3.18 shows a diffraction pattern and a bright field image obtained from the specimen 

quenched from the middle of the second step of ordering heat-treatment at 1023 K for 3 min. The 

diffraction pattern in Fig. 3.18(a) only exhibit superlattice reflections of z-variant, and no twins are 

observed in Fig. 3.18(b). A similar diffraction pattern was also obtained in another field of view as 

shown in Fig. 3.19(a). Corresponding bright field image in this region, however, includes numerous 

twin-like defects as shown in Figs. 3.19(b) and (c), where Fig. 3.19(c) is the zoom of the white box in 

Fig. 3.19(b). Several splitting of fundamental and superlattice reflections in Fig. 3.19(a) may reflect 

the presence of these defects. Notably, it is observed that the stripe pattern along [010]z direction has 

continuous connection with APBs as shown in Fig. 3.20. This implies that the stripe pattern is likely 

to be an anisotropically modulated structure of APBs that was formed through preferential growth of 

z-variant. Figures 3.21 and 3.22 are high magnification HAADF-STEM images of the same specimen, 

in which APBs are traced with white dashed lines. In Fig. 3.21(b) which is enlarged from the region 

B in Fig. 3.21(a), the contrasts corresponding to Co-rich and Pt-rich atomic planes are blurred near the 

APB. Also, in Fig. 3.21(c) corresponding to the region C in Fig. 3.21(a), remaining y-variant is 

observed with twin relation. In Fig. 3.22, the remaining y-z twin is more clearly observed, where the 

thickness is about 2 nm and the twin plane lies in (0-11)z. 

 

 

 

Fig. 3.18 (a) Selected area diffraction pattern for the specimen heat-treated at 773 K for 30 min under 

magnetic field of 10 T and 1023 K for 3 min in the first and second step of ordering, respectively, and 

(b) a corresponding bright field image. 
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Fig. 3.19 (a) Selected area diffraction pattern for the specimen heat-treated at 773 K for 30 min in 

magnetic field of 10 T and 1023 K for 3 min in the first and second step of ordering, respectively, (b) 

a corresponding bright field image, and (c) enlarged image of the area indicated in (b). 

 

 

 

Fig. 3.20 A bright field image taken from the area containing periodical stripe contrast perpendicular 

to c-axis of z-variant for the specimen heat-treated at 773 K for 30 min in magnetic field of 10 T and 

1023 K for 3 min in the first and second step of ordering, respectively. 
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Fig. 3.21 (a) HAADF-STEM image of the specimen heat-treated at 773 K for 30 min in magnetic field 

of 10 T and 1023 K for 3 min in the first and second step of ordering, respectively. (b) and (c) Enlarged 

images of areas B and C in (a), respectively. 

 

 

 

Fig. 3.22 (a) HAADF-STEM image of the specimen heat-treated at 773 K for 30 min in magnetic field 

of 10 T and 1023 K for 3 min in the first and second step of ordering, respectively. (b) Enlarged images 

of area B. 
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 Figure 3.23 is a diffraction pattern and a bright field image obtained from the specimen after 

the second step of ordering heat-treatment at 1023 K for 180 min. The diffraction pattern displays only 

superlattice reflections of z-variant, and the APBs are clearly coarsened compared with those in Fig. 

3.18(b). The results indicate that homogeneous single variant state is achieved as expected from the 

magnetization measurement in Fig. 3.8(b). It is, however, necessary to confirm whether the other 

variants still remain or not by using SEM for observing wider regions. The SEM observations will be 

addressed in the next section. 

 

 

 

Fig. 3.23 (a) Selected area diffraction pattern for the specimen heat-treated at 773 K for 30 min under 

magnetic field of 10 T and 1023 K for 180 min in the first and second step of ordering, respectively, 

and (b) a corresponding bright field image. 

 

 

3.4.3. Intermediate stage of preferential growth in the second step of ordering heat-treatment 

 

 It follows from the results in the previous section that the rates of ordering and preferential 

growth in the second step of ordering at 1023 K are very high. In order to understand the intermediate 

states of microstructure evolution in the second step, low-temperature annealing at 773 K or 873 K 

was performed in the second step of heat-treatment, instead of that at 1023 K. 

 First, the specimen was heat-treated at 773 K for 20 min after the first step of heat-treatment 

in magnetic field of 10 T, and then quenched into ice water. Figure 3.24 shows a diffraction pattern 

and dark field images obtained from 110x, 001y, and 001z reflections, respectively. In Fig. 3.24(c) and 

(d), elongation of ordered domains along <101>L10 directions is more apparent than in Fig. 3.15, 

although no clear difference between the variants can be observed in the observation. 

 Second, another specimen was heat-treated at 873 K for 90 min after the first step of ordering 

heat-treatment in a magnetic field of 10 T. The diffraction pattern and corresponding dark field images 
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of three variants are shown in Fig. 3.25. It is clear in Fig. 3.25(c) and (d) that the volume fraction of 

z-variant is larger than that of y-variant, even though the thickness and length of twin plates of y-

variant is coarsened compared with those in Fig. 3.24. 

 

 

 
Fig. 3.24 (a) Selected area diffraction pattern for the specimen heat-treated at 773 K for 30 min in 

magnetic field of 10 T and 773 K for 20 min in the first and second step of ordering, respectively. (b)-

(d) Dark field images of x-, y- and z-variants taken by using 110X, 001Y and 001Z superlattice 

reflections in (a). 

 

 

 
Fig. 3.25 (a) Selected area electron diffraction pattern for the specimen heat-treated at 773 K for 30 

min under magnetic field of 10 T and 873 K for 90 min in the first and second step of ordering, 

respectively. (b)-(d) Dark field images of x-, y- and z-variants taken by using 110X, 001Y and 001Z 

superlattice reflections in (a). 
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3.4.4. Summary of TEM observations 

 

 The mechanism of single variant formation in the two step of ordering heat-treatment with 

magnetic field can be concluded from the observations as follows: 

 

(1) Preferential nucleation in the first step of the heat-treatment. Nucleation of the variant whose c-

axis is parallel to the applied magnetic field is promoted, whereas that of the others are suppressed. 

The nucleation of non-preferential variants cannot be suppressed, because the elastic strain due to 

a pre-existed variant promotes nucleation of other variants, resulting in limitation of magnetic 

field-induced preferential nucleation. 

 

(2) Elongation of ordered domains along <101>L10 directions and their anisotropic arrangements. 

Ordered domains are elongated due to elastic interaction with the matrix or other variants. Elastic 

strain field created by one variant affects subsequent nucleation, and results in anisotropic 

arrangements of ordered domains as illustrated in Fig. 3.11. 

 

(3) {101} L10 twin formation and preferential growth. The anisotropic arrangements in (2) leads to 

formation of {101}L10 twins. The growth rate of twin plates is different between preferential (z-

variant) and non-preferential variants (x- and y-variants), resulting in preferential growth of z-

variant. 

 

(4) Through the preferential growth, the faction of non-preferential variants is reduced, and the single 

variant state is obtained. 

 

 

3.5 SEM observations 

 

 

3.5.1. Two-step ordering heat-treatment without magnetic field 

 

 Figure 3.26 shows ETD and AsB images of the specimen heat-treated at 1023 K for 3 min 

after the first step of ordering heat-treatment without magnetic field. In the observation, two regions 

were observed to investigate the homogeneity of microstructures. In the region shown in Figs. 3.26(a) 

and (b), numerical x-y twins are observed as bright or dark bands over wide regions as has been shown 

in Fig. 3.27, the thickness of which is 50 nm or less. Other fine striped contrasts along [001]y is likely 

to be the defects related to APBs that have been observed in Fig. 3.20. In the other region shown in 
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Figs. 3.26(c) and (d), y-z twins are observed in addition to x-y twins. Interestingly, the width of x-y 

twins in the second region is smaller than that in the first region. This implies that the growing process 

is retarded due to competitive coarsening between different types of twins. 

 

 

 

Fig.3.26 SEM images, obtained using ETD and AsB detectors, for the specimen heat-treated at 773 K 

for 30 min and 1023 K for 3 min in the first and second step of ordering, respectively. Observation 

conditions: EHT=10.00 kV and WD=3.0 mm. 

 

 

 Figure 3.27 shows ETD and AsB images of the specimen heat-treated at 1023 K for 180 min 

after the first step of ordering heat-treatment without magnetic field in different magnifications. The 

specimen was fabricated as appropriate for TEM observations by dimpling and Ar ion milling. It 

follows from Figs. 3.27(a) and (b) that the specimen includes numerical x-y, y-z, and z-x twins, where 

the types of twins can be distinguished by the directions of twin traces. The specimen is, therefore, in 

multi-variant state. In the vicinity of the hole, almost no twin contrasts are observed as shown in Figs. 

3.27(c) and (d). This could be the reason why only x-variant was observed in the TEM observation in 

Fig. 3.14. In higher magnification, periodic modulation of twins is observed, in which one type of 

twins are periodically arranged inside another type of twins. The structure is similar to the twin-within-
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twin structure which has been expected as a consequence of the phenomenological theory of 

martensitic crystallography (PTMC) (e.g., Ref. [15]). Thus, the result indicates that the A1-L10 

disorder-order transformation in the current heat-treatment scheme could be a quasi-martensitic 

transformation, i.e., the dynamics of the transformation is rather displacive as in martensitic 

transformations than diffusional. In fact, the heling born-like structure with definite habit planes is 

observed as shown in Fig. 3.28. 

 

 

 

Fig.3.27 SEM images, obtained using ETD and AsB detectors, for the specimen heat-treated at 773 K 

for 30 min and 1023 K for 180 min in the first and second step of ordering, respectively. Observation 

conditions: EHT=10.00 kV and WD=3.0 mm. 
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Fig.3.28 Habit planes observed in the specimen heat-treated at 773 K for 30 min and 1023 K for 180 

min in the first and second step of ordering, respectively. Images are obtained using the CBS detector 

in Scios. 

 

 

3.5.2. Two-step ordering heat-treatment with magnetic field 

 

 Figure 3.29 shows ETD and AsB images of the specimen heat-treated at 1023 K for 3 min 

after the first step of ordering heat-treatment in magnetic field of 10 T. The specimen was fabricated 

as appropriate for TEM observations by dimpling and Ar ion milling. Round-shaped surface reliefs 

observed in Fig. 3.29(a) were introduced by Ar ion milling. In the AsB image (Fig. 3.29(b)), numerical 

twin-like striations are observed as has been observed in the TEM observation in Fig. 3.19 as well as 

the stripe-patterned defects in z-variant (Fig. 3.29(c)). Since the channeling contrast mainly comes 

from variation of crystallographic orientation, variation of contrast in the regions of z-variant in Fig. 

3.29(b) implies that large transformation strains are introduced during the preferential growth. 

 Figure 3.30 shows ETD and AsB images of the specimen heat-treated at 873 K for 90 min 

after the first step of ordering heat-treatment in magnetic field of 10 T. It is found in Fig. 3.30 that the 

microstructure includes fine striations along <101>z directions and blurry band-like contrasts along 

[010]z direction. It is anticipated that the former and the latter correspond to y-z and x-z twins, 

respectively, as has been observed in TEM observations in Fig. 3.25. These contrasts exhibited a 

drastic change when tilting the specimen by a few degrees as shown in Figs. 3.30(c) and (d). The result 

confirms that these contrasts are indeed channeling contrasts and represent twin structures, since the 

channeling contrast is sensitive to even a few degrees of tilt, whereas the topographic contrast is not. 

The same twin structures were observed over wide regions and consequently, the microstructure is 

homogeneous in this stage. 
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Fig. 3.29 SEM images, obtained using ETD and AsB detectors, for the specimen heat-treated at 773 

K for 30 min and 1023 K for 3 min in the first and second step of ordering, respectively. Observation 

conditions: EHT=10.00 kV and WD=3.0 mm. 
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Fig. 3.30 SEM images, obtained using ETD and AsB detectors, for the specimen heat-treated at 773 

K for 30 min and 873 K for 90 min in the first and second step of ordering, respectively. The crystal 

orientation is slightly changed between (a)-(b) and (c)-(d). Observation conditions: EHT=10.00 kV 

and WD=3.0 mm. 

 

 

 Figure 3.31 shows an AsB image of the specimen heat-treated at 1023 K for 180 min after 

the first step of ordering heat-treatment in magnetic field of 10 T. Although several twins still remain 

in the microstructure, it was roughly estimated that the volume fraction of z-variant is more than 95% 

and thus the effect of remaining twins on the magnetic property may be negligible.  

 

 



58 
 

 

Fig. 3.31 SEM images, obtained using the AsB detector, for the specimen heat-treated at 773 K for 30 

min and 1023 K for 180 min in the first and second step of ordering, respectively. Observation 

conditions: EHT=10.00 kV and WD=3.0 mm. 

 

 

3.5.3. Summary of SEM observations 

 

The microstructures of the specimens that experienced the two step ordering heat-treatment 

with/without magnetic field were observed using SEM. As a result, following results were obtained: 

 

(1) In the specimen treated at 1023 K for 3 min after the first step of ordering heat-treatment without 

magnetic field, {101}L10 twin structures are developed. The growth rate of twins is faster in the 

regions including two variants than in the regions including three variants. 

 

(2) In the specimen treated at 1023 K for 180 min after the first step of ordering heat-treatment without 

magnetic field, a multi-variant structure including x-y, y-z, and z-x twins was observed. The twins 

are periodically modulated, in which one type of twins are enveloped by the other type of twin. 

The result indicates that the transformation dynamics is rather displacive as in martensitic 

transformations, than diffusional. 

 

(3) In the specimen treated at 1023 K for 3 min after the first step of ordering heat-treatment in 

magnetic field of 10 T, a number of y-z twins are included, the mean thickness of which is about 

10 nm. The microstructure agrees with the result of TEM observations. 
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(4) In the specimen treated at 873 K for 90 min after the first step of ordering heat-treatment in 

magnetic field of 10 T, numerical x-z and y-z twins were observed as has been observed in TEM 

observations. The microstructure was found to be homogeneous in this stage. 

 

(5) In the specimen treated at 1023 K for 180 min after the first step of ordering heat-treatment in 

magnetic field of 10 T, the single variant state (the volume fraction of z-variant was roughly 

estimated as >95 %) was confirmed, although several twins still remain. 

 

 

3.6. Conclusions 

 

 The microstructure evolution in the two step ordering heat-treatment with/without magnetic 

field was observed by using TEM and SEM. Based on the observations, the process of microstructure 

evolution can be summarized as follows: 

 

(1) Nucleation stage. Ordered domains are nucleated in the disordered matrix. Three orientation 

variants, x-, y-, and z-variants, appear equivalently when the external magnetic field is absent. 

When the magnetic field of 10 T is applied along the c-axis of z-variant, z-variant nucleates 

preferentially compared with other two variants. The preferential nucleation is, however, limited 

to the degree, to which the reduction of the magnetic energy is significant compared with the 

increase of elastic strain energy, since the elastic strain energy is increased due to preferential 

nucleation. 

 

(2) Growth stage. The ordered domains are gradually elongated along <101>L10 directions and form 

numerical micro-twins. When the magnetic field is not applied, the x-y, y-z, and z-x twins are 

competitively coarsened, and occasionally single variant or two variants state is locally achieved, 

although in a macroscopic view, the microstructure is steadily in the multi variant state. When the 

magnetic field of 10 T is applied in the first stage, the growth process in the second stage without 

magnetic field becomes preferential for z-variant. Thus, the volume fraction of z-variant increases 

through the coarsening of twins and finally the single variant state is achieved, although a small 

portion of the other variants remains as a stable twin. 
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Chapter 4 
Phase-field simulation of microstructure evolution inA1-L10 disorder-
order transformation 
 

 In Chapter 3, effect of a magnetic field on variant selection in the two-step ordering heat-

treatment has been studied by electron microscopy. It is, however, still difficult for microscopy 

techniques to extract direct information on how the microstructure develops during the heat-treatment, 

because the phase transformation considered here occurs at high temperature, and thus the direct 

observation is difficult. Also, the microstructure evolution in a phase transformation is normally 

complex phenomenon related to complicated elastic/magnetic interactions. Since these interactions 

depend on microstructural features (e.g., arrangements and orientations of grains), the problem is 

generally unable to be resolved in an analytical form. The useful way to approach the problem is 

numerical calculations that allow for taking all the contributions into account through step-by-step 

iterations. The phase-field method is one of the suitable methods to simulate microstructure evolution 

in phase transformations, and thus has been successfully applied to many systems. In this study, the 

effect of magnetic field on variant selection during A1-L10 disorder-order transformation is examined 

by using the phase-field method. 

 

 

4.1. Overview of phase-field method 

 

 In this section, the phase-field method is briefly reviewed. Because applications of the 

phase-field method include a wide variety of topics and thus only a portion of the theory that are 

necessary for this study will be addressed below. 

 

 

4.1.1. Phase-field variables 

 

In the phase-field method [1-5], transformation from one state to the other is expressed by a 

phase-field variable, φ, which is a function of time, t, and spatial position, r. The phase-field variable, 

which is a generic name of a conventional order parameter, is normally defined in the range, 0≦φ≦

1, although the range can be modified arbitrarily, depending on the situation. A phase-field model is 

constructed as a continuum model with the phase-field parameter, φ. Two terminal states of the phase-

field variable, φ=0 and φ=1, respectively correspond to states before and after the transformation. The 

interface between the two states is described as a continuous, transitional region of the phase-field 

variable as shown in Fig. 4.1, referred to as a diffuse interface model [6]. The intermediate state, 0<φ<1, 



61 
 

is, however, often difficult to be related to a clear physical view. For instance, if we define two terminal 

states, φ=0 and φ=1, are disordered and ordered states of an alloy, the phase-field variable may be 

related to the degree of order and the intermediate state may correspond to short-range ordered state. 

These explanations are, however, still qualitative, and it is unable to give rigid physical definition to 

the intermediate values of the phase-field variable due to absence of quantitative expression for non-

equilibrium ordering process. Nevertheless, quantitative properties of interface can be incorporated by 

using an appropriate model [7]. Although construction of a quantitative model is beyond the scope of 

this study, the discussion on the interface energy will be made for a cubic-tetragonal transformation 

model in the later section. 

 

 

 

Fig. 4.1 Diffuse interface model with a phase-field variable. φ=0 and φ=1 represents different phase 

and transitional region corresponds to the interface. λ defines a threshold between interface and non-

interface regions. δ is the interface width. 

 

 

 Multiple phase-filed variables are often used in the phase-field method to describe different 

transformation hostpaths. For instance, in a structural transformation, the symmetry of the crystal 

structure is normally decreased and orientation variants are formed from a single matrix. In this 

situation, multiple phase-field variables are required to express the different transformation paths, i.e., 

parent phase to the first variant, parent phase to the second variant, etc. The free energies at any spatial 

position are described as a function of these phase-field variables. The formulation of the free energies 

will be discussed in the following sections. 
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4.1.2. Total free energy 

 

 Total free energy of a system is the sum of free energies, such as the chemical free energy 

and the elastic strain energy. Although the free energy density is normally a function of time, t, and 

spatial position, r, the total free energy is no longer dependent on r due to integration over the whole 

space in the system. Therefore, the total free energy is defined in a functional form [8], 

( )∫ +++=+++=
r

rdffgFFGF elastgradcelastgradc LL , (4.1) 

where gc is the chemical free energy density, fgrad is the gradient energy density, and felast is the elastic 

strain energy density. The unit is J/m3 for all types of free energy density functions. The gradient 

energy is a free energy that depends on the gradient of the phase-field variables and contributes to the 

interfacial energy. Other types of free energies, such as magnetic and electric energies, can be 

incorporated straightforwardly to the equation (4.1). Each free energy is formulated as a function of 

phase-field variables in the following sections. 

 

 

4.1.3. Time-development equations of phase-field variables 

 

Time-development equations for conservative and non-conservative order parameters are 

respectively given as [9] 

i
j j

ij
i F

M
t

ξ
δϕ
δϕ

+











∇⋅∇=

∂
∂

∑   (for conservative variables) (4.2) 

i
j j

ij
i F

M
t

ξ
δϕ
δϕ +−=

∂
∂

∑    (for non-conservative variables), (4.3) 

where Mij (>0) is the mobility that affects the rate of interface movements, δF/δφj is a functional 

derivative of the total free energy, and ξi is the Langevin noise term representing thermal fluctuation. 

Mij can be a function of phase-field variables and often defined as a vector or matrix to express 

anisotropy of interface movements. ξi is normally described by a Gaussian noise, which is defined 

such that it satisfies the fluctuation-dissipation theorem [10,11]. When the simulation includes 

nucleation, excessive noise is sometimes added during the initial stage of the transformation to provide 

sufficient amount of nuclei [2,12]. Also, a model which is explicitly related to nucleation rate has been 

proposed [13]. The equations (4.2) and (4.3) are called time-dependent Gintzbrug-Landau (TDGL) 

equations, particularly when describing phase transitions. In the field of metallurgy, the equations (4.2) 
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and (4.3) have been referred to as the Cahn-Hilliard equation (Cahn and Hilliard 1958) and the Allen-

Cahn equation [14], respectively. 

 

 

3.1.4. Chemical free energy 

 

 Chemical free energy corresponds to conventional Gibbs free energy in equilibrium 

thermodynamics. The difference in the chemical free energy between the phases is a typical driving 

force for the phase transformation. In the phase-field method, the chemical free energy density, gc(r, 

t), which is described as a function of phase-field variables. 

In a first-order phase transition, there is a potential barrier between the two stable states, say, 

A and B phases, where the chemical free energy of A phase, GA, is larger than that of B phase, GB. The 

phase A thus needs thermal fluctuation, or other activation energy, to overcome the potential barrier 

and initiate the transformation to the phase B. In a second-order phase transition, there is no potential 

barrier, and thus the transformation is started far more easily without a large fluctuation. One of the 

conventional form to express these transitions is the Landau expansion, or Landau polynomial [11,15]. 

The fourth-order non-symmetric Landau polynomial for a model with a single order parameter is given 

as 

443322

432
),( ϕϕϕ aaa

tf L ++=r , (4.4) 

where ai (i = 2,3,4) are constants. Using this equation, the chemical free energy can be described as 
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where Δgc (>0) is the difference in chemical free energy between parent and product phases and the 

parameters are selected as to meet the following conditions; 

02 ≥a , (4.6a) 

123 23 −−= aa , (4.6b) 

122 24 += aa . (4.6c) 

In this conditions, a local minimum for the disordered phase and a global minimum for the ordered 

phase are respectively located at φ=0 and φ=1, and the peak of the potential barrier is located at 

φ=a2/2(a2+6) and its height measured from the disordered state is given by 
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For a typical martensitic transformation, a2 should be on the order of 
2*

2 )(~ acGa ηη − , (4.8) 
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where G* is the nondimensionalized shear modulus, ηa and ηc are transformation strain along a- and 

c-axes, respectively [16]. 

For the model including N phase-field variables, the fourth-order non-symmetric Landau 

polynomial is given by 
2
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where ai (i = 2,3,4) are constant coefficients. Importantly, unlike the equation (4.4), coupling terms 

appear when expanding the third term in the equation (4.9). The coupling terms are required to prohibit 

coexistence of two or more phases at the same location. The magnitudes of chemical driving force and 

potential barrier are both dependent on the coefficients, ai. 

 

 

4.1.5. Gradient energy 

 

 Gradient energy density, fgrad(r,t), is defined such that it is proportional to the square of the 

gradient of phase-field variables [8]; 

∑ ∇=
i

iigrad tf 2||
2

1
),( ϕκr , (4.10) 

where κi is the gradient energy coefficient that has the dimension of Jm2/m3 (=J/m). κi can be a function 

of phase-field variables, and anisotropy in interfacial energy can be incorporated. The gradient energy 

is maximized at the interface, because the interface is transitional region of the phase-field variables 

and thus the gradients of them are maximized. 

The gradient energy coefficients, κi, can be related to physical constants, such as interfacial 

energy, by considering the sharp interface limit [17] or the thin interface limit [18-20]. With the sharp 

interface limit in which the interface region is assumed to be in equilibrium state (i.e., chemical driving 

force is not changed in the interface region), the gradient energy coefficient can be described as 

b

δγκ 3= , (4.11a) 

where δ is the interface width (nm), γ is the interfacial energy (J/m2), and b is given by 

)21(tanh2 1 λ−= −b . (4.11b) 

λ is a threshold value that distinguishes the interface region from the non-interface regions at both 

sides, and it is normally set as λ=0.1 [3]. 

 

 

4.1.6. Elastic strain energy 
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 In solid-solid phase transformations, elastic strain energy plays an important role in 

microstructure evolution. Khachaturyan [16] first combined a continuum microstructure model with 

micromechanics theory [21], which is referred to as phase-field microelasticity. 

 It has been well known that in the micromechanics theory, stress and strain fields inside an 

ellipsoidal inclusion that is embedded in a homogeneous infinite matrix can be calculated analytically 

through the Eshelby’s equivalent inclusion theory [21,22], even when elastic constants are different 

between the inclusion and the matrix. To apply the theory to a practical microstructure, however, 

several difficulties arise from the basic assumptions of the theory: (1) Eshelby’s tensor, which plays a 

primary role in the theory, can be calculated analytically only when the shape of the inclusion is 

ellipsoidal or more symmetric. (2) Elastic interactions between two or more inclusions cannot be 

treated. Thus, the Eshelby’s theory is not necessary suitable for practical microstructure, although the 

analytical equations obtained from the theory give many helpful insights on the microelasticity in 

solids. 

 The phase-field microelasticity is, in contrast, more useful in numerical calculations than in 

deriving analytical equations. With the aid of computers, arbitrary arrangement of inclusions, even 

with multiple phases and inhomogeneous elasticity, is allowed. Also, the phase-field microelasticity is 

connected with other energies through order parameters, and the time-development is calculated based 

on the same equation (4.2) or (4.3). Therefore, the phase-field simulation combined with the phase-

field microelasticity allows an in-depth study of microstructure evolution in phase transformations. 

Equations to calculate stress and strain fields are briefly introduced below [4,16]. 

 

Eigen strain: 

 

 Eigen strain is defined as a non-elastic strain such as thermal expansion, phase 

transformation strain, plastic strain, initial strain, and misfit strain [21]. Since the eigen strain cases no 

stress by itself, it is sometimes referred to as stress-free strain. 

 In a structural transformation that results in v orientation variants, eigen strain for each 

variant is respectively given in matrix form as 

)(,),2(),1( 000000 vijijij εεε L  (i, j = 1,2,3). (4.12) 

When we define the shape function of p-variant as 
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the eigen strain at position r is given by 
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In the phase-field microelasticiy, the shape functions are replaced by order parameters and the equation 
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(4.14) is rewritten as 
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where the order parameter for i (i = 1,2, …, ν) variant is defined in the range of 0≦φi≦1, and two 

terminal states, φi=0 and φi=1, correspond to the parent and transformed states, respectively. 

 

 

Definitions of the strains: 

 

 In the phase-field microelasticity, the total strain, )(rc
ijε , which includes both elastic and 

non-elastic strains, is separated to mean strain and variational strain, )(rijδε ; 

)()( rr ijij
c
ij δεεε += , (4.16) 

where )(rijδε  satisfies the relation, 

0)( =∫ rr
r

dijδε . (4.17) 

The mean strain is literally the strain averaged over the whole space in the system and the variational 

strain is local deviation from the mean strain. When )(rijδε   is relatively small, )(rijδε   can be 

related to displacement vector, u(r), based on the conventional infinitesimal strain theory; 
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where ui (i = 1,2,3) denotes the i component of u(r). Using these equations, the elastic strain, )(rel
ijε , 

is derived by reducing the eigen strain (i.e., non-elastic strains) from the total strain; 
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The stress is calculated based on the extended Hooke’s law as 

)()( rr el
ijijklij C εσ = , (4.20) 

where Cijkl is the elastic modulus. 

 

 

Elastic strain energy: 

 

 Elastic strain energy, Eelast, is given as a work required to create elastic strain, )(rel
ijε , 
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Substituting equations (4.19) and (4.20), we obtain 

rrrrrrrr
rr

dCdCE c
kl

c
ijijkl

c
ijijklijijklelast ∫∫ 




 +−+= )()(
2

1
)()()()(

2

1 000 εεεσεε , (4.22) 

where 

)()( 00 rr ijijklij C εσ = . (4.23) 

The first term in the equation (4.22) only depends on the eigen strain and thus the integrated function 

takes zero in the matrix, whereas the second term includes elastic interactions.  

 The elastic strain energy density (J/m3) is given by 
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Displacement vector: 

 

 The mechanical equilibrium equation for a small body element at position r is given by 
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where Pi(r) is ith component of a body force, P(r), such as gravity. The body force, P(r), can be 

negligible for sufficiently small body element. Thus, the equation (4.25) is rewritten as 
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Substituting the equation (4.20) into (4.26), we obtain 
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 Here let the Fourier transforms of the displacement and the eigen strain defined as 
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The inverse transforms are thus defined as 
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Using these equations, the equation (4.27) is rewritten as 

)()( 0 kk kljijklljkijkl kiCkkuC ε−=  (4.30) 

Solving the equation (4.30) with respect to displacement, ui(k), we obtain 
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Finally, the displacement, ui(r), is given as the inverse Fourier transform of the equation (4.31a); 
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Variational strain: 

 

 First let the Fourier transform and inverse transform of the variational strain respectively 

defined as 
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Second, using the equations (4.18) and (4.31a), variational strain, )(kijδε , can be calculated 

as 
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Comparing the equations (4.34) and (4.35), and substituting the equation (4.31a), we obtain 
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The inverse Fourier transform of the equation (4.36) gives the variational strain, )(rijδε ; 
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Mean strain: 

 

 If the magnitude of the variational strain is sufficiently small than that of the mean strain, 

the mean strain represents a macroscopic deformation of the system, i.e., any region in the system 

experiences the same deformation corresponding to the mean strain. Also, the strong relation between 

macroscopic deformation and the mean strain indicates that the mean strain depends on the boundary 

conditions of the system.  

When the boundaries are all constrained, no macroscopic deformation of the system is 

allowed. Therefore, the mean strain is given by 

0=ijε . (4.38) 

When the boundaries are not constrained (i.e., in the free boundary condition), the system 

deforms spontaneously until the elastic strain energy is minimized. Thus, in the steady state, the 

following condition is satisfied; 
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Resolving this equation, we obtain 
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In other words, the mean strain in the free boundary condition is equivalent to the volume average of 

the eigen strain. 

 When the boundaries are not constrained and a constant external stress is exerted on the 

system, the mean strain is given by 
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4.1.7. Functional derivatives of energy functions and discretization of time development 

equations 

 

 To apply the energy functions derived in the previous sections to the time-development 

equations (4.2) and (4.3), it is necessary to calculate the functional derivative of the total free energy. 

Detail derivation of functional derivative can be referred to in Ref. [1-3], and only the results are 
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described below. 

 When the total free energy is given by F=Gc+Egrad+Eelast, the functional derivative of F is 

calculated as 
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Since the gradient energy depends on both order parameters and their gradients, an additional term 

appears in the calculation. 

 The continuous form of the differential equations (4.2) and (4.3) should be discretized to the 

forms available for numerical calculation. In this study, spatial differentials are discretized by the 

central difference; 
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where superscriptions and subscriptions are discretized parameters for time and spatial position, and 

O(h) denotes the accuracy of the approximation; e.g., in the equation (4.43), O(Δx) indicates that the 

error is on the order of Δx. Time differentials are discretized by the forward difference; 
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In a two dimensional model, the equations (4.43) to (4.45) are simply replaced by the partial 

differential forms; 
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The equations can also be applied to a higher dimensional model. The discrete lattices of space and 

time are illustrated in Fig. 4.2. 
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Fig. 4.2 Discrete lattices for (a) space and (b) time. 

 

 

4.2. Phase-field model of A1-L10 disorder-order transformation 

 

 In this section, a phase-field model of A1-L10 disorder-order transformation is constructed 

based on the formulations discussed in the previous section. 

 

 

4.2.1. Phase-field variables 

 

 In the A1-L10 disorder-order transformation, three orientation variants are formed from the 

single matrix. To express the transformation, we define six phase-field variables, φi (i=1,2, …, 6) 

corresponding to variants of ordered domains (three orientations and two types of atomic sequence). 

Each phase-field variable describes a transformation from the A1 state (φi=0) to the L10 state (φi=1). 

Here φ1 and φ2 are for x-variant, φ3 and φ4 are for y-variant, and φ5 and φ6 are for z-variant. 

 

 

4.2.2. Chemical free energy 

 

 In this study, the chemical free energy density is defined by the fourth-order non-symmetric 

Landau polynomial, which has already been given in the equation (4.9). The difference of Gibbs free 

energy between the disordered and ordered phases, Δg (>0), have been estimated as 49.5 MJ/m3 

(4.15×102 J/mol) at 773 K for FePd by interpolating the previously estimated values (64.7 MJ/m3 at 

723 K and 34.2 MJ/m3 at 823 K) by a Monte Carlo simulation [23]. The partial derivative of the 

equation (4.9) is given by 
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3.2.3. Gradient energy 

 

 The conventional form of the gradient energy density shown in the equation (4.10) is used 

in the present model. For simplicity, the gradient energy coefficient is assumed to be constant. The 

functional derivative of the gradient energy is therefore given by (see the equation (4.42)) 
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3.2.4. Elastic strain energy 

 

 Transformation matrices for each variant is given by 
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where η is the lattice mismatch. η is in this study set as the absolute value of contraction along c-axis; 

0

0

3
1

a

ac −
=η . (4.52) 

where a0 is the lattice constant in the cubic disordered phase, and c is the lattice parameter in the 

tetragonal ordered phase. In the equation (4.52), it is assumed that the magnitudes of dilatation and 

contraction are the same to keep the lattice volume constant. Using these transformation matrices, the 

eigen strain is described as 
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 The elastic anisotropy of the model is assumed to be cubic, and thus the elastic coefficients 

are given by 
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These coefficients have been reported for equiatomic FePd (Ichitsubo 2000) as 

Tc 0775.023811 −=  (4.56a) 

Tc 0607.017912 −=  (4.56b) 

Tc 0272.01.9144 −=  (4.56c) 

where the unit is GPa, and T is absolute temperature (K). 

The boundary conditions are in most cases selected as free boundary condition, in which the 

mean strain is given by the equation (4.40). In the later section, the effect of other boundary conditions 

will be examined. 

The partial derivative of the elastic strain energy is given by 
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3.2.5. Time-development equation 

 

 The phase-field variables for the present model are non-conservative, and thus the time-

development equation is given by the equation (4.3). The phase-field mobility, Mij, is set as 
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where M is constant. The equation (4.58) indicates that the interaction through the interface is 

negligible and the phase-field mobilities of three variants are the same. Thus, the time-development 

equation is simplified as 

i
j

i F
M

t
ξ

δϕ
δϕ +−=

∂
∂ . (4.59) 

Using the equations (4.42), (4.49), (4.50), and (4.57) gives 
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 The nondimensionalized form of the equation (4.60) is given by 
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where 
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It follows from the equation (4.61c) that time is scaled with M and Δg. Since Δg is a function of 

temperature, in the isothermal process it should be a constant. Thus, M is the only parameter which 

scales the time. In this study, M is selected as to satisfy the equation MΔg=1 for simplicity. The length 

parameter, l, should be related to the microstructure scale defined in each simulation. In this study, the 

unit length of the discrete mesh is selected as l, which is a conventional definition in many phase-field 

models. 

 Since Δg and Cijkl are constants in the isothermal process, contributions of the chemical and 

the elastic strain energy are not dependent on the length scale, whereas the contribution of the gradient 

energy can depend on the length scale, because κ’ includes the length parameter, l. This propose a 

problem that the simulation results can be significantly varied, depending on the discrete mesh size. 

Also, κ is difficult to be determined in the present model as mentioned earlier, although it is related to 

properties of the interface such as interface width and interfacial energy. Consequently, the present 

model includes two unknown parameters that scales the order of length and interface properties. The 

refinement of these parameters will be discussed in the later section. 

 

 

4.3. Parameter optimization and simulations 

 

 

4.3.1. Parameters for phase-field simulation 
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 The parameters for the phase-field simulation are summarized below in Table. 4.1. The 

length scale and gradient energy coefficients will be discussed in the section 4.3.3. 

 

Table 4.1 Parameters used in the phase-field simulation. 

Parameters  

Mesh size 256×256 

Pixel length, l (nm) 0.25 

Lattice parameter in L10 phase, a0 (nm) 0.382 

Lattice parameter in L10 phase, c (nm) 0.372 

Temperature, T (K) 773 

Chemical driving force at 773 K, Δg (MJ/m3) 30 

Parameters for Landau polynomial, a2 5 

Interface width, δ (nm) 1.0 

Gradient energy coefficient, κ (J/m) -* 

Elastic coefficients at 773 K, c11 (GPa) 178 

Elastic coefficients at 773 K, c12 (GPa) 132 

Elastic coefficients at 773 K, c44 (GPa) 70 

Lattice mismatch, η 0.0262 

Phase-field mobility (m3J-1s-1), M 3.33×10-8 

time increment, Δt (s) 0.01 

Initial amplitude of white noise, A
___

0 0.8 

Amplitude of Gaussian noise, Ath 0.1 

*Discussed in the section 4.3.3. 

 

 

4.3.2.  Refinement of gradient energy coefficient 

 

 In the equation (4.61), only κ’ remains to be an adjustable parameter. Approximately, κ is 

related to the interface width, δ, and the interface energy, γ, as shown in the equation (4.11). In 

HAADF-STEM observation, the interface between the variants was found to be on the order of 1 nm 

or less. Thus, the interface width is set as 1 nm in this study, i.e., l = 0.25 nm and δ = 4l. Using these 

relations, κ’ can be rewritten as 

glb∆
= γκ 12

' . (4.62) 

 In this study, the microstructure and its length scale have been experimentally observed by 

TEM in Chapter 2, and thus those can be regarded as known parameters. Specifically, the 
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microstructure in the two step of ordering heat-treatment has following features. 

 

After the first step of ordering heat-treatment: 

(1) Ordered domains are homogeneously nucleated, and the mean size of the ordered domains is 2-5 

nm. 

(2) The ordered domains tend to elongate themselves along <101>L10 directions and form {101}L10 

twin interfaces between neighboring variants. 

 

During the second step of ordering heat-treatment: 

(3) {101} L10 twins are gradually coarsened during the heat-treatment. 

 

The parameter, κ’, is optimized to satisfy these conditions. For that purpose, phase-field simulations 

are performed by using different κ’. Figure 4.5 shows time-developments of the degree of order in 

each simulation. The initial condition is set as the same for all simulations as shown in Fig. 4.6(a). 

Note that in this simulation, only x and y variants are described due to two-dimensional simulation, x 

variant is represented by light green (φ1=1) and deep green (φ2=1) colors, and y variant is by light red 

(φ3=1) and deep red (φ4=1) colors. It is seen in Fig. 4.5 that at the initial stage, the degree of order is 

decreased. This is because in the initial condition, random numbers are independently given to each 

pixel (Fig. 4.6(b)), and thus the net chemical and gradient energies are extremely high. To relax this 

high energy condition, even disordering could be induced as shown in Fig. 4.5. This relaxation process 

is artificial and not related to the actual disorder-order transformation. Thus, the starting point of 

simulation of microstructure developments should be set at another point (rather than at τ=0), after 

which the degree of order monotonically increases. For κ’=0.8, such point is located at around τ=50. 

Accordingly, the microstructures provided at τ=50 for different κ’ were computed and compared with 

the experimental observations in Fig. 3.14 to choose optimal κ’ such that the starting point of the 

simulation corresponds to the microstructure after the first step of ordering heat-treatment (Fig. 3.14). 

The several microstructures at τ=50 and τ=100 are presented in Fig. 4.7, in which ordered domains are 

denoted by white color to be easily compared with the dark field images in Fig. 3.14. It is found that 

the size and density of ordered domains are different between the different κ’. Finally, κ’=0.8 was 

selected in this study. 
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Fig. 4.5 Time-developments of the degree of order for different nondimensionalized gradient energy 

coefficients, κ’. For κ’=0.8, the degree of order is minimized at τ=57 as shown in Fig. 3.10. 

 

 

Fig. 4.6 (a) Initial condition in which white noise are given to each phase-field variable at each pixel. 

The amplitude of the white noise is the same between two phase-field variables. (b) Enlarged image. 

The pixel colors for each variant is defined as in the color bar. The colors are mixed when both two 

phase-field variables have non-zero values. 
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Fig. 4.7 Simulated microstructures at (a)-(c) τ=50 and (d)-(f) τ=100 for nondimensional gradient 

energy coefficients, κ’=0.5, 0.8, and 1.2. Only y-variant is presented by grayscale for comparison with 

dark field images. The size and density of nuclei are different between the different κ’.  

 

 

4.3.3. Initial conditions for expressing preferential nucleation 

 

To understand the mechanism of preferential growth in the second step of ordering heat-

treatment, microstructure evolution is simulated based on the phase-field model derived in the 

previous section. According the experimental results, in the first step of ordering, one of the three 

variants can be preferentially nucleated by applying a magnetic field along the c-axis of the variant. 

In the present simulation, the preferential nucleation is incorporated by modifying initial conditions 

of phase-field variables as follows. 

Homogeneous nucleation of ordered domains is given by introducing white noise to every 

element in the system as an initial condition. Normally, the amplitude of the white noise, A0, is set as 

the same between all phase-field variables, because three variants are crystallographically and 

thermodynamically equivalent, unless a magnetic field is applied. The initial condition provided by 

the white noise with A0=0.8|Δφ|, where |Δφ| is the difference in phase-field variable between the parent 

and product phases (in the present model, |Δφ|=1), is shown in Fig. 4.5(a). After the calculations based 

on the equation (4.61), homogeneous nucleation can be provided (Fig. 4.7) and the configuration in 
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Fig. 4.7 is regarded as the microstructure after the first step of ordering heat-treatment (Fig. 3.14 or 

Fig. 3.17) as mentioned in the previous section. Thus, it is defined as the initial condition for the 

microstructure evolution in the second step of ordering heat-treatment. 

 Even without considering the magnetic energy, the preferential nucleation can be provided 

by introducing different amplitudes of initial white noise between the variants. In this method, the 

noise amplitudes for x and y variants are set such that following condition are satisfied: 

0)(
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1
AAA yx =+  (4.63a) 
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A = , (4.63b) 

where A
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0 is the mean amplitude of white noise at each discrete cell, Ax and Ay are the amplitude of 

white noise for x-variant and y-variant, respectively, and axy is the ratio between Ax and Ay, which 

controls the magnitude of preferential nucleation. In a practical form, they are rewritten as 
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Here, A
___

0 is fixed as 0.8 and only axy is varied to control the magnitude of preferential nucleation. The 

relation between axy and the amplitudes (Ax, Ay) is described in Fig. 4.8. As increasing axy, Ax increases 

compared with Ay, and thus the preferential nucleation of x variant can be realized. Figure 4.9 shows 

the time-development of fraction ratio, Vx/Vy, for different axy. The preferential nucleation and growth 

are indeed confirmed for axy > 1.0. The starting point of microstructure simulation can be determined 

by seeing the change in the degree of order as mentioned in the previous section. Figure 4.10(a) shows 

the time-developments of the degree of order for different axy, and Fig. 4.10(b) is the time-differential 

of Fig. 4.10(a). Since the average amplitude is kept constant (A
___

0 = 0.8), the ordering behavior is very 

similar even for different axy. Thus, it is reasonable to set the starting point at τ=60 for all axy. Indeed, 

the degree of order monotonically increases after τ=60 for all axy. The fraction ratio, Vx/Vy, at τ=60 is 

1.0 for axy=1.0, 1.12 for axy=1.03, 1.21 for axy=1.05, 1.47 for axy=1.1, etc. Based on these conditions, 

the effect of preferential nucleation on the growth process will be studied in the next section. 
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Fig. 4.8 The amplitudes of initial white noise for each variant plotted with respect to different 

amplitude ratio, axy. The normalized values (Ax/A0 and Ay/A0) are shown in the left axis, while the 

values for A0=0.8 are given in the right axis. 

 

 

4.3.4. Phase-field simulation of preferential growth  

 

 Figure 4.11 shows the simulation results for axy = 1.0, 1.03, 1.05, and 1.1. As increasing axy, 

the fraction of x-variant increases rapidly, in particular, at the initial stage (τ<500). These results 

indicate that the spontaneous preferential growth can be induced by introducing a small amount of 

preferential nucleation. To understand the driving force for the preferential growth, the total free 

energy, the chemical free energy, the gradient energy, and the elastic strain energy are plotted in Fig. 

4.12. All energies are reduced by increasing axy. Particularly, relatively large difference is observed in 

the chemical free energy and the elastic strain energy. This indicates that the elastic interaction between 

the x variant domains could assist the ordering in disordered or y-variant regions. 

 To study the effect of constraint conditions on the growth process, two boundary conditions 

were examined; free boundary and constraint conditions. Figure 4.13 shows the simulation results with 

axy = 1.10. Notably, no preferential growth is observed in the constraint condition. This may be because 

the minimum transformation strain is achieved when the fraction of x- and y-variant are the same. The 
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result also implies that preferential growth is suppressed in polycrystalline specimens, since grains are 

constrained by grain boundaries. 

 

 

 

Fig. 4.9 Time-developments of fraction ratio, Vx/Vy, for different amplitude ratio, axy. 
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Fig. 4.10 Time-developments of (a) the degree of order, S, and (b) the ordering rate, dS/dτ, for different 

amplitude ratio, axy. The line colors are given by the same representation in Fig. 3.9. There is no 

significant difference between different axy. After τ=57, the degree of order is monotonically increased. 
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Fig. 4.11 Simulated microstructures for axy=1.0, 1.03, 1.05, 1.1. The color reference is in Fig. 3.6. 
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Continued. 
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Fig. 4.12 Time evolution of (a) the total free energy, (b) the chemical free energy, (c) the gradient 

energy, and (d) the elastic strain energy. The reference state (Gc=0) for chemical free energy 

corresponds to the completely disordered state. 
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Fig. 4.16 Simulated microstructures for axy=1.1 with free boundary (upper raw) and constraint (bottom 

raw) conditions. The color reference is in Fig. 3.6. 
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4.4. Conclusion 

 

 The following conclusions were obtained through the phase-field simulations of A1-L10 

disorder-order transformations. (1) the spontaneous preferential growth can be induced by introducing 

a small amount of preferential nucleation. The preferential nucleation accelerates the ordering at the 

surroundings. (2) Boundary condition is the key factor for the preferential growth. When the 

boundaries of the system are constraint and macroscopic deformation is prohibited, no preferential 

growth occurs. These results can also be helpful for controlling the variant selection in other 

transformations such as martensitic transformations. 
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Chapter 5 
Quantification of materials parameters by statistical parameter 
estimation with HAADF-STEM 

 

 Magnetic properties of a magnetic material depend on the microstructural features such as 

grain size, composition, etc. Crystalline defects also have significant influence on magnetic properties, 

since the defects always disturb the crystal structure at the surroundings, and could deteriorate the 

magnetocrystalline anisotropy or other materials parameters. The characterization and control of the 

crystalline defects is therefore vital for designing the microstructure of magnetic materials. In this 

chapter, antiphase boundaries (APBs), which are planer defects introduced by the disorder-order 

transformation in L10 ferromagnetic alloys, are characterized by HAADF-STEM observations and 

statistical image analysis. 

 

 

5.1. Introduction 

 

5.1.1. Sharp and finite models of antiphase boundaries 

 

 APBs are planer defects across which the stacking sequence, i.e., the phase of atomic 

arrangements, are shifted. The direction of the atomic shift is defined by the phase-shift vector, and 

the excessive interfacial energy, called the APB energy, arise from the conjunction of two different 

arrangements. APBs can be classified into thermal and athermal APBs based on their formation 

process [1,2]. The thermal APBs are normally introduced by diffusion of atoms and thus typical for a 

nucleation-growth process in disorder-order transformations. In contrast, athermal APBs are usually 

introduced by gliding of the atomic plane in plastic deformation. APBs can also be classified into 

conservative and non-conservative, or type-I and type-II, APBs. The conservative APBs are defined 

such that atomic composition near the APB is conserved before and after the shift, whereas the non-

conservative APBs changes the composition near the APB. The criterion to distinguish whether an 

APB is conservative or non-conservative is given by [3] 

0=++ lwkvhu    (Conservative) (5.1a) 

0≠++ lwkvhu    (Non-conservative) (5.1b) 

where (hkl) is the Miller index of APB and [uvw] is the phase-shift vector. The condition (5.1a) 

indicates that the antiphase vector lies on the APB plane, while in the condition (5.1b), it is not the 

case. 

 Another discussion on APBs, which is possibly related to the characters listed above, is on 

their width. Here we can consider two types of APB models as shown in Fig. 5.1. The model in Fig. 
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5.1(a) is a sharp interface model of the APB. The ordered crystal structure is kept invariant even near 

the APB. In contrast, the structure is gradually disordered toward the APB in the diffuse interface 

model of the APB in Fig. 5.1(b). In the latter case, the APB has a finite width. 

 

 

 

Fig. 5.1 Schematic illustrations of (a) sharp and (b) diffuse interface models of an APB. In the middle 

and bottom rows, profiles of the degree of order and phase of atomic arrangements are depicted, 

respectively. 

 

 

The disordering of atom arrangements near the APB has been reported by many researchers. 

Okamura et al. [4] have reported the disordering based on XRD analysis for CuAu(I). Takeda and 

Hashimoto [5] discussed the contrast of HRTEM image based on the simulations with various model 

structures, and attributed the discrepancy from the simulation to the disordering of atom arrangements. 

Van Tendeloo et al. [6] also performed HRTEM observations of APBs in CuAu(II) and reported that 

the image contrast is well explained by the simulation with a disordered structure model rather than 

with a sharp interface model. In thermal APBs, segregations on APBs could induce a diffuse profile 
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of the degree of order across the APBs, or even heterogeneous nucleation on the APBs could be 

induced, both of which results in thickening of APBs. These effects have been referred to as wetting 

on APBs and discussed by many researchers (e.g., Ref. [7]). In the recent works, aberration-corrected 

HAADF-STEM has been applied to the structure analysis on APBs. Matsuda et al. observed APBs in 

TiPd [8] and a APB-like structure in B19’ martensite in TiNi [9]. In the former, sharp switching of the 

atomic arrangements can be observed, while in the latter, the contrast of HAADF-STEM image is 

diffused near the boundary. More recently, APBs in a Ni-Mn-Al-Ga Heusler alloy has been 

investigated in detail by aberration-corrected HAADF-STEM and electron holography [10], in which 

they have reported that the APBs have a finite width of about 2 nm. They have also reported 

observations for Fe-Al alloy, in which the width seems narrower than that in the Heusler alloy [11]. 

Numerical calculations of APB energies in Ni3Al, Ti 3Al, and Cu3Au are summarized in the report by 

Koizumi et al. [12]. They reported that (1) which types of APBs, conservative or non-conservative, 

have the higher energy is dependent on plane index, phase-shift vector, and materials, and (2) some 

results show a large discrepancy from experimentally estimated values, and thus the disordering of the 

atomic structure is expected. Consequently, properties of APBs are material-dependent, and thus it is 

important to characterize APBs for the material of interest. 

 

 

5.1.2. Statistical parameter estimation theory for HAADF-STEM 

 

 As mentioned in Chapter 2, HAADF-STEM enables to obtain Z-contrast which is related to 

mean atomic number of atom columns. Quantitative evaluation of composition, impurity atoms, and 

even the number of atoms included in each column have been extensively discussed. Erni et al. [13] 

measured the intensity for each atom column and evaluated the difference between the neighboring 

columns. LeBeau et al. [14-18] proposed to compare the simulated intensity with the observed one to 

estimate the number of atoms included in each column. In the recent work, Van Aert et al. [19] have 

proposed a model-based statistical parameter estimation method to estimate quantities from a 

HAADF-STEM image with good accuracy and precision. The method is a variant of the methods used 

previously for TEM images [20,21], reconstructed exit waves [22,23], electron energy loss 

spectroscopy data [24,25], and STEM images [26,27]. The method for HAADF-STEM has been 

successfully applied to measurements of atomic displacements [28,29], quantitative mapping of 

composition at atomic scale [27, 30] and counting of atoms included in each atom column [19,31-33]. 

 In the model-based statistical parameter estimation for HAADF-STEM, the quantities are 

estimated by fitting the model to the experimental data using a criterion of goodness of fit, such as 

least squares, least absolute values or maximum likelihood. Ideally, the model of a HAADF-STEM 

image should appropriately incorporate contributions from thermal diffuse scattering, dynamical 
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electron diffraction effects, etc. Although there are techniques to describe these effects, such as a 

multislice simulation, they generally require time-consuming iterations and thus difficult to be 

combined with the statistical parameter estimation from a practical viewpoint. Therefore, simplified 

models have been used, and the performance of the model has been studied in a comparison with 

experimental measurements [27]. 

 In this study, the model-based statistical parameter estimation method for HAADF-STEM 

is used for quantifying the scattered intensity at positions of each atom column, which is related to the 

composition of the atom column. The model is briefly described in the next section. 

 

 

5.1.3. Estimation of scattered intensity in HAADF-STEM image 

 

 In the model-based approach, HAADF-STEM image is regarded as a data plane from which 

structure parameters are estimated with high accuracy and precision [20], and thus a parametric model 

is prepared to be fitted to the data set. Providing that HAADF-STEM image is formed by an incoherent 

process, the image intensity can be described by a convolution between an object function, O(rk,l; θ), 

and probe intensity, P(rk,l), where rk,l denotes a discrete position in the image whose coordinate is 

referred to as (xk.yl), and θ is a parameter vector including all parameters in O(rk,l; θ) which should be 

optimized in the fitting procedure. Therefore, the model for an image intensity is given by 

)();();( ,,, lklklk POf rθrθr ∗= . (5.2) 

The object function, which describes electron scattering in a specimen and is related to the 

projected potential and the HAADF detector, is sharply peaked at positions of atom columns. The 

function can therefore be modeled as a superposition of Gaussian peaks; 
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where ζ is a constant background, N is the total number of atom columns included in the region of 

interest, ηn is the height of nth Gaussian peak, ρn is the standard deviation of nth Gaussian peak, and 

(Xn, Yn) is x and y coordinates of the nth atom column, respectively. In this form, the parameter vector, 

θ, is described as 
T

NNN YYXX ),,,,,,,,( 111 ζρρ LLL=θ . (5.4) 

The integrated volume of nth Gaussian peak above the constant background, Vn, is given by 

22 nnnV ρπη= . (5.5) 

The peak volume given by the equation (5.5) can be related to the total scattered intensity from each 

atom column. 

 In a continuous form, the probe intensity, P(r), is given by 
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where |p(r)|2 is the coherent point source contribution, and S(r) is incoherent extended source size 

effects [34]. p(r) is given by the inverse Fourier transform of the transfer function of the objective lens, 

T(g)=A(g)exp(iχ(g)), where A(g) is the aperture function and χ(g) is the phase shift. A(g) and χ(g) are 

respectively related to the aperture shape and the objective lens aberrations. The intensity distribution 

of the extended source image, S(r), can be assumed to be Gaussian [35]; 
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where r=|r| and dS is the diameter of the extended source image. 

 Despite a lack of connection to the crystal physics in the model of the objective function 

(5.3), it has been revealed that structure parameters can be estimated with high accuracy and precision 

using the model [27]. Thus, the model in the equation (5.3) is in many cases very useful to estimate 

the structure parameters, since its simplicity can increase the efficiency of iterative optimization 

procedure. 

 In the optimization procedure, the model shown by the equation (5.2) is fitted to a HAADF-

STEM image obtained in an experiment. Since an experimental image is normally a superposition of 

the ideal intensity described approximately by the equation (5.2) and the random noise which is mainly 

due to detection procedure, the observed intensity, w(rk,l), is always fluctuated. It has been reported 

that the random noise effect can be regarded as isolated between the pixels and modeled as normally 

distributed function in which the variance is homogeneous all over the pixels [36]. Accordingly, the 

probability that the observation, w(rk,l), is equal to optimum intensity, fopt(rk,l;θopt), at the position of 

rk,l follows normally distributed probability function, and the probability that the observed image is 

totally equal to the optimum image is given by 
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where w={w(rk,l); rk,l∈region of interest}, θopt is optimized set of the parameters of the model, and σ 

is the variance which is assumed to be a known constant. In the reality, the optimum parameters are 

unknown, thus the equation (5.8) is replaced by 
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which is parameterized by the parameter vector, θ, and the maximum likelihood estimates of the 

parameters can be obtained by maximizing the probability (5.9): 
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PML = . (5.10) 

Importantly, the maximum likelihood estimator in the equation (5.10) can be replaced by the 

(weighted) least square estimator when the observations are normally distributed with homogeneous 

variance [20]: 
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θ
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 Consequently, the optimized parameters can be obtained by the estimator (5.11), the model 

function (5.12), and other related equations. The scattered intensity can then be calculated through the 

equation (5.5). 

 

 

 
Fig. 5.2 An example of (a) original intensity at an atomic column and (b) a fitted model image. 

 

 

5.2. HAADF-STEM observations of APBs in L10 ferromagnetic alloys 

 

 

5.2.1. Experimental 

 

 To observe APBs in L10 ferromagnetic alloys, a single crystal of Co-50 at% Pt was prepared 

by the same experimental procedures in Chapter 3. Particularly, a magnetic field of 10 T was applied 

in the first step of ordering heat-treatment in Fig. 3.7, and thus the specimen includes only a single 

variant of the ordered phase. (S)TEM observations were carried out with a JEOL 2000EX at the 

Ultramicroscopy research center (Kyushu University, Japan) and the X-Ant-EM FEI Titan3 at the 

EMAT laboratory (Antwerp University, Belgium). The probe aberration corrector is equipped with the 

latter microscope. For HAADF-STEM imaging, the Titan microscope was operated at acceleration 

voltage of 200 kV with a probe convergence angle of 21 mrad and the collection of the HAADF 

detector ranges from 91 to 160 mrad. First and second order aberrations had to be corrected between 

each image due to the magnetic nature of the sample. 
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5.2.2. TEM and STEM observations of antiphase boundaries in the CoPt alloy 

 

Figure 5.3(a) shows a typical [100]L10 selected area electron diffraction pattern and a 

corresponding low magnification bright field image. The diffraction pattern only includes (001)L10 

superlattice reflections from a single variant, and the bright field image shows APB contrast within 

the corresponding single variant region. In the present case, the c-direction of the ordered lattice thus 

lies within the plane of the observation. 

 

 

 

Fig. 5.3 (a) Selected area electron diffraction pattern with the incident beam along the [100]L10 

direction and (b) corresponding low magnification bright field image clearly revealing many curved 

APBs. 

 

 

In Fig. 5.3(b), it can be seen that the APBs are smoothly curved and do not follow a well-

defined and fixed indexed plane. With the present specimen having a stoichiometric composition, a 

planar APB would be expected to be conservative, i.e., with the phase-shift vector parallel to the 

boundary. Since the latter is curved randomly, however, and the relation between the two adjacent 

ordered regions is fixed, the conservative character cannot be complete over the entire APB, although 

no composition effects are still expected on average (i.e., composition can be conserved on average 

between Co-rich and Pt-rich APBs). This curved morphology is different from APBs in CuAu I films 

which have been reported to be characterized by a (1/2)a[101]L10 or (1/2)a[011]L10 phase-shift vector 

showing good agreement with the theory on preferential displacement directions in the L10 ordered 

structure from the viewpoint of strain and conservation of alloy composition [37]. This difference in 

morphology may be attributed to the lower tetragonality of CoPt (c/a=0.974) than that of CuAu which 

has been reported to be 0.926 [3]. Since this lower tetragonality introduces a smaller strain in CoPt, 

this may explain why the APBs are not always following the low index planes, as shown in Fig. 5.3(b). 
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This also suggests that the interfacial energy of APBs in CoPt is rather isotropic, and thus the 

characteristics of the APBs are homogeneous in the stable ordered state. On the other hand, also for 

CoPt the reduction of net interfacial energy is still a component to take into account so there will still 

be a driving force for APBs to grow along some well-defined indexed planes. 

Figure 5.4(a) shows an HAADF-STEM image including a single APB within an L10 ordered 

matrix observed in the same orientation as Fig. 5.3, i.e., with pure Co and Pt columns parallel with the 

incident [100]L10 beam (when assuming complete ordering). On the left side of the image, the APB 

shows a curved habit plane, whereas at the top-right corner, it becomes parallel with the (001)L10 planes 

of the present variant. With the phase-shift vector in the present example being equal to 1/2[011]L10 

direction, the character of the APB in this zoomed area is non-conservative. More specifically, in the 

top-right corner, the phase-shift vector is inclined to the boundary and one would expect two adjacent 

Pt or Co planes for a perfectly sharp APB. Following the Z-contrast concept, it can be concluded that 

the dark and bright columns in the areas away from the APB correspond to Co and Pt columns, 

respectively. The images on the right hand side of Fig. 5.4(b) and (c) are enlarged images from the 

regions A and B marked with the white dotted lines along the APB in Fig. 5.4(a). In Fig. 5.4(b), atomic 

columns in the vicinity of the APB exhibit intermediate brightness between pure Co and Pt columns, 

indicating that these columns are a mixture of Co and Pt along the projection direction. In Fig. 5.4(c), 

the APB lies along the (001) plane and the width of the region having an intermediate contrast seems 

narrower than in Fig. 5.4(b). These gradual changes, in contrast, may be attributed to three reasons: (i) 

the degree of order near the APB gradually changes from pure Co to pure Pt or vice versa; (ii) the APB 

is inclined with respect to the incident direction, resulting in overlap of the regions on both sides of 

the APB; (iii) the APB plane is not flat and has a certain level of roughness, which does not affect the 

width of the APB at the atomic scale (as is the case in (i)), but widens the range showing intermediate 

contrast in the resultant image. Murakami et al. [10] reported a gradual change in the degree of order 

over a few nm of the transition area in the Heusler alloy Ni50Mn25Al 12.5Ga12.5 based on HAADF-STEM 

observations and magnetization measurements by electron holography. However, it should be noted 

that the type of APB in this study is different from that observed in Heusler Ni-Mn-Al-Ga. In the latter, 

both side regions of the APB have the same major Ni sublattice, while the minor Mn and Al/Ga 

sublattices are switched (see also Fig. 1 of Ref. [10]). In the present L10 alloy, there is a perfect anti-

phase relation between the Co and Pt sublattices on either side of the boundary. This difference may 

affect the characteristics of the APBs. Following the isotropic and homogeneous characteristics of 

APBs discussed above, it is difficult to obtain the image in an exact edge-on condition, but it is still 

possible to attribute an upper limit to the width of an APB from a single image close enough to the 

edge-on condition, since the APB must uniquely exist within the region having an intermediate 

contrast and all APBs should have a similar width. In addition, as this sample is in the 

thermodynamically stable state, it can be assumed that the atomic scale roughness of the APBs is 
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negligible to a first approximation, since this would result in a strong increase of the total area of the 

APBs and thus interfacial energy. 

 

 

 

Fig. 5.4 [100]L10 HAADF-STEM image of single-variant of CoPt including a single APB. Dark and 

bright columns correspond to Co and Pt columns, respectively. The APB starts from the lower-left 

corner (at white arrowhead) and curves towards the top-right corner where it follows the horizontal 

cubic plane. (a) and (b) are enlargements of the corresponding dotted rectangles. 

 

 

5.2.3. Model-based estimation of APB width 

 

As mentioned earlier, the intensity in HAADF-STEM image scale with the average atomic 

number Z of the respective column and can therefore be used to quantify the chemical composition of 

the individual atom columns near the APBs. Total scattered intensities have been estimated for all 

atomic columns of Fig. 5.5(a), which is a zoom of the area next to the region in Fig. 5.4(b), where the 

APB is parallel to the cubic plane. Based on these intensities, mean values have been computed for 

the columns along each horizontal (001)L10 plane. This averaging operation compensates for the small 

fluctuations in intensities inherent to the experimental acquisition of the image. 

In Fig. 5.5(b), the average scattered intensities along the vertical, [001]L10 direction are 

shown. The alternation of relatively low and high scattered intensities evidences the L10-ordering, i.e., 

corresponding to stacking of Co and Pt atomic planes, respectively, along the c-axis. In the profile, the 

centre of the APB contrast area can be identified by the two planes having intermediate values of the 

total scattered intensity, also indicated in Fig. 5.5(a) by white triangles. In order to determine the width 

of the APB contrast area, it is necessary to determine whether the columns in the neighbouring 
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horizontal planes are pure or mixed. Therefore, it is assumed that the scattered intensities increase 

linearly when the composition changes from pure Co to pure Pt [30]. Based on this assumption, two 

ramp functions, one corresponding to the odd and one to the even horizontal planes, were 

simultaneously fitted to all data both inside and outside the grey region by using the weighted least 

squares method. In this fit, the two ramp functions were linked together by considering the same 

parameter values for both slopes, the centre of the APB contrast area and the average scattered intensity 

of the pure Pt and Co columns on both sides of the APB. From the fitted parameters and their 95% 

confidence intervals it was found that the APB contrast area is characterised by 3.5 ± 2.4 mixed 

columns. 

 

 

Fig. 5.5 (a) An HAADF-STEM zoomed in on the top-right part of Fig. 4.4, where the APB is parallel 

to the cubic plane. The two horizontal planes containing the centre of the APB are indicated by the 

white triangles. The vertical axis shows the distance of the other horizontal (001) planes with respect 

to this centre. (b) Mean values with their corresponding standard deviation of the total scattered 

intensities of the atomic columns along the horizontal (001) planes shows the alternation between pure 

Co and Pt columns. A stable region without large fluctuations is indicated in both figures by the yellow 

region. 
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Due to the ion milling, surface imperfections are present, resulting in fluctuations in the total 

scattered atom column intensities (see, e.g., V-shaped dark contrast above grey region in Fig. 5.5(a)). 

As can be seen in Fig. 5.5(b) the averaging operation does not compensate enough to level out all 

those fluctuations. Furthermore, since this may limit the precision of the estimated parameters, the 

APB was also studied by using the so-called two sample t-tests [38,39]. With these tests, it is possible 

to decide whether the mean values of the scattered intensities of two different horizontal planes can be 

assumed as identical. Since this method requires a reference set of observations with identical external 

conditions, a stable region around the centre of the boundary, indicated by the yellow region in Fig. 

5.5(b), was selected. The results of the first approach indicated that the atomic columns in this grey 

region and close to its borders are most definitely pure columns. Using the scattered intensities of these 

atomic columns as a reference, the two-sample t-test showed that only the two central horizontal planes 

consist of mixed columns, which could in fact be a way for the system to solve the local non-

conservative character. Therefore, the boundary area is considered to be sharp, indicating a high 

tendency for a perfect L10 ordering up to the centre of the APB contrast area.  

In Fig. 5.6(a), an enlarged image of the central part of Fig. 5.4(a) is shown, where the APB 

is inclined. In this region pure Co and Pt columns are gradually transforming along the horizontal 

(001) planes into each other. A constant distance with respect to the centre of the transition area is 

indicated by the white contour lines. Therefore, the contour lines have the same inclined orientation 

as the APB and the columns along these lines are parallel with the APB. In order to find the exact 

centre of the transition area (corresponding to the reference columns indicated by 0), the total scattered 

intensities were used in combination with the assumption that the composition of the atomic columns 

in this centre is 50-50 Co-Pt. An averaged total scattered intensity profile parallel to the white lines 

was then obtained, which is shown in Fig. 5.6(b). The obtained averaged profile shows from left to 

right a linear transformation of pure Co columns into pure Pt columns. The larger error bars away from 

the transition zone are due to a fewer number of included atomic columns at these distances. For 

determining the width of the transition zone, a ramp function was fitted, similar to Fig. 5.5(b). From 

the fitted parameters and their 95 % confidence intervals the width of the transition zone was found to 

be 15 ± 2 atomic columns. Since Fig. 5.5(a) and Fig. 5.6(a) both zoom in on the same APB, it is most 

likely that the boundary in Fig. 5.6(a) is also sharp, but is tilted with respect to the incident beam 

direction. In this case, the atomic columns in the transition area must be mixed columns consisting of 

Co atoms at the bottom and Pt atoms at the top or vice versa. 

If we roughly assume that the density of the APBs is 10 μm2/μm3 by tracing the APBs in Fig. 

5.3(b) and apply the result that the APBs in stable CoPt are characterized by approximately two atomic 

planes, then the volume fraction disturbed by the APBs is estimated as 0.38 % using the lattice 

parameters in Table. 1.1. This is quite small and therefore the effect of the APBs on the magnetic 
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properties may be sufficiently negligible. 

 

 

 

Fig. 5.6 (a) An enlarged HAADF-STEM image of the central part of Fig. 5.4, where the APB is 

inclined. The pure Co and Pt column are transforming along the horizontal (001) plane into each other. 

The centre of this transition area is indicated by the 0-contour line. The distance of the atomic columns 

with respect to this centre is indicated by the white contour lines. (b) Mean values with their 

corresponding standard deviation of the total scattered intensities of the atomic columns parallel to the 

contour lines in (a) show the linear transformation of pure Co columns into pure Pt columns.  

 

 

5.3. Conclusion 

 

In this study, we have presented a statistical way to characterize the width of APBs in ordered 

L10 CoPt alloys based on an analysis of atomic column intensities which were estimated by the 

statistical parameter estimation theory for HAADF-STEM imaging. The result for the APB observed 

close to edge-on condition showed that this APB is characterized by two atomic planes, indicating that 

APBs in the CoPt system are quite sharp and therefore will have no remarkable effect on the net 

magnetic properties of the material due to their small volume fraction. Another calculation for the 

inclined APB determined the centre of the APB and transition distance from the column intensities. 

These statistical estimations can be applied to many other alloys and therefore provide an efficient 

new way to characterize planer defects at the atomic scale. 
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Chapter 6 
Imaging of magnetic domains on ferromagnetic L10 alloys by scanning 
electron microscopy 

 

 In the previous Chapters, microstructure evolution in the two-step ordering heat-treatment 

has been studied using electron microscopy techniques and phase field simulations. Another interest 

on Co-Pt alloy is the relation between magnetic domain structure and crystallographic microstructure, 

since L10 ferromagnetic alloys including CoPt have high magnetocrystalline anisotropy and thus are 

promising materials for magnetic recording devices. In this Chapter, SEM-based imaging method 

using an in-lens annular detector (ILD) is proposed, and the mechanism of image formation and 

optimal observation conditions are discussed. Finally, Co-Pt alloys are observed by the method. 

 

 

6.1. Introduction 

 

Understanding magnetic domain structures, which are sometimes referred to as spin textures, 

is essential for both basic science and technological applications. In the past decade, significant 

advances have been made in magnetic imaging in areas of research such as magnetic recording media 

[1,2] and permanent magnets [3,4]. Magnetic domains have been imaged by magnetic force 

microscopy (MFM) [5,6], spin-SEM [7,8], magneto-optical Kerr microscopy [9,10], and techniques 

using a TEM (i.e., Lorentz microscopy and electron holography) [11-15]. However, despite being 

successfully applied to many systems, these technologies still have drawbacks (depending on the 

principles of experiments) such as a limited field of view, long measurement time, ultra-high vacuum 

conditions, and preparation of a thin-foil specimen. Although we need to understand the relationships 

between the magnetic domain structures and other crystal factors, such as chemical composition, 

crystal orientations, lattice strains, and morphology, the conventional methods, except for TEM 

observations, are not always convenient for these multidisciplinary studies. Further development of 

techniques for magnetic imaging is needed. 

In this study, we focus on using SEM, which does not employ any special probes such as 

spin-polarized electrons. Conventional SEM provides a simple method of magnetic imaging, referred 

to as type-I and type-II imaging [9,16,17]. The magnetic contrast originates from the deflection of 

secondary and/or backscattered electrons emitted from the sample. This deflection is the result of the 

Lorentz force from the stray magnetic field and/or inner magnetization of the sample, and modifies 

the collection efficiency of secondary/backscattered electrons. The image contrast thus represents the 

magnetic domains. However, the asymmetric geometry of the Everhart-Thornley detector (ETD), 

which has been used for conventional type-I and type-II imaging, can only visualize limited 
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orientations of magnetic domains. To solve this key problem, we used SEM with a symmetric annular 

in-lens detector (ILD) (Fig. 6.1). As discussed below in greater detail, the ILD provides an easy way 

to visualize a surface domain structure over a wide region, even for complex magnetic domains such 

as the mazy patterns produced in uniaxial Co-Pt and Fe-Pt alloys [18]. We emphasize that this method 

can be combined with other SEM functions, such as chemical composition [19], crystal orientation 

[20], and lattice strain [21] analyses in bulk samples. The method allows in-depth study of 

microstructures including spin textures, and is widely applicable to problems at the forefront of physics, 

chemistry, and materials science, for which understanding the interplay between magnetism and 

crystallographic microstructure is essential. 

 

 

 

Fig. 6.1 Experimental setup for magnetic imaging in SEM. The non-annular ETD is located outside 

the SEM column and is tilted away from the optical axis. The annular ILD is placed inside the SEM 

column and centered on the optical axis. 

 

 

6.1.1. Magnetic domains in ferromagnetic alloys with uniaxial magnetocrystalline anisotropy 

 

 Owing to exchange interaction between spins, the magnetic moments in ferromagnetic 

materials are simultaneously aligned to the same orientation. Due to the long-ranged magnetic 

interaction, however, the magnetic moments form a domain structure, called magnetic domains [9], or 

recently referred to as spin textures. In each domain, the magnetic moments have the same orientation. 

The domains are partitioned by domain walls in which magnetic moments are gradually rotated toward 
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the other side of the domain. In ferromagnetic materials having high uniaxial magnetocrystalline 

anisotropy, 180° domain walls are formed in parallel with the easy axis. 

As shown in Table 1.1, L10 ferromagnetic phase in Fe-Pd, Fe-Pt, and Co-Pt alloys have high 

uniaxial magnetocrystalline anisotropy with the easy axis along c-axis [18]. Thus, the domain structure 

is expected to be a stripe pattern from <100>L10 viewing direction and a mazy pattern from [001]L10 

as shown in Fig. 6.2. The details of the pattern, such as spacing between domain walls and form of the 

mazy pattern, are dependent on the nature of materials. 

Another important effect is branching of the magnetic domains near the surface [9]. Figure 

6.3 shows typical branched magnetic domains in ferromagnetic materials with uniaxial anisotropy. It 

is seen that the spacing between domain walls is reduced by branching, and characteristic closed 

domains are observed in the continuous mazy domains. This configuration indicates that the domain 

structure observed on the surface can be different from the internal regions. Thus, complementary 

calculation may be required when observing the surface domains. 

 

 

 

Fig. 6.2 Schematic illustration of typical magnetic domains in highly anisotropic ferromagnetic 

materials. Two types of domains are partitioned by 180° domain walls. Stripe and maze patterns are 

observed in views from x/y- and z-directions, respectively. Note that the pattern in x-y plane depends 

on the magnetic anisotropy of the material in x-y plane and can be different from the illustration. 
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Fig. 6.3 A schematic illustration of branching of stripe domains. The domains are gradually branched 

as approaching to the surface and closed domains embedded in the continuous maze pattern appear on 

the surface. 

 

 

6.1.2. Conventional SEM-based imaging methods for magnetic domains 

 

 Two types of SEM-based methods have been proposed to visualize magnetic domains, 

which are referred to as type-I and type-II methods [9,16,17]. In this section, these methods are briefly 

summarized. 

 The type-I method is based on Lorentz deflection of SE. SE emitted from the surface with 

velocity, v, is deflected by the Lorentz force, F, from the stray magnetic field toward or away from the 

ETD, resulting in increase or decrease of signals, respectively. Note that BSE is hard to be deflected 

due to high kinetic energy. The Lorentz force is given by the conventional form, 

)(),(),( rBrvrF ×= tqt , (6.1) 

where q is the elementary charge, B(r) is the magnetic flux density of the stray magnetic field which 

is a static field unless any condition of the specimen is changed. It follows from the equation (6.1) that 

the Lorentz force is maximized, when v is normal to B. Since most of SE have low takeoff angles, i.e., 

nearly parallel to the surface normal [17], the in-plane component of B mainly contributes to the 

Lorentz deflection. 

 In principle, the type-I method visualize the stray magnetic field unlike the magneto-optical 

Kerr microscopy or the spin-SEM, in which surface domains are directly visualized through the 

detection of light or spin polarization. Thus, complementary simulations may be required, if the large 

difference is expected between magnetic domains and the stray magnetic field. 

 Due to the geometry of the ETD, the type-I method can visualize only a portion of magnetic 
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domains. Providing that v is along the z-direction as shown in Fig. 6.4, the signal electron is deflected 

only when B has a finite y-component, By. Since the y-direction is now defined as perpendicular to the 

direction to the ETD (x-direction), only x-component of the Lorentz force, Fx, contributes to the 

increase/decrease in signals. Therefore, the simplified expression of effective Lorentz deflection is 

given by 

)(),(),( rrr yzx BtqvtF −= . (6.2) 

The region in which Fx is positive (or equivalently By is negative) shows bright contrast, while the 

region in which Fx is negative (or equivalently By is positive) shows dark contrast. Also, it is clear that 

the regions in which By is zero or very small, no magnetic contrast could be observed. Consequently, 

the type-I method can only visualize a portion of magnetic domains where By is sufficiently large, 

depending on the ETD position. 

 

 

 

Fig. 6.4 (a) Principle of type-I method in SEM. SE emitted from the surface are deflected by in-plane 

components of stray magnetic field. When the deflection direction is toward the ETD, the signals from 

SE are enhanced, whereas the signals are reduced when the deflection direction is away from the ETD. 

The expected SEM image from (a) is illustrated in (b). 

 

 

 The type-II method is also based on the Lorentz deflection. The difference from the type-I 

contrast is that BSE is used for imaging of magnetic domains. The mechanism of the type-II method 

is illustrated in Fig. 6.5. Incident electrons that entered into a tilted specimen are deflected by the inner 

stray magnetic field toward or away from the surface, resulting in bright or dark contrasts, respectively. 

Since incident electrons are normally scattered many times inside the specimen, the effect of inner 

magnetic deflection is blurred and hard to be detected, i.e., the signal of the type-II contrast is very 

weak compared with that of the type-I contrast. Thus, the signal should be enhanced by, for example, 
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image processing for suppressing topographic contrast. Another difficulty is that the BSE detector 

placed at low position as in Fig. 6.5 is not necessarily available in conventional SEM and thus the 

accessibility to the type-II method is less than that to the type-I method. 

 

 

 
Fig. 6.5 Principle of the type-II method in SEM. Incident electrons are deflected by the internal 

magnetic field. In the upper domain in (a), the electrons are deflected in clock wise direction, while in 

the lower domain, deflected in counter clock wise direction. Considering the angular distribution of 

scattering cross section (Fig. 2.3), which is represented by the thickness of the arrows (i.e., the cross 

section is proportional to the thickness of the arrows), the emission of BSE are reduced/enhanced by 

the magnetic deflection in upper/lower domains, respectively. The expected SEM image is illustrated 

in (b). 

 

 

 In this Chapter, an improved SEM-based method for imaging magnetic domains is proposed, 

in which an annular in-lens detector (ILD) is used instead of the conventional ETD. The properties of 

the method are investigated through comparison with magnetic force microscopy (MFM), application 

of electric stage bias, etc. to understand the mechanism of image formation. Throughout the 

experiments, magnetic domains of L10 ferromagnetic alloys are observed and the relation with 

microstructure is discussed. 

 

 

6.2. Experimental 

 

Ingots of Co-50 at% Pt and Fe-40 at% Pt alloys were prepared by arc melting, with single 

crystals grown using the floating zone method. Samples were homogenised for 168 h in an evacuated 
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quartz tube (2.0×10-4 Pa) at 1273 and 1423 K, respectively, followed by quenching in ice-water. The 

Co-50 at% Pt used for SEM observation in particular was treated based on the two-step ordering heat-

treatment including magnetic annealing in order to obtain a homogeneous L10-ordered state, the detail 

of which has been addressed in Chapter 2. After determining the crystallographic orientation by the 

Laue method, samples were fabricated that have a {100}A1 surface. Thin Co-50 at% Pt foil was 

prepared by mechanical polishing, dimpling, and Ar ion milling. SEM specimens were prepared by 

mechanical polishing and gentle Ar ion milling. The TEM selected area electron diffraction pattern 

was obtained by using a JEOL JEM-2000EX microscope operating at 200 kV. SEM and MFM 

observations were carried out using FEI Scios and JEOL JSPM-5200 systems, respectively. 

 

 

6.3. SEM and MFM observations of magnetic domains in L10 ferromagnetic alloys 

 

 In this section, the results of SEM and MFM observations are shown. MFM is one of the 

conventional methods to observe magnetic domains on the surface, and is based on interactions with 

stray magnetic field out of the surface as well as the type-I method in SEM. Since MFM observations 

provide information on both surface topography and stray magnetic field, it is helpful to understand 

the contrast obtained by using an annular ILD. 

 

 

6.3.1. Magnetic force microscopy 

 

MFM [5,6,22] is one of the techniques in scanning probe microscopy (SPM), in which a 

cantilever with a fine tip at its free end is scanned over the surface. In MFM, a ferromagnetic tip is 

equipped with the cantilever (Fig. 6.6) to detect the magnetostatic forces or the force gradients through 

the interaction between the ferromagnetic tip and the stray magnetic field from the specimen. The 

conventional MFM is only sensitive to vertical component of the stray magnetic field, although a 

technique for detecting in-plane component has been reported [23]. 

In the present study, the cantilever is oscillated at a constant frequency, controlled by a 

piezoelectric actuator. Magnetic force gradients can be detected as characteristic change in the 

amplitude or shift in the phase of the oscillation. In this observation mode, the tip is scanned twice: 

The first scan is for tracing the surface relief, and the second scan for profiling the magnetic force 

gradient. Importantly, in the second scan, the distance between the tip and the surface is kept constant 

by referring to the result of the first scan, and thus the magnetic force gradient can be detected in high 

precision. 
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Fig. 6.6 Principle of magnetic force microscopy. A magnetic tip equipped with the cantilever is 

scanned across the surface and the magnetic interaction between the tip and the stray magnetic field 

is detected. Reproduced from Abelmann et al. (2005). 

 

 

6.3.2. MFM and SEM observations 

 

 Figure 6.7(a) shows an SEM image acquired with an ILD. The surface plane is normal to 

the easy magnetization axis, that is, the [001] direction in the L10-type ordered structure. Mazy 

magnetic domains are clearly observed all over the regions. In addition to the maze pattern, in this 

bulk form, the observation reveals a spotty contrast (indicated by single arrows in Fig. 6.7(a)) that 

represents small, branching magnetic domains that are magnetized in the opposite direction (i.e., a 

type of 180° domain). As demonstrated in other systems that exhibit uniaxial, high magnetic 

anisotropy, these small magnetic domains are essential for reducing the demagnetization energy [9]. 

The results therefore indicate that this method is able to visualize complex, hierarchical magnetic 

microstructures that are produced on the surface of bulk specimens. 
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Fig. 6.7 (a) ILD image of bulk Fe-40 at% Pt. (b) Surface topography and (c) MFM images. A 

macroscopic mazy pattern and spotty, closed reverse domains can be observed in the latter. (d) Surface 

topography image obtained by ETD with a collector bias of -15 V. (e) ETD image obtained with a 

collector bias of 250 V. (f) ILD image clearly showing the domain walls and spotty reverse domains. 

(g) Schematic illustration of the surface domain structure. Two different regions are magnetized in 

opposite directions as indicated by the inset legends. SEM was operated at an acceleration voltage of 

2 kV and a working distance of 3.5 mm. 
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We demonstrate the utility of the magnetic imaging with SEM and an ILD by comparing the 

results with other observations. Figures 6.7(b) and (c) show the surface topography and magnetic 

domain structure, respectively, imaged by conventional MFM using the same specimen as that shown 

in Fig. 6.7(a). The small dots in Fig. 6.7(b) are the surface roughness caused by polishing with an Ar 

ion beam. In Fig. 6.7(c) the image contrast is related to the stray magnetic field out of the sample as 

mentioned in the previous section. Although the small, branching magnetic domains can be clearly 

identified, the presence of the maze pattern is not clear. The observation nevertheless reveals an outline 

of the complex magnetic domain structure shown schematically in Fig. 6.7(g). Figures 6.7(d) and (e) 

show SEM images acquired with a non-annular ETD. The field of view is the same as those in Figs. 

6.7(b) and (c). Because the collector bias is negative (-15 V), BSE are dominant in Fig. 6.7(d) [17]. 

Note that the collector bias is an electric bias applied to the ETD, and is different from the bias applied 

to the specimen, as discussed in the next section. The image clearly shows the surface reliefs as small 

dots, which was also observed in Fig. 6.7(b). The contribution of SE becomes substantial when a 

positive collection bias is applied (Fig. 6.7(e), collector bias 250 V). In this case, due to the deflection 

of SE by the Lorentz force from the stray magnetic field, the SEM image reveals information about 

the magnetic domains, namely type-I contrast. However, as shown in Fig. 6.7(e), the magnetic domain 

configuration is blurry because of the incomplete acquisition of the magnetic deflection using an ETD; 

that is, the observation does not allow in-depth study of the complex magnetic domain structure such 

as that shown in Fig. 6.7(g). Figure 6.7(f) shows an SEM image obtained by using the annular ILD. 

With the aid of the ILD, which is positively biased at 8 kV and efficiently collects deflected secondary 

electrons as discussed below, the visibility of complex magnetic domains is improved considerably 

compared with the results in Fig. 6.7(e). Figure 6.7(f) shows the small, branching magnetic domains 

observed by MFM, and the locations of the mazy magnetic domains can be determined 

straightforwardly. We note that the contrast is still obscured in several portions of the boundaries in 

the mazy magnetic domains in Fig. 6.7(f). However, it appears that the magnetic contrast can be further 

improved by optimizing image acquisition conditions such as the acceleration voltage and the working 

distance as discussed later. 

 

 

6.4. Properties and mechanism of ILD-based magnetic imaging 

 

 It has been demonstrated that the ILD-based method can describe most portions of domain 

walls by dark lines. The origin of the magnetic contrast in an ILD image has not been reported 

previously, although it has been mentioned that an annular ILD mainly collects low-energy SE which 

are highly sensitive to the top surface [24]. The difficulty in interpretation of the ILD image lies in the 

position of the ILD. Since the ILD is placed inside the electron column, the detection process depends 
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on the structure of each SEM. In addition, the detail optical geometry in SEM is unavailable for users, 

the calculation of orbitals of signal electrons cannot be performed. Therefore, the mechanism can only 

be deduced from indirect information such as the relation between the image contrast and operational 

parameters including the acceleration voltage, the working distance, the electric stage bias, etc. In the 

following sections, we will thus study the effect of each operational parameter on the magnetic contrast 

in the ILD image. 

 

 

6.4.1. Effect of electric stage bias on magnetic contrast 

 

 To estimate the kinetic energy of signal electrons contributing to the magnetic contrast, the 

electric stage bias was applied. The electric stage bias affects behaviors of signal electrons both inside 

and outside the specimen. As addressed in the section 2.2, the negative electric stage bias decelerates 

incident electrons and in turn, accelerate signal electrons. Inversely, the positive bias accelerates 

incident electrons and decelerates signal electrons. Importantly, in the case of the positive bias, signal 

electrons emitted from the surface can even return back to the surface, when their kinetic energy is 

sufficiently low compared with applied electric bias. This is expressed as reattraction of signal 

electrons. The positive bias is thus possible to prevent signal electrons from reaching to the detector. 

 In addition to the effect described above, the positive bias can also play an important role 

inside the specimen. The scheme is graphically explained in Fig. 6.8(a) showing energy levels [25]. 

For metals, the valence bands are filled with electrons and the conduction bands include free electrons. 

In an isolated ground state, the energy levels below the fermi level is filled with electrons. To transfer 

an electron from the conduction band to the vacuum level, the energy corresponding to the work 

function, φw, is needed. When a positive electric bias is applied to the specimen, the energy levels of 

the electrons inside the specimen is reduced, and thus the additional energy, φel, is required to excite 

an electron to the vacuum level as shown in Fig. 6.8(b). The net excitation energy increased by the 

positive bias is called the effective work function, φeff (=φw +φel), which is operational through the 

electric potential, φel, whereas φw is simply a materials constant. Therefore, the positive bias increases 

the effective work function of the specimen, φeff, and suppress the emission of signal electrons. 
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Fig. 6.8 Schematic diagram of the effect of positive electric bias to the specimen. (a) Before the 

applying electric bias, the energy corresponding to the work function is at least required for signal 

electrons to be emitted from the surface. (b) The positive electric bias reduces the electric potential of 

electrons and thus the energy required for emission is increased. 

 

 

According to the conventional classification, signal electrons with a kinetic energy of less 

than 50 eV are SE, whereas BSE have an energy of more than 50 eV. Thus, a positive electric bias (0 

to 50 V) was applied to the specimen (Fig. 6.9(f)) to alter the collection efficiency of SE. As explained 

above, the applied electric bias changes the electric potential of scattered electrons within the crystal. 

As shown in Figs. 6.9(a)–(c), the contrast of the magnetic domains (observed in a Fe-40 at% Pt bulk 

sample) becomes gradually more obscure as the electric bias is increased to 30 V. When the electric 

bias is increased further (40 and 50 V; Figs. 6.9(d) and (e)), the contrast of the magnetic domains 

disappears. The energy range over which the magnetic contrast can be observed (0–30 V) is consistent 

with the energies of SE (< 50 eV). We therefore conclude that the magnetic contrast is mainly due to 

SE and it is likely that the contribution of BSE to the magnetic contrast is small. 

Phenomenologically, the effect of positive electric bias can be explained based on the escape 

probability, the concept of which is widely accepted in conventional SEM studies [17]. This parameter 

represents the probability of signal electrons that have sufficient kinetic energies escaping from the 

specimen. For SE, the escape probability, p(z), from depth position z (measured from the sample 

surface) can be expressed by an empirical formula [17] 

)/exp()( 0 SEtzpzp −= , (6.3) 

where p0 represents the escape probability at position z = 0, which depends on the effective work 

function, φeff. tSE is a material-dependent constant representing the maximum depth that contributes to 

SE emissions, which is only on the order of several nanometers for metals [17,19]. Application of a 

positive electric bias to the specimen increases φeff, resulting in the decrease in p0, and the escape 



119 
 

probability, p(z), is suppressed accordingly. This relationship explains the observations in Fig. 6.9 well. 

Note that the incident electrons and BSE are only negligibly affected by this range of electric bias, 

since the acceleration voltage of incident electrons (5 kV) is greater than the electric bias by two orders 

of magnitude. Similarly, the reattraction of SE toward the surface is also effective only if the magnitude 

of electric bias is sufficiently greater than the kinetic energy of signal electrons. Accordingly, the same 

conclusion is obtained even if the reattraction is considered. 

 

 

 

Fig. 6.9 (a)–(e) ILD images obtained with an elevated electric stage bias from 0 to 50 V. The magnetic 

contrast is weakened at 30 V and almost disappears at 50 V. (f) Schematic illustration of the 

experimental setup. SEM was operated at an acceleration voltage of 5 kV and a working distance of 

7.0 mm. 

 

 

 The discussion above suggests that the same results should be obtained for the type-I 

contrast, since it is imaged by SE as well. Figure 6.10 shows ETD images with/without a positive 

electric bias. It is seen that the type-I contrast is indeed weakened at 50 V (Fig. 6.10(b)). The remaining 

contrast in Fig. 6.10(b) may indicate that even high energy SE (and/or low energy BSE) contribute to 

the type-I contrast. This is consistent with the previous report that the ILD mainly collects low-energy 

SE [24]. Therefore, it is again concluded that the magnetic contrast in the ILD image is originated 
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from SE. 

 

 

 
Fig. 6.10 ETD images obtained (a) without an electric stage bias, and (b) with an electric stage bias of 

50 V. The magnetic contrast is weakened in (b). SEM was operated at an acceleration voltage of 5 kV 

and a working distance of 7.0 mm. 

 

 

6.4.2. Effects of acceleration voltage and working distance on magnetic contrast 

 

In this section, we discuss several factors that may affect the magnetic contrast revealed by 

the ILD equipped with a SEM. Here, two conventional microscope-dependent factors are examined: 

the kinetic energy of incident electrons, E0, and the working distance, dWD. The working distance is 

defined as the distance between the pole piece and the specimen surface [17]. Both E0 and dWD can be 

directly controlled. E0 is determined by the acceleration voltage and dWD can be varied by moving the 

specimen along the electron incidence direction. 

Other factors that need to be examined are the motion of emitted SE, which can be expressed 

by kinetic energy, ESE (<50 eV by the conventional definition), and takeoff angle, θSE (angular 

deviation from the optical axis) (Fig. 6.11(a)). A constant θSE indicates the initial angle of SE that is 

emitted from the specimen, with reference to the electron incidence direction. θSE is different from the 

deflection angle, θ, which represents deflection by the Lorentz force due to the stray magnetic field of 

the specimen, and will be discussed in the later section. Because ESE and θSE are determined by 

complicated excitation and random walking processes within the specimen, the values of ESE and θSE 

are normally given by probability distributions. For example, the most probable value of ESE is 1–5 

eV for metals, and that of θSE is 0 rad (normal to the surface) [17]. The typical forms of the distributions 

are a good approximation for a variety of alloys and compounds, including the specimen discussed 

below. Next, we discuss the relationship between the image contrast and the parameters E0, ESE, θSE, 

and dWD. 
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Fig. 6.11 Variation of the magnetic contrast with the kinetic energy of incident electrons and the 

working distance. (a) Schematic of the experimental setup, where E0 is the energy of incident electrons, 

ESE is the energy of emitted secondary electrons, θSE is the takeoff angle, and dWD is the working 

distance. (b)-(k) ILD images obtained with different conditions. 
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Figures 6.11(b)–(k) show the variation in the magnetic contrast of mazy magnetic domains 

with changes in the kinetic energy of incident electrons, E0 (horizontal axis), and the working distance, 

dWD (vertical axis). The specimen is a bulk L10-type CoPt that has uniaxial, high magnetocrystalline 

anisotropy [18]. The observations reveal that the magnetic contrast is more sensitive to dWD than to E0 

for these experimental conditions. The brightness is inhomogeneous in some of these images (dark 

region in Fig. 6.11(g)), although understanding the complex imaging mechanism remains challenging. 

The magnetic contrast weakens significantly at dWD of 15 mm, and almost vanishes at 20 mm. The 

weak dependence on E0 can be explained by the independence of the probability distributions of ESE 

and θSE of the energy of incident electrons, E0 [17]. In contrast, the strong dependence on dWD is mainly 

due to the change in the detection range of θSE. 

To provide further information on the magnetic imaging using the ILD, the detectable range 

of the kinetic energy and thetakeoff angle of SE were calculated for several working distances, 

dWD=3.5, 7, 10 mm. The results shown in Fig. 6.12 were provided by FEI. In Fig. 6.12, SE can be 

detected at the ILD only if its kinetic energy, ESE, and takeoff angle, θSE, are within the colored region. 

Figure 6.12 shows only whether or not SE emitted with a specific ESE and θSE is detectable on the ILD, 

and therefore include no information on how many SE with each (ESE, θSE) condition are emitted. This 

information is provided by the probability distributions (see Fig. 2.3 and Fig. 2.4). For example, at 

dWD=3.5 mm, SE emitted with ESE=10 eV and θSE=0.2 rad (denoted as A in Fig. 6.12(a)) is within the 

colored region, and thus can be detected. Another SE with ESE=10 eV and θSE=0.5 rad (denoted as B) 

is outside of the detectable range of θSE (representated by ΔθILD), and thus cannot be detected on the 

ILD. The difference between two conditions are schematically illustrated in Fig. 6.12(d). The 

detectable range of θSE at any ESE are reduced as increasing dWD. Interestingly, at low-takeoff angle 

condition, the detectable range of ESE remains unchanged and covering the wide range. The variations 

in contrast in Fig. 6.11 with respect to dWD is thus mainly due to the contribution from the detectable 

range of θSE. 
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Fig. 6.12 Detectable range of the kinetic energy, ESE, and takeoff angle, θSE, of SE. (a)-(c) Detectable 

ranges are indicated by the colored regions for each working distance. (d) Schematic illustration of 

detectable/undetectable ranges of θSE. Blue arrows labeled A and B correspond to the blue points in 

(a). ΔθSE is the detectable range of θSE at ESE = 10 eV. 

 

 

5.4.3. Rotation-dependence and effective spatial resolution 

 

As demonstrated in previous studies [16,26,27], magnetic contrast can be obtained even by 

using a non-annular ETD (conventional type-I contrast), although only limited portions of the 

magnetic domains are visible to the ETD that is tilted away from the optical axis. In contrast, using an 

annular ILD makes the magnetic domains entirely visible because of the efficient collection of SE and 

the symmetric, on-axis geometry of the ILD (Fig. 6.1). In fact, the magnetic domain pattern observed 

using an ILD remains unchanged regardless of sample rotation (0–270°) with respect to the axis of 

electron incidence (Figs. 6.13(a)-(d)). When the ETD is used, as shown in Figs. 6.13(e)–(h), the 

observations reveal only limited portions of the magnetic domains, and the contrast clearly depends 

on the detector positions that are indicated by the red arrows. The small difference in Figs. 6.13(a)–

(d) may be due to a slight tilt in the surface and imperfections in the annular detector as reported for 

the STEM detector [28,29] that could cause rotation-dependent contrast. 
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Fig. 6.13 Rotation experiments for ETD and ILD images in the bulk Co-50 at% Pt specimen. (a)–(d) 

ILD and (e)–(h) ETD images of the sample rotated with respect to the optical axis by 90° at a time (0–

270°). The ETD images show a drastic change in magnetic contrast, whereas the ILD images retain a 

similar contrast. All SEM images are, for simplicity, aligned so that the sample direction is unchanged, 

although in the experiment, the sample is rotated and the detector positon is fixed. SEM was performed 

at an acceleration voltage of 5 kV for (a)–(d) and 2 kV for (e)–(h), and a working distance of 10.0 mm 

for (a)–(d) and 5.0 mm for (e)–(h). 

 

 

 Rigidly speaking, the effect of scanning of the electron probe should be considered. In the 

scan, emission point of signal electrons is varied on the x-y plane (the specimen surface). Providing 

that the optical axis intersects the x-y plane at the origin. The deviation from the optical axis, Δd, is 

given by 22 yxd +=∆ . Figure 6.14 shows the ILD image with the contour lines of Δd. It is seen that 

the description of the domain wall is incomplete in the region far from the center and the contrast is 

even similar to the type-I contrast. This indicates that the symmetric geometry of the detector is 

essential for complete description of domain walls. 

 The effective resolution of magnetic domain observations in SEM depends on several 

factors [17, 26]: (1) the information volume from which SE are emitted; (2) the collection efficiency 

of SE with the detector; and (3) the complexity in the stray magnetic field outside the sample. Factors 

(1) and (2) are the microscope-dependent, and (1) and (3) are specimen-dependent. Although we need 

further observations to determine these factors for the specimens/microscope we used, the actual 
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resolution in the SEM observations can be deduced from our observations. The MFM image in Fig. 

6.7(c) reveals small, branching magnetic domains, the size of which is on the order of 100 nm or 

smaller. The small magnetic domains are also seen in Figs. 6.7(a) and (f). These results indicate that 

the resolution of the ILD-based method can reach 100 nm or less, which is comparable to the resolution 

reported for conventional type-I imaging [26]. Because we used a stray magnetic field in the magnetic 

imaging, the contrast may be blurred for extremely small magnetic domains. Simulations of magnetic 

imaging will help to solve this problem. 

 

 

 

Fig. 6.14 ILD image of Fe-40 at% Pt. The contour map represents the distance from the centre of the 

observation that corresponds to the optical axis. In the remote region from the centre, the contrast 

similar to the type-I contrast is observed as indicated by arrows. 

 

 

6.4.4. Calculation of stray magnetic field and deflection of signal electrons 

 

 In the previous sections, the properties of the magnetic contrasts obtained by the annular 

ILD has been studied through the experiments. In this ssection, the stray magnetic field above the 

mazy domains is calculated to understand the deflection of SE, which is responsible for the magnetic 

contrasts in the type-I method and the ILD-based method. The model specimen was provided based 

on the illustration in Fig. 6.15. The dimensions of the specimen were set as 97×97 μm in the x-y plane 

and 300 nm in the z axis as shown in Fig. 6.15(a). The model specimen includes two types of magnetic 

domains, shown as light blue and white regions, which are magnetized in the +z and –z directions, 

respectively. The saturation magnetic flux density of the specimen was assumed to be 1.01 T, which 

corresponds to that of Co-50 at% Pt alloy [18]. In the calculations, the width of domain walls was 

assumed to be zero, since the calculation is only interested in the motion of SE that were deflected by 

a stray magnetic field and the domain wall width normally has no significant effect on the stray 

magnetic field. The magnetic field was calculated by using commercial computer code ELF/MAGIC 

(ELF Co.), which uses the integral element method. 

For SE moving in the z-axis, x and y components of magnetic flux (Bx and By) are responsible 

for the magnetic deflection exerted by the Lorentz force. Accordingly, we calculated the absolute 
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values of Bx and By as a function of the position in the line parallel to the z-axis crossing the point P 

(Fig. 6.16(a)). The point P was 5 nm away from the magnetic domain wall, as in Fig. 6.15(a). Near the 

top surface of the model specimen, the absolute value of Bx exceeds 0.4 T (Fig. 6.16(a)). Even the 

absolute value of By is larger than 0.1 T (Fig. 6.16(b)). As discussed later, this extent of stray magnetic 

field can deflect SE significantly. However, both Bx and By are reduced markedly as the observation 

point moves away from the top surface. For example, Bx shows only a negligible value on the order of 

0.001 T at observation point z = 10 µm. The results indicate that, when the effect of a lens magnetic 

field can be ignored, the SE can be severely deflected only in a limited region near the surface, for 

example, at z < 10 µm for this model specimen. 

 

 

 
Fig. 6.15 Model specimen used in calculations of the magnetic field. (a) Structure of mazy magnetic 

domains. (b) Positions of x-y planes (outside the specimen) for which the contour maps of magnetic 

flux density were calculated. 

 

 

As discussed in the section 5.3.1, the deflection of SE by a stray magnetic field can be a 

primary source for the magnetic contrast in the type-I method. The mechanism can also be valid for 

observations using a symmetric detector ILD. To demonstrate the effectiveness of imaging with an 

ILD, we compare the original magnetic domain structure (Fig. 6.15(a)) with the contour maps of the 

x-y components of magnetic flux density. The contour maps are calculated for three x-y planes located 

in z positions of 0.5, 2, and 10 µm (Fig. 6.15(b)). Note that z = 0 represents the top surface of the 

model specimen. As shown in Fig. 6.15, the three parameters of the in-plane magnetic flux density, Bx, 

By, and Bin =���� + ��� were plotted in these x-y planes. 
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Fig. 6.16 Magnetic flux density (in absolute values) as a function of z position, which is the distance 

from the top surface of the model specimen. Refer to the x-y-z coordinate system in Supplementary 

Fig. 5.15. (a) x component of magnetic flux density, Bx. (b) y component of magnetic flux density, By. 

 

 

First, we focus on the results for z = 0.5 μm. As shown in Figs. 6.17(a) and (b), both Bx and 

By are maximized as positive values at the locations of several magnetic domain walls (red regions). 

Interestingly, parameters Bx and By can be minimized (maximized as negative values) in the other 

positions of the magnetic domain walls (blue regions). The results indicate that SE are deflected to the 

largest extent at those locations of magnetic domain walls. In other words, the magnetic contrast in 

SEM images reveals the positions of magnetic domain walls for this model specimen. 

For additional information, the contour map of Bin (Fig. 6.17(c)) shows an almost perfect 

correspondence between the in-plane magnetic flux density (maximized/minimized regions) and the 

magnetic domain walls shown in Supplementary Fig. S3a. The results demonstrate the usefulness of 

the ILD-based imaging for revealing the positions of magnetic domain walls. For the z = 2 μm plane, 

the magnitude of the in-plane magnetic flux density is reduced significantly, although the 

maximized/minimized regions can still be seen in the locations of magnetic domain walls (Figs. 

6.17(d)–(f)). The in-plane flux components become almost negligible at z = 10 μm (Figs. 6.17(g)–(i)). 

Assuming that a SEM image is acquired by using the ETD located in the y-axis, type-I imaging should 

be highly sensitive to Bx. Thus, the SEM image reveals magnetic domain walls that are indicated in 

red and blue in Fig. 6.17(a), whereas those in Fig. 6.17(b) may be obscured. In contrast, when a 

symmetric ILD is used, the observations are sensitive to both Bx and By, and this can be an advantage 

in using an ILD for imaging domains. 
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Fig. 6.17 Contour maps of in-plane magnetic flux density Bx, By, and Bin. See text for the definition of 

Bin. (a)-(c) Calculations for the x-y plane at z = 0.5 mm. (d)-(f) Calculations for the x-y plane at z = 2 

mm. (g)-(i) Calculations for the x-y plane at z = 10 mm. Refer to color bars for the magnitude of 

magnetic flux density, shown in teslas (T). 

 

 

6.4.5. Magnetic deflection of secondary electrons 

 

To examine magnetic deflection that may occur in the specimen, Fig. 6.18 compares the 

motions of SE that are deflected by the x-component of the magnetic flux (Bx). In the interior region 

of the specimen, Bx is related to the x-component of spontaneous magnetization (Mx) and the x-

component of the demagnetization field (Hdx). However, the model specimen in Fig. 6.15(a), which 

was assumed to be magnetized only in the z-axis (either +z or –z), does not show the x-component, Mx. 

Nevertheless, the SE may be deflected by the demagnetization field, Hdx. We assumed that SE were 
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generated at the point P indicated in Figs. 6.15(a) and (b), and emitted in the z-axis with a kinetic 

energy of 5 eV, which is a typical value for secondary electrons for metals [17].  

 

 

 

Fig. 6.18 Deflection of SE by the stray magnetic field. (a) Schematic illustration showing the motion 

of a SE generated at the point P, put on the top surface of the model specimen (z = 0 nm). (b) Schematic 

illustration showing the motion of a SE generated at the point P, below the top surface by 2 nm (z = -

2 nm). (c) Distance from the vertical axis crossing the point P, plotted as a function of z. (d) Deflection 

angle, plotted as a function of z. 

 

 

To discuss the extent of the magnetic deflection, we use the parameters (1) distance from 

the vertical axis crossing the point P, d, and (2) deflection angle, θ : refer to Figs. 6.18(a) and (b). The 

blue dots in Figs. 6.18(c) and (d) represent the calculations assuming the point P on the top surface, 
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where z = 0 nm. For comparison, the red dots in Figs. 6.18(c) and (d) show the calculations assuming 

the point P inside the model specimen, where z = -2 nm. The blue dots almost coincide with the red 

dots in the calculations of d and θ: See Figs. 6.18(c) and (d), respectively. These results indicate that 

the contribution of magnetic deflection in the specimen is negligible in this model specimen, and thus 

the deflection is mainly due to the stray magnetic field outside. Therefore, we conclude that the 

magnetic contrast) in the SEM images is mainly due to the stray magnetic field that exists outside the 

specimen. 

 

 

6.4.6. Summary 

 

 In this section, the properties and mechanism of the ILD-based magnetic imaging have been 

discussed based on observations and numerical calculations. The results are summarized as follows. 

 

(1) The magnetic contrast obtained with the annular ILD is originated from magnetic deflection of 

SE. The magnitude of Lorentz force is maximized right above the domain walls. Thus, the 

magnetic contrast reflects the domain walls.  

(2) The symmetric geometry of the annular ILD enables to describe domain walls of any orientation, 

whereas the type-I method can describe only a portion of domain walls due to the asymmetric 

position of the ILD. 

(3) The magnetic contrast obtained with the annular ILD is sensitive to the working distance, while 

acceleration voltage has no significant influence on the magnetic contrast. The strong dependence 

on the working distance is mainly due to the change in the detectable range of takeoff angles of 

SE. 

 

 

6.5. Observations of multi-variant CoPt alloy 

 

A big advantage of ILD-based magnetic imaging is that it can be combined with other SEM 

techniques, such as chemical composition analysis, crystal orientation analysis, and strain analysis. 

Fig. 6.19 shows an example of the combination with crystal orientation analysis for a Co-50 at% Pt 

alloy that also has a large magnetocrystalline anisotropy [18]. Owing to the tetragonal L10-type ordered 

structure, the specimen contains three orientation variants as has been mentioned in Chapter 3, x-, y-, 

and z-variants, which can be distinguished by the orientation of the [001] direction corresponding to 

the easy magnetization axis (Fig. 6.19(a)). For each variant, the projections of the crystal structure 

from the viewing direction are shown in Fig. 6.19(a). Figures 6.19(b)–(d) show the SEM images of a 
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thin foil of the CoPt. Note that the field of view in Figs. 6.19(b)–(d) contains only x and z variants. 

These images were simultaneously obtained by using different detectors: the ILD for SE (Fig. 6.19(b)), 

an annular detector placed below the ILD for BSE (Fig. 6.19(c)), and the ETD for SE (Fig. 6.19(d)). 

The observations in Figs. 6.19(b)–(d) clearly show the magnetic domains, crystallographic 

orientations, and surface topography, respectively. The result shown in Fig. 6.19(c) (providing only 

the crystallographic information) is consistent with the conclusion that the contribution of BSE to the 

magnetic imaging is small. Interestingly, the crystal orientation image in Fig. 6.19(c) shows that the 

region of the x variant (bright area in Fig. 6.19(c)) corresponds perfectly to the area showing the mazy 

magnetic domains in Fig. 6.19(b). Furthermore, due to the wide-field of view of SEM, the magnetic 

image (Fig. 6.19(b)) explicitly shows that the width of many magnetic domains increases as the 

specimen thickness increases as has been reported in previous studies [9]. Thus, this method is useful 

for understanding the effect of the demagnetization field in thin-foil specimens. There is no magnetic 

contrast in the region of the z variant, which appears to be a single magnetic domain or a simple form 

consisting of huge magnetic domains, and is magnetised in the in-plane direction. The image obtained 

with the ETD (Fig. 6.19(d)) clearly shows the roughness of the sample surface, whereas this is not as 

prominent in Fig. 6.19(b). These results clearly demonstrate that the magnetic imaging using the ILD 

can provide multiple types of information about the microstructure in combination with other detectors. 
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Fig. 6.19 SEM images of a Co-50 at% Pt thin plate. (a) Crystallographic relation between the three 

tetragonal orientation variants in the L10-type CoPt. (b) ILD image including X and Z orientation 

variants. A mazy domain structure is clearly visualized in the X variant region. The TEM selected area 

electron diffraction pattern in the inset, which was obtained from the edge region that has the mazy 

pattern, exhibits only superlattice reflections of the X variant. (c) Crystal orientation image obtained 

by using another annular detector for BSE. Two regions corresponding to the X and Z variants have 

different contrasts. (d) ETD image showing the surface relief caused by the Ar ion beam. SEM was 

performed at an acceleration voltage of 5 kV and a working distance of 7.0 mm. 
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5.6. Conclusion 

 

In this study, we have demonstrated a simple method of magnetic imaging using an annular 

detector referred to as an ILD, which is placed on the optical axis of an SEM. The method has several 

advantages over other magnetic imaging techniques because it (1) reveals the magnetic domain 

structure on the surface of bulk samples with a resolution of 100 nm or less, (2) can view, in principle, 

entire magnetic domains, regardless of the sample rotation with respect to the optical axis, and (3) can 

be combined with other detectors and analytical instruments for conventional SEM, enabling analysis 

of properties, such as surface topography, composition, and crystal orientations, which affect the 

magnetic domain structure. There are also practical advantages, including short acquisition time (~1 

min for a single acquisition) and use of conventional vacuum conditions (~1.0 × 10-3 Pa) that are far 

easier to achieve compared with spin-SEM (<1.0 × 10-7 Pa) [7]. 

As mentioned above, SEM is a surface-sensitive method. The magnetic domain structure at 

the surface may differ from that in the interior of bulk crystals (e.g., in soft magnetic materials), and 

the surface domain pattern can even be modified by surface roughness [9]. Nevertheless, the method 

using SEM provides essential information for several applications. One important application is for 

the study of permanent magnets [30], in which characterization of both magnetic domains and 

crystallographic microstructure is vital for understanding the coercivity mechanism [31]. Another 

potential application is magnetic recording [32], in which direct observation of the surface magnetic 

domains (which produce a stray magnetic field representing the bit pattern) provides useful 

information about magnetization reversal and other such basic mechanisms, even though we use model 

specimens showing relatively large domains. Although TEM-based methods require an electron-

transparent specimen, SEM allows for the surface-domain observations of bulk specimens and/or 

device configurations fabricated on a thick substrate without any polishing to prepare thin foils. This 

point is also beneficial for studies on materials with magnetic domain structures that are highly 

sensitive to strain and/or specimen shape (e.g., magnetostrictive materials) [33,34]. The array of 

magnetic vortices produced in superconductors [35,36], the spacing of which is on the order of 100 

nm or larger, is also an important target of the method. SEM studies are expected to be useful for 

determining the positions of individual vortices as they produce a significant stray magnetic field in 

the specimen surface. We accordingly expect that SEM observations using an ILD, which reveals a 

surface magnetic domain structure in two dimensions, can be used in many problems at the forefront 

of science and technology. The method is also expected to be useful beyond the classical type-I 

imaging that is sensitive to magnetization in only one direction because of the asymmetric geometry 

of the detector. 

To understand the image contrast quantitatively, the nature of the secondary electrons 

emitted from the magnetic sample needs to be examined in more detail. Nevertheless, the observations 



134 
 

indicate that the method using ILD/SEM extends the applications of SEM-based magnetic imaging to 

many leading-edge subjects related to spin textures for which magnetic imaging using a bulk sample 

is essential. 
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Chapter 7 
Summary 
 

 In this study, microstructures of L10 ferromagnetic alloys have been characterized using 

electron microscopy and numerical approaches from different viewpoints, including crystallography, 

phase transformation, and magnetism. The results are summarized as follows. 

 

(1) In Chapter 2, the microstructure evolution in A1-L10 disorder-order transformation in the two-

step ordering heat-treatment with/without magnetic field has been investigated by using electron 

microscopy. In the first stage, it turns out that z-variant, whose easy axis is parallel to applied 

magnetic field, is preferentially nucleated, if the magnetic field is applied. Then, the z-variant 

increases its volume fraction in the second stage of ordering heat-treatment even without the 

magnetic field. 

(2) In Chapter 3, a phase-field model was constructed for A1-L10 disorder-order transformation, 

although the diffusion of atoms was ignored in this study due to homogeneous stoichiometric 

composition of the specimens. Several parameters in the model were determined based on the 

comparison with experimental observations in Chapter 2. The simulations well reproduced the 

microstructures, including homogeneous nucleation, twin formation, and coarsening. The 

mechanism of preferential growth in the second stage was discussed based on the simulations. As 

a result, it has been concluded that the elastic strain energy mainly contributes to the preferential 

growth in the later stage. Also, it is revealed that the free boundary condition is essential for 

preferential growth. 

(3) In Chapter 4, atomic structures near antiphase boundaries (APBs) in CoPt was studied by using 

TEM and HAADF-STEM observations and the statistical parameter estimations. It has been 

observed that APBs in CoPt are randomly curved and thus it is expected that APB energies is 

rather isotropic (not dependent on the plane index). The width of an APB that lies along a cubic 

plane was observed by HAADF-STEM and scattered intensities for each atomic column were 

calculated by the model-based statistical parameter estimation theory. As a result, only two atomic 

planes near the APB center were regarded as different from the ordered region. In conclusion, the 

APBs in CoPt are sharp in nature and thus the effect on the magnetic properties can be negligible 

in a good approximation. 

(4) In Chapter 5, SEM-based magnetic imaging method has been proposed, in which an annular in-

lens detector (ILD) was used for electron detection rather than the conventional Everhert-

Thorneley detector (ETD). The ILD-based method described almost all of domain walls in the 

mazy magnetic domains, whereas the conventional ETD-based method is sensitive to only a 

portion of domain walls due to asymmetric geometry of the detector. It appears from the 
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experiments that the magnetic contrast in ILD images are originated from magnetic deflection of 

secondary electrons exerted by stray magnetic field. Finally, observation with the ILD and other 

detectors was performed for thin plate of CoPt. As a result, the information on magnetic domains, 

crystallographic orientations, and surface reliefs were successfully obtained in good separation. 
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