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Chapter 1 

Introduction 

 

 

 

1.1 Background 

1.1.1 Semiconductor spintronics 

 

Recently, device performance has been improved by the miniaturization of electronic 

devices in conventional Si complementary metal-oxide semiconductor (CMOS)-based integrated 

circuits [1, 2]. However, because of the physical limitation on device dimensions and the increase 

of power consumption, a realization of electronic devices based on new functions and operating 

principles is required. A spin-based field-effect transistor (FET) has been one of the most 

promising candidates among such newly-functionalized devices, and is expected to have low 

power consumption and high-speed operation [2–4]. A spin-FET were proposed by S. Datta and 

B. Das in 1990 [5], and consists of semiconductor two-dimensional electron gas (2DEG) channel 

with a gate electrode and the ferromagnetic electrodes as shown in Fig. 1-1(a). In such spin-FET, 

the spin-polarized electrons injected from the ferromagnetic source electrode start to rotate 

because an effective magnetic field is created by the spin-orbit interaction in the 2DEG channel. 

 

Figure 1-1. Schematic illustration of general spin-based FET structure: (a) spin-FET, (b) spin-

MOSFET, and (c) pseudo spin-MOSFET. 
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The spin precession angle can be controlled by the gate voltage since the spin-orbit interaction is 

modified by the gate voltage. If the spin orientation in the 2DEG channel is aligned to the 

ferromagnetic drain electrode, the electrons can flow into the ferromagnetic drain electrode. On 

the other hand, when the spin orientation is flipped in the 2DEG, the electrons cannot enter the 

drain electrode. Therefore, the materials with a large spin-orbit interaction such as GaAs and InAs 

are used for 2DEG channel in spin-FET. As another type of spin-based FET, a spin-MOSFET was 

proposed by S. Sugahara and M. Tanaka in 2004 [6] and demonstrated by some researchers [7, 8] 

at room temperature. The general structure of spin-MOSFET consists of a Si-MOSFET and 

ferromagnetic source and drain electrodes as shown in Fig. 1-1(b). In the case of spin-MOSFET, 

the resistance can be controlled by the magnetization configuration in source and drain electrodes. 

Since the spin-MOSFET requires no spin precession of spin-polarized electrons in the channel, 

the materials with a small spin-orbit interaction such as Si and Ge are used for the channel 

materials. In addition, magnetic tunnel junctions (MTJs) are used for source and drain electrodes 

in spin-MOSFET. Such spin-MOSFET are called pseudo-spin-MOSFET or spin-transfer-torque 

MOSFET (STS-MOSFET) and demonstrated by some researchers [9, 10]. Since the resistance of 

spin-based FET can be controlled by the magnetization configuration in source and drain 

electrodes, the control of magnetic domain structure and the magnetization switching are much 

necessary. 

 

 

1.1.2 Manganese arsenide 

 

MnAs thin films and nanostructures had grown on III-V compound semiconducting 

substrates by epitaxial growth such as molecular beam epitaxy (MBE) [11–13] or selective-area 
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metal-organic vapor phase epitaxy (SA-MOVPE) [14–20]. The crystal structure of such MnAs 

thin films and nanostructures exhibiting ferromagnetism almost have a hexagonal NiAs-type 

structure as shown in Fig. 1-2(a). As described in Sec. 2-3, NiAs-type MnAs has a uniaxial 

magnetic anisotropy along c-axis and six-fold magnetic anisotropy in c-plane. The saturation 

magnetization of NiAs-type MnAs is 3.4 B/Mn under the magnetic field of 5 T [21, 22]. In 

addition, A MnAs bulk crystal shows a first-order structural phase transition between 

orthorhombic MnAs shown in Fig. 1-2(b) and NiAs-type MnAs at temperatures between 317 and 

319 K, i.e., the Curie-temperature of NiAs-type MnAs is 317 to 319 K [23, 24]. In the case of thin 

films with the thickness of 60 nm, the phase coexistence of NiAs-type MnAs and MnP-type MnAs 

was observed at the temperature from 283 to 313 K. In addition, the enhancement of Curie-

temperature up to 340 K was observed in the case of hexagonal NiAs-type MnAs nanostructures 

grown on InGaAs layers on InP (111)B substrates, possibly owing to the incorporation of a small 

fraction of Ga atoms into the nanostructures [18].  

 

A zinc-blende (ZB)-type MnAs as shown in Fig. 1-2(c) highly expected to realize 

nanospintronic devices such as magnetic tunnel junction and spin transistor with high ON/OFF 

 

Figure 1-2. The crystal structure of MnAs: (a) hexagonal NiAs-type structure, (b) orthorhombic 

MnP-type structure, and (c) zinc-blende type structure. 

(a) (b) (c)

Mn As
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ratio, since a ZB-type MnAs was predicted to be half-metallic from first principle calculation, i.e., 

spin polarization is 100% at fermi energy [25]. In addition, the Curie-temperature and saturation 

magnetization of a ZB-type MnAs is much higher than that with NiAs-type structure, and 

approximately to 350 K and 4.0 B/Mn, respectively [26]. The fabrication of ZB-type MnAs is 

difficult since the NiAs-type structure is thermodynamically stable, while ZB-type structure is 

thermodynamically unstable [27, 28]. In 2002, MnAs nanodots with ZB-type structure are grown 

on sulfur-passivated GaAs (001) substrates by MBE [29]. In addition, ZB-type MnAs 

nanoclusters were formed in GaAs thin films by annealing (Mn, Ga)As diluted materials grown 

on GaAs (001) substrates using MBE method in same in the same year [30]. And then, ZB-type 

MnAs thin films are grown on GaAs (001) substrates after InAs buffer layer growth by MBE in 

2005 [31]. 

 

Among the MTJs in combination with semiconducting materials, intensive studies on 

the MTJ structures using MnAs and III-V compound semiconductors have been reported [32, 33]. 

A huge magnetoresistance up to 100,000% has been demonstrated in the MTJs with granular 

GaAs:MnAs hybrid nanomaterials system consisting of ferromagnetic MnAs nanoclusters 

embedded in semiconducting GaAs layers [33]. Such a MTJ structure has been mainly fabricated 

by conventional top-down-type microfabrication technologies. However, in the fabrication of 

such devices in nanometer scale, these conventional approaches may possibly result in 

deterioration in device performance owing to process-induced damages and a relatively poor size-

uniformity. 
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1.2 Objective  

 

To solve possible problems, we have developed a bottom-up-type fabrication method, 

which is based on selective-area MOVPE (SA-MOVPE), of ferromagnetic MnAs nanostructures 

on semiconducting GaAs (111)B and Si (111) substrates [14–20]. This technique enables us to 

control the size, density, position, and shape of nanostructures without any process-induced 

damage and contamination for the fabrication of nanospintronic devices such as STS-MOSFET 

using MTJs as the source and drain electrodes. For example, the vertical-type MTJs are fabricated 

by lithography processes after the deposition of oxide interlayers such as MgO and Al2O3, and 

ferromagnetic thin films on the MnAs NDs grown by our SA-MOVPE. For the lateral-type MTJs, 

we believe that the use of elongated MnAs ND composites is promising, as demonstrated on GaAs 

(111)B substrates. In general, the magnetic domain structure depends on the size and shape of the 

ferromagnetic nanomaterials and nanostructures. In this study, therefore, we characterized the 

magnetic domain structure characterization of MnAs nanodisks and nanowires to control the 

magnetic properties such as coercive force and magnetic domain structure by tuned the size and 

shape of the MnAs nanostructure for application of spintronics devices.  

 

 

1.3 Outline of this thesis 

 

This thesis describes the structural and magnetic domain structure characterization of 

MnAs NDs and lateral NWs selectively grown on Si (111) or GaAs (111)B substrates after 

AlGaAs layer growth for controlling the magnetic properties such as coercive force and magnetic 

domain structure by tuned the size and shape of the MnAs nanostructure for application of 
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spintronics devices. This thesis is divided into 7 chapters. 

 

In chapter 2, the magnetic domain structure in ferromagnetic materials is described. In 

addition, magnetocrystalline anisotropy and shape magnetic anisotropy are explained. 

 

In chapter 3, the principle of our MOVPE systems, which is utilized to grow the MnAs 

nanostructures in this study, are explained. In addition, the preparation of substrates for 

nanostructure growth are described. Finally, the characterization methods and equipment used in 

this study are also introduced. 

 

In chapter 4, growth and structural characterizations of ferromagnetic MnAs ND after 

the AlGaAs nanopillar (NP) buffer growth on Si (111) substrates using multiple types of mask 

materials and designs is described. The results of structural characterizations show that two key 

issues, which are the unintentional growth of MnSi alloy in Si substrates and MnAs alloy with 

approximately 17% of Si atoms on NDs, are typically observed in the case of Si substrates with 

SiO2 mask pattern removing the SiO2 outside 100 × 100 µm2 square regions with periodical 

circular openings.  

 

In chapter 5, characterization of magnetic domain structure and magnetization switching 

in ferromagnetic MnAs NDs by magnetic force microscopy at room temperature without the 

application of an external magnetic field are described. A spontaneous magnetization is observed 

in most of MnAs NDs, and the direction of magnetization is parallel to <11-20> orientations of 

MnAs NDs, i.e., the easy magnetization axis of hexagonal NiAs-type MnAs. A single domain is 

predominant in the MnAs NDs with an area of approximately 4 x 104 nm2 or less. In addition, the 



7 

 

magnetization switching are observed after application of applied magnetic fields of 1.5 kGauss. 

 

In chapter 6, structural and magnetic domain characterization of lateral MnAs/AlGaAs 

NWs are described. The lateral MnAs nanowires observed by backscattered and secondary 

electron microscopies have a high aspect ratio and well-defined crystal facets. The external 

magnetic field dependence in magnetic force microscopy observations of the lateral nanowires 

reveals that single and multiple magnetic domains were formed in the lateral nanowires. 
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Chapter 2 

Magnetic domain structures in ferromagnetic 

materials 

 

 

 

2.1 Introduction 

 

IDC predicts that the summation of all data, which is created, captured, or replicated, in 

the world will grow from 33 ZB in 2018 to 175 ZB in 2025 [1]. New-generation memory devices 

are required to have a large capacity and multiple functions. Therefore, Spin-based transistor and 

racetrack memory have attracted much attention and are expected as a new-generation memory 

using the ferromagnetic materials. In such devices, the control of the magnetic domain structure 

and magnetic properties such as coercive force is much crucial. This chapter explains the magnetic 

domain structures and magnetic anisotropies in solid. In addition, we describe and the structural 

and magnetic properties of MnAs. 

 

 

2.2 Magnetic domain structure 

  

In ferromagnetic materials, magnetic moments are aligned in parallel to each other, 

which results in a spontaneous magnetization below a certain temperature characterized as Curie-

Temperature Tc. If the temperature exceeding the Tc, the material exhibits a paramagnetic behavior 

since the thermal energy is large enough to let the momentums become disordered. In an initial 
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magnetization state, bulk ferromagnetic materials spontaneously divide into magnetic domains, 

which is fine region aligned the magnetic moments in parallel to each other as shown in figure 2-

1(a), since the magnetic dipolar appear at the surface of the materials and magnetostatic energy 

increase when if all magnetic moments are completely align in ferromagnetic materials. Between 

the magnetic domains, there is a region, in which the magnetic moments continuously change, 

i.e., domain wall. When the magnetization directions with adjacent two magnetic domains are 

anti-parallel, this domain wall is called 180o domain wall. A Bloch wall and Néel wall are typical 

180o domain wall. 

 

 

 

Bloch wall 

 

 A Bloch wall is mainly observed a relatively thick ferromagnetic films, or bulk 

ferromagnetic material. The magnetic moments in the Bloch wall continuously rotate in planes 

perpendicular to the film surface, and finally connect to those at the adjacent magnetic domain 

with opposite magnetization as shown in figure 2-1(b). The energy of Bloch wall is calculated as 

 

Figure 2-1. Schematic illustration of magnetic domain structures and domain walls: (a) Closure 

magnetic domain, (b) Bloch wall, and (c) Néel wall. 
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functions of the film thickness and the angle through which the magnetization turns in the wall. 

According to S. Middelhoek [2], the energy of Bloch wall per unit area of the wall, B, is express 

as follow: 

γ
B 

=A(π/a)
2
a+

1

2
aK+

πa2

a+D
Ms

2. (2-1) 

Where, a is the wall width, D is the film thickness, Ms is the saturation magnetization, A is the 

exchange stiffness constant, K is the crystallographic anisotropy energy. The Bloch wall width, a, 

is determined to minimize this energy, a is determined to satisfy the following equation: 

∂γ
B

∂a
=-A(π/a)

2
+

1

2
K+

π(a2+2aD)

(a+D)
2 Ms

2 = 0. (2-2) 

 

 

Néel wall 

 

In ferromagnetic thin films, a Néel wall is dominant, since the magnetic energy due to 

the magnetic dipolar generated at film surface in Bloch wall increase with decreasing the film 

thickness. The magnetic moments in the Néel wall parallel to the film surface continuously rotate 

in planes parallel to the film surface, and connect to those of the adjacent domain with the opposite 

magnetization as shown in figure 2-1(c). In Ref. 2, the energy of Néel wall per unit area of the 

wall, N, is express as follow: 

γ
N 

=A(π/a)
2
a+

1

2
aK+

πaD

a+D
Ms

2. (2-3) 

In addition, the Néel wall width, a, is determined to minimize this energy, a is determined to 

satisfy the following equation: 

∂γ
N

∂a
=-A(π/a)

2
+

1

2
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πD2

(a+D)
2

Ms
2 = 0. (2-4) 
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The number of magnetic domains is decreasing with miniaturing the ferromagnetic 

materials since the magnetostatic energy is proportion to volume of the ferromagnetic materials. 

In the small ferromagnetic materials, the domain wall energy generated by dividing a single 

domain into two magnetic domains is higher than the magneto-static energy in a single domain 

state. On the other hand, in the ferromagnetic materials with a comparatively large size, this 

domain wall energy is lower than the magneto-static energy in a single domain state. Therefore, 

the number of magnetic domains is decreasing with miniaturing the ferromagnetic materials. The 

magnetization direction strongly depends on crystallographic orientation and shape of 

ferromagnetic materials, i.e., ferromagnetic materials have magnetocrystalline anisotropy and 

shape anisotropy. 

 

 

2.3 Magnetocrystalline anisotropy 

 

 The direction of magnetization in ferromagnetic material depend on the crystallographic 

orientation of the material, i.e., the magnetic moments in the material are preferentially aligned 

along to energetically favorable orientation, or magnetization easy axes of materials. Unfavorable 

orientations are referred to as hard magnetic axes. A magnetocrystalline anisotropy is mainly 

induced by spin–orbit interactions in addition to the anisotropic crystal field. A hexagonal NiAs-

type MnAs has a uniaxial magnetic anisotropy where the <0001> orientation present a hard axis 

of magnetization [3, 4]. In addition, an easy axis of magnetization is parallel to <11-20> 

orientation, a six-fold magnetic anisotropy is observed in (0001) plane [3–5]. The energy, which 

is required for the magnetization to tilt from <11-20> to <0001> orientation, Ecryst, is given as 

follow: 
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Ecryst=Kusin
2
θ. (2-5) 

Where, Ku is the uniaxial magnetic anisotropy constant,  is the angle between the magnetization 

direction and <11-20> orientation. A schematic drawing of this magnetocrystalline anisotropy 

energy is shown in figure 2-2. 

 

 

2.4 Shape anisotropy 

 

 The direction of magnetization in ferromagnetic material also depend on the shape of 

the material. The demagnetizing magnetic field or stray magnetic field, Hd, is generated by the 

magnetization, M, within the specimen, and can express as following equation: 

𝑯𝒅=N𝑴. (2-6) 

Where, N is demagnetizing factor. In addition, the energy for the strain magnetic field, Es, can 

calculate by following equation: 

 

Figure 2-2. The energy of a uniaxial magnetic anisotropy required for the magnetization to tilt 

from <11-20> to <0001> orientation. The angle of  = 0 degree is corresponding to the <11-20> 

orientation of hexagonal MnAs. 
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𝐸𝑠 = ∫ 𝜇0𝑴𝑯𝒅dV
𝑉

=
1

2
V𝜇0𝑴NM. (2-7) 

In general, the N is written as a tensor N. In the case of an ellipsoidal shape, it has the diagonalized 

form 

N = (

𝑁𝑥 0 0
0 𝑁𝑦 0

0 0 𝑁𝑧

). (2-8) 

Where the diagonal elements, Nx, Ny, and Nz are defined by the three principal axes of an ellipsoid. 

There are some symmetric shapes which can described with a diagonalized N as shown in figure 

2-3: For a spherical body, Nx, Ny, Nz are equal to 1/3. For infinity expanded thin layer in x-y plane, 

Nz is equal to 1 while Nx and Ny are equal to 0. For infinity elongated wire along z-axis, Nz is equal 

to 0 while Nx and Ny are equal to 0.5.  

 

In this study, we roughly estimated the demagnetizing factor, N, using the expressed 

equation in Ref. 6 to calculate the magnetostatic energy of MnAs nanostructures, which were 

approximated as ellipsoidal structure.  

 

 

 

Figure 2-3. The demagnetizing factor for (a) spherical body, (b) infinity expanded thin layer in 

x-y plane, and (c) infinity elongated wire. 
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2.5 Magnetic tunnel junction 

 

The magnetic tunnel junctions (MTJs) are highly expected to realize nonvolatile 

memories and spintronic devices because ferromagnetic materials are used as electrodes in the 

MTJs, in which the spin states are kept without any energy consumption. Figure 2-4 shows the 

schematic illustrations of MTJ structure. MTJ structure consist of two ferromagnetic layers and a 

insulating tunnel barrier layer. The resistance of MTJ structure depends on magnetization 

configuration of ferromagnetic layers. MTJs exhibit qualitatively the same features in spite of 

different mechanisms, i.e., a low resistance is achieved in parallel magnetization and it becomes low 

in antiparallel magnetization. This phenomenon is called the tunneling magnetoresistance effect. The 

magnetoresistance ratio is defined by 

𝑇𝑀𝑅 𝑟𝑎𝑡𝑖𝑜 =
𝑅𝑎𝑛𝑡𝑖−𝑝𝑎𝑟𝑎 − 𝑅𝑝𝑎𝑟𝑎

𝑅𝑝𝑎𝑟𝑎
=

2P1P2

1 − 𝑃1𝑃2
. (2-9) 

Where, Ranti-para and Rpara are the resistance in the parallel and antiparallel magnetization 

configurations, respectively. P1 and P2 are spin polarizations ratio of the two ferromagnetic layers. 

Therefore, the spin polarizations ratio of two ferromagnetic layers is also important for MTJs. 

 

  

 

Figure 2-4. Schematic illustrations of MTJ structure: (a) When the magnetization in free layer is 

parallel to that in fixed layer, MTJ structure has a relatively low resistance. On the other hand, 

(b) when the magnetization of free layer is anti-parallel to that in fixed layer, MTJ structure has a 

relatively high resistance. 

m Fixed layer

Free layer
Tunnel Insulator

Low resistance High resistance(b)(a)
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Chapter 3 

Experimental techniques 

 

 

 

3.1 Introduction 

 

This chapter describes the growth of MnAs nanodisks and lateral nanowires, and 

characterization methods used in this study. The MnAs nanostructures are continuously grown by 

selective-area metal-organic vapor phase epitaxy (SA-MOVPE) after growth of AlGaAs 

nanopillar (NP) buffers. In this chapter, first, the overview of MOVPE are briefly explained, and 

then the characterization methods are described.  

 

 

3.2 Overview of SA-MOVPE 

 

Nanospintronic devices using ferromagnetic nanostructures have been mainly fabricated 

by top-down fabrication techniques, that is, etching process after ferromagnetic metal deposition. 

However, such ferromagnetic nanostructures have some problems, which lead to deterioration of 

the device performance, such as process-induced damage to surface of nanostructure and 

relatively poor size uniformity. To solve such problems, we use SA-MOVPE for fabrication of 

MnAs nanostructures on semiconducting substrates. SA-MOVPE is one of the bottom-up crystal 

growth techniques using metal-organic (MO) source and no catalyst using partially SiO2-masked 

semiconducting substrates, which has enabled us to control the size, aspect ratio, position, and 
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density of nanostructures on various semiconducting substrates. Figure 3-1 shows a schematic 

illustration of lateral MnAs nanowire (NW) growth process of the SA-MOVPE method. First, 

SiO2 thin films are deposited on the semiconducting substrates. Initial rectangular openings in the 

SiO2 thin films are next fabricated by lithography and etching techniques. Finally, nucleation 

occurs on the substrate surface within the mask opening regions, and then the lateral NW begins 

to grow by supplying organometallic and hydride sources. 

 

 

 

3.3 Growth system for MOVPE 

 

Figure 3-2 shows schematic illustration of the MOVPE system utilized in this study. 

This MOVPE system consists of the gas delivery system, the horizontal reactor with a radio 

frequency (RF) coil, which is used as a heating the semiconducting substrates, and the pump 

 

 

Figure 3-1. Schematic illustration of catalyst-free SA-MOVPE growth. (a) SiO2 thin film is 

deposited on the GaAs (111)B substrates. (b) Initial rectangular opening is fabricated in the SiO2 

thin film by lithography and etching. (c) Nucleation occurs on the substrate surface within the 

mask opening region, and then lateral MnAs NW begins to grow. 

Openings

(a) (b) (c)

MnAs/AlGaAs NW
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system for decompression. Pure hydrogen (H2) is purified by H2 purifier with palladium alloy 

membrane, and used as a carrier gas, which transports the source materials into the reactor. The 

gas such as arsine (AsH3) and MO sources such as trimethylgallium (TMG) are provided from 

the gas cylinders and bubblers, respectively, and its partial pressure is controlled by mass-flow 

controllers. Figure 3-3 shows schematic illustration of the bubblers. In the bubbler, the 

temperature is kept at a constant value to control the amount of supplied materials, and the 

pressure is controlled by pressure control valves. The total gas flow rate in the reactor is 

maintained at 3.00 SLM. The working pressure is automatically controlled at 0.1 atm, i.e., 76 Torr, 

by an automatic pressure controller and a vacuum pumping during the MOVPE growth. For the 

growth of the MnAs nanostructure in this study, bis(methyl-5-cyclopentadienly)manganese 

(MeCp)2Mn and 20%-AsH3 diluted in H2 are used. In addition, for the growth of AlGaAs NP 

buffers, trimethylaluminum (TMAl), TMG, and 20%-AsH3 diluted in H2 are used. 

 

 

 

Figure 3-2. Schematic illustration of growth system for MOVPE. 

N2

Exhaust

H2

H2 purifier

Reactor

Susceptor

N2 purifier

(MeCp)2MnTMG TMAl ・・・・

MO vent line

Gas vent line

MO source line

Gas source line

SiH4 AsH3

Filter

Pump

Scrubber

RF coil

Valve

Mass flow controller

Pressure control valve



25 

 
 

 

3.4 Preparation of substrates for MOVPE growth 

 

The preparation of the substrates for the growth of MnAs nanostructure is as follows. 

First, SiO2 and SiON thin films were deposited on Si (111) substrates as a mask material by 

thermal oxidation and chemical vapor deposition, respectively. In addition, SiO2 thin films were 

deposited on GaAs (111)B substrates by plasma sputtering system (CFS-4EP-LL, Shibaura 

Mechatronics Corporation). The thickness of SiO2 and SiON thin films were estimated to be 

approximately 30 nm. After ultrasonic cleaning in acetone, ethanol, and ultrapure water for 5 min 

in each, an electron beam (EB) resist (ZEP520A-7, Nippon Zeon) was coated on the substrates 

by a spin coater, and then, the substrates were pre-baked at 170 °C for 2 min and 90 °C for 5 min. 

Next, the EB resist are exposed by EB lithography system (JBX-6300SF, JEOL) at an accelerating 

 

 

Figure 3-3. Schematic illustration of bubbler. When the MO source is provided, the red (blue) 

valves are opened (closed). 
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voltage of 100 kV for making periodical mask opening patterns in the EB resist. After EB 

exposure, the EB resist are developed with ZED-N50 solution for 90 sec, and rinsed with 

isopropyl alcohol (IPA) for 60 sec. The substrates are then post-baked at 140 °C for 10 min and 

cooled at room temperature. To form the periodical mask openings formed in SiO2 and SiON thin 

films, dry etching and wet etching are carried out by reactive ion etching system with CF4 and 

buffered hydrogen fluoride, respectively, and the EB resist films are removed by methyl-ethyl-

ketone (MEK). Before loading samples into the reactor, the substrates are cleaned with organic 

solvents in an ultrasonic bath, and the unintentional native oxide on the surface of the substrates 

are removed by alkali solution (Semico Clean 23, Furuuchi Chemical) for 10 min in an ultrasonic 

bath. 

 

 

3.5 Characterization methods 

3.5.1 Scanning electron microscopy 

 

For structural characterization of MnAs nanostructures, secondary electron images by 

scanning electron microscopy (SEM), S-4100 and SU-8010, Hitachi, are observed. The SEM 

system consists of an EB gun, condenser lenses, apertures, scanning coils, an objective lens and 

a specimen chamber as shown in figure 3-4. In addition, to estimate the size of the nanostructures 

and roughly obtain the information of solid composition, the backscattered electron (BSE) images 

by SEM are observed.  
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Secondary electron image 

 

 For structural characterization, secondary electron images of MnAs nanostructures and 

AlGaAs NP buffers grown on semiconducting substrates in this study are observed to characterize 

the shape and surface morphologies of the nanostructures. Secondary electron image is formed 

by detecting secondary electrons, which are generated from the atoms in sample by in elastic 

scattered incident electrons, i.e., primary electrons. Since the energy of the secondary electrons 

are several 10 eV, only secondary electrons, which are generated within about 10 nm from the 

surface of the sample, are emitted in vacuum. Therefore, secondary electron image is highly 

sensitive to the surface structure of the sample. In this study, when we observed BSE image, the 

accelerating voltage of 5.0 and 30.0 kV in SU-8010 and S-4100, respectively. 

 

 

Figure 3-4. Schematic illustration of SEM systems. SEM consists of an EB gun, condenser lenses, 

apertures, polarized coils, an objective lens and a specimen chamber. 
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BSE image 

 

 To estimate the size and roughly obtain the information of solid composition, the BSE 

images by SEM are observed. BSE image is formed by electrons, which are scattered backward 

against the primary electron in the electron-scattered process. BSE image is highly sensitive to a 

solid composition of materials since BSE emission increases with increasing mean atomic number 

of materials [1]. In addition, the penetration length of electrons from the surface increases with 

increasing an acceleration voltage of electrons [2]. To estimate the maximum penetration length, 

Lp, of electrons for MnAs, we use following equation:  

𝐿𝑝 =
2.76 × 10−11𝐴𝐸0

5/3

𝜌𝑍8/9

(1 + 0.978 × 10−6𝐸0)5/3

(1 + 1.957 × 10−6𝐸0)4/3
 (3-1) 

Where, A is atomic weight (g),  is atomic density (g/cm3), Z is atomic number, and E0 is incident 

energy (eV). In this study, when we observed BSE image, the accelerating voltage of 0.5 to 5.0 

kV is used for the estimation of the thickness of MnAs nanostructures. 

 

 

3.5.2 Magnetic force microscopy 

 

For characterization of magnetic domain structure, we use magnetic force microscopy 

(MFM) combined with tapping mode atomic force microscopy (AFM) in a Nanoscope IIIa system, 

Digital Instruments at room temperature using a high-resolution-type MFM tip of Si coated with 

a Co/Cr alloy (Bruker MESP-HR10). The coercivity of the MFM tip used is 950 Oe according to 

the specification sheet published by Bruker AXS. The cantilever is magnetized by permanent 
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magnet and oscillating at its resonance frequency during AFM and MFM measurement. Figure 3-

5 shows the principle of MFM. To separate the information of the surface morphologies and 

magnetic information, first, AFM measurement are carried out before MFM observations. During 

the MFM observation, the cantilever is lifted off from the sample surface, and sense the stray 

magnetic fields from the sample. In this study, we use phase detection mode to obtain the MFM 

images. A repulsive magnetic force gradient will cause the resonance curve to shift to a higher 

frequency, accompanied by an increase in phase shift. On the other hand, an attractive magnetic 

force gradient will cause the resonance curve to shift to a lower frequency, accompanied by a 

decrease in phase shift as shown in figure 3-6. The relationship of force gradients and shift 

direction of resonance and phase curve is summarized in Table 3-1. We usually observed the same 

ferromagnetic MnAs nanostructure again after switching the magnetization direction of MFM 

cantilever to confirm that the obtained image contrasts are due to magnetic information. 

 

 

Figure 3-5. Measurement principle of MFM observation. 
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Table 3-1 The summary of the relationship of force gradient, shift direction of phase curve, and 

change in phase, , and image contrast.  

 

Force gradient 

Shift direction of Phase 

curve 

Change in 

 

Image 

contrast 

Attractive 

force 

Lower frequency Decrease Darkness 

Repulsive 

force 

Higher Frequency Increase Brightness 

 

Figure 3-6. Shift of phase curve by stray magnetic fields from specimen.  
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Chapter 4 

Selective-area growth of ferromagnetic MnAs 

nanodisks on Si (111) substrates covered with multiple 

types of dielectric masks 

 

 

 

In this chapter, we report on selective-area metal-organic vapor phase epitaxy (SA-

MOVPE) and structural characterizations of MnAs nanodisk (ND) structures after the AlGaAs 

nanopillar (NP) buffer growth on Si (111) substrates using multiple types of mask materials and 

designs, which are mask patterns (I) and (II) of SiO2 and SiON removing (I) the mask materials 

outside 100 × 100 µm2 square regions with periodical circular openings and (II) only the 

periodical circular openings within the 100 × 100 µm2 square regions. The results of structural 

characterizations show that two key issues, which are the unintentional growth of MnSi alloy in 

Si substrates and MnAs alloy with approximately 17% of Si atoms on NDs, are typically observed 

in the case of Si substrates with mask pattern (I) of SiO2. On the other hand, these two key issues 

are not observed in the case of Si substrates with mask pattern (II) of SiON. These results suggest 

that mask pattern (II) of SiON are effective to prevent the unintentional reactions of Mn atoms 

with Si substrates for growing MnAs NDs with a high degree of uniformity. (This chapter is 

described mainly based on our previous study in Ref. 1) 
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4.1 Introduction 

 

Recently, the research on magnetic tunnel junctions (MTJs) has attracted considerable 

attention [2–7]. The MTJs are highly expected to realize nonvolatile memories because 

ferromagnetic materials are used as electrodes in the MTJs, in which the spin states are kept 

without any energy consumption. In addition, racetrack memory cell arrays integrated on Si 

substrates with MTJ read elements and complementary metal-oxide semiconductor field-effect 

transistors have been intensively demonstrated [8, 9]. In magnetic memories, in general, thermal 

stability factor, i.e., KV/kBT, must exceed 60 to ensure that the magnetization direction of magnetic 

materials remains stable for archiving in 10 years at least, where K, V, kB, T are the magnetic 

anisotropy constant, the volume of magnetic materials, Boltzmann constant, and temperature, 

respectively. To miniaturize magnetic memories, a high magnetic anisotropy constant is required. 

The fabrication of MTJs using MnAs has been actively performed as a different approach [6, 7] 

because bulk MnAs shows ferromagnetism at room temperature and has a relatively high uniaxial 

magnetic anisotropy energy [10]. MTJs using MnAs have been demonstrated in the combination 

with III-V compound semiconductors, such as GaAs and AlAs, mainly by low temperature 

molecular beam epitaxy and conventional top-down-type fabrication methods. However, the 

performance of devices fabricated by such conventional methods possibly deteriorates owing to 

process-induced damages and a relatively low size uniformity, in particular, on the way towards 

a further device miniaturization. To solve such a possible problem, we have investigated a bottom-

up-type fabrication of ferromagnetic MnAs nanostructures on GaAs (111)B substrates by SA-

MOVPE [11–14]. It enables us to control the size, density, position, and shape of nanostructures 

without any process-induced damage and contamination. Spin-transfer-torque-switching metal-

oxide-semiconductor field effect transistors (STS-MOSFET) using MTJ electrodes as source and 
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drain electrodes have been proposed as a novel spin-based MOSFET [15], and the materials with 

a long spin life time is required as the channel materials in STS-MOSFET. Si has a relatively long 

spin lifetime of approximately 1.3 nsec at 300 K [16]. In the case of GaAs, on the other hand, the 

spin lifetime is reported to be approximately 60 psec at 300 K [17]. In this paper, for realizing 

magnetic memories using MTJs with ferromagnetic MnAs nanostructures, we report on SA-

MOVPE and structural characterizations of MnAs NDs on Si (111) substrates. Multiple types of 

mask materials and designs as a growth inhibiting mask were investigated for the optimization of 

selective-area growth of MnAs on Si. 

 

 

4.2 Experimental procedure 

 

Two types of thin film amorphous materials were chosen as a growth inhabiting mask 

materials for SA-MOVPE since the lateral over-growth rate depends on surface activation energy 

of mask materials for nucleation: One was SiO2, which was formed by thermal oxidation on Si 

(111) substrates, and the other was SiON, which was deposited on Si (111) substrates by plasma 

enhanced chemical vapor deposition. The film thickness was about 30 nm. In current work, we 

used SiON instead of SiNx since the etching rate of SiNx by wet chemical etching using a buffered 

hydrofluoric acid is too slow. For the deposition of SiON thin films, SiH4, NH3, and N2O gases 

were used as a source at the flow rates of 0.6, 4.0, and 1.5 slm, respectively. The content of 

nitrogen in the SiON thin films, therefore, is supposed to be high, although no detailed 

information on the solid composition of SiON is obtained. Subsequently, we formed periodical 

circular openings, whose diameters were designed to be approximately 230, 245, and 270 nm, in 

the films as a mask for the selective-area growth of magnetic nanostructures by electron beam 
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lithography and wet chemical etching. The periods of circular openings were approximately 0.5, 

1.5, and 3.0 m. As shown in Fig. 4-1, we prepared two types of mask patterns using SiO2 and 

SiON: (I) The mask pattern of one type was the one that the films outside 100 × 100 µm2 square 

regions with periodical circular openings were removed (Fig. 4-1(a)). (II) That of another type 

was the one that the films were removed only for the periodical circular openings within the 100 

× 100 µm2 square regions (Fig. 4-1(b)). Hereafter, these two patterns are referred to as mask 

pattern (I) and (II), respectively.  

 

First of all, we had tried to grow MnAs nanostructures directly on Si (111) substrates 

with the mask pattern (I) of SiO2 by SA-MOVPE. (CH3C5H4)2Mn and 20%-AsH3 diluted in H2 

were used as source materials for the MnAs growth, and their partial pressures were 5.2 × 10-7 

and 5.8 × 10-4 atm, respectively. In all the SA-MOVPE growth, the total pressure in the reactor 

was 0.1 atm. The growth temperature was 800oC. In our previous study [18], the unintentional 

deposition of MnAs nanoparticles were observed on SiO2 mask surfaces at the growth temperature 

of 750oC. Therefore, a relatively high growth temperature of 800oC was required to enhance the 

 

Figure 4-1.  Schematic illustrations of mask patterns (I) and (II) for the selective-area growth: 

(a) SiO2 or SiON films outside 100 × 100 µm2 square regions with periodical circular openings 

were removed, which are referred to as “mask pattern (I)”, and (b) SiO2 or SiON films were 

removed only for the periodical circular openings within the 100 × 100 µm2 square regions, which 

are referred to as “mask pattern (II)”. 
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surface migration of ad-atoms on SiO2 mask surfaces as well as the thermal decomposition of 

(CH3C5H4)2Mn source materials. It was extremely difficult to grow MnAs directly on Si substrates 

possibly owing to high reactivity between Mn and Si under the standard SA-MOVPE conditions 

for the MnAs growth without an interlayer, as shown in Fig. 4-2(a). We reported on one of the 

solutions to this problem, in which we used crystallized Al2O3 interlayers before the 

MnAs/AlGaAs nanostructure growth to prevent unintentional Mn diffusion into Si substrates [19]. 

Since we still have a difficulty in the growth of MnAs nanostructures with a high degree of 

uniformity mainly owing to the incomplete crystallization of Al2O3 interlayers, however, we have 

investigated the designs and materials of mask patterns on Si (111) substrates for SA-MOVPE in 

the current work to offer other solutions to the high reactivity problem. In the case of the direct 

growth of MnAs on GaAs (111)B substrates partially covered with SiO2 mask, unintentional 

GaAs layers were formed under MnAs nanostructures possibly owing to the re-evaporation of Ga 

atoms from GaAs (111)B substrates, which were due to the gas etching by Mn precursors [18]. 

The mask pattern (II), therefore, was introduced to prevent the possible unintentional re-

 

Figure 4-2. (a) Secondary electron image of MnAs directly grown on Si (111) substrates with the 

mask pattern (I) of SiO2. (b) Bird’s-eye view of a secondary electron image by SEM and cross-

sectional TEM image of AlGaAs NP buffers with a high degree of uniformity grown on Si (111) 

substrates with the mask pattern (I) of SiO2 at the growth temperature of 800oC for 10 min. The 

layer thickness from the mask surface and the width from the mask edge were estimated to be 125 

and 55 nm, respectively. 
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evaporation of Si atoms from the outside of 100 × 100 µm2 square regions. (CH3)3Ga, (CH3)3Al, 

and 20%-AsH3 diluted in H2 were used as source materials for the AlGaAs growth at the partial 

pressures of 1.8 × 10-6, 3.2 × 10-7, and 8.0 × 10-4 atm, respectively. The growth time was 10 min 

for the mask pattern (I) and 20 sec for (II), respectively, and the growth temperature was 800oC. 

MnAs NDs were continuously formed after the AlGaAs NP buffer growth at the same partial 

pressures and growth temperature for the MnAs growth directly on Si (111) substrates. The 

growth time was 10 min for the mask pattern (I) and 1 min for (II), respectively. 

 

For structural characterizations, secondary electron images were observed by scanning 

electron microscopy (SEM), S-4100 and SU-8010, Hitachi, to characterize the shape and surface 

morphologies of NDs. Cross-sectional images of AlGaAs NP buffers and NDs were observed by 

transmission electron microscopy (TEM). Energy dispersive x-ray (EDX) spectroscopy analysis 

and electron-beam diffraction measurement were carried out for the compositional and 

crystallographic characterizations of NDs. To roughly obtain the information of solid 

compositions, an acceleration voltage dependence of back scattered electron (BSE) images was 

characterized by SEM. Atomic force microscopy (AFM) was used to estimate the mean thickness 

of AlGaAs NP buffers from the mask surfaces. 

 

 

4.3 Results and discussion 

 

Figure 4-2(b) shows a bird’s-eye view of secondary electron image of AlGaAs NP 

buffers grown on Si (111) substrates with the mask pattern (I) of SiO2. We confirmed that 

hexagonal AlGaAs ND structures with a high degree of uniformity were formed. Cross-sectional 
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TEM observation results showed that atomically flat crystal facets were formed as a top and side 

wall facet, as shown in the inset of Fig. 4-2(b). The observed layer thickness from the SiO2 mask 

surface and the over-growth width from the mask edge were estimated to be 125 and 55 nm, 

respectively. In the outside of 100 × 100 m2 square regions, the AlGaAs NP buffers covered 

mostly Si substrate surface, but, had small voids or spatial gaps (not shown here). In the case of 

mask pattern (II) of SiO2, the circular openings in the mask were not fully covered with AlGaAs 

NP buffers (the coverage by AlGaAs NP buffers was roughly estimated to be 58%), and the mean 

thickness of AlGaAs NP buffers from the SiO2 mask surface was estimated to be 66 nm by AFM. 

In the case of mask pattern (II) of SiON, the mean thickness of AlGaAs NP buffers from the SiON 

mask surface was estimated to be 78 and 79 nm at the center and edge of 100 × 100 m2 square 

regions, respectively, by AFM, and the mean lateral over-growth width from the mask edge of 

circular openings was estimated to be 55 nm for the center and 52 nm for the edge of 100 × 100 

m2 square regions by SEM images. The standard deviation of the mean thickness of AlGaAs NP 

buffers at the center and edge of 100 × 100 m2 square regions was calculated to be 12 and 15 

nm, respectively. These results show that there is no significant difference in the AlGaAs growth 

between the center and edge of 100 × 100 m2 square regions. In the mask patterns (II) of SiO2 

and SiON, no unintentional AlGaAs nanoprecipitate deposited on the mask surfaces were 

observed outside the 100 × 100 m2 square regions.  

 

Figure 4-3 shows bird’s-eye views of secondary electron images by SEM and a cross-

sectional TEM image of the typical MnAs/AlGaAs NDs grown on Si (111) substrates with the 

mask pattern (I) of SiO2. We concluded from electron beam diffraction measurements by TEM 

that the crystallographic structure of all the MnAs NDs observed in the current work was 

hexagonal NiAs-type, and that the <0001> direction of hexagonal NiAs-type MnAs was parallel 
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to both the <111>B direction of zinc-blende-type AlGaAs NP buffers and the <111> direction of 

diamond-type Si substrates. In addition, the relationships of in-plane orientations between MnAs 

and AlGaAs were MnAs <11-20> // AlGaAs <0-11> and MnAs <1-100> // AlGaAs <-211>. As 

shown by the circle “a” of broken line in Figs. 4-3(b) and 4-3(c), it seemed that unintentional 

reactions with Si substrates were observed under the mask at around the bottom of AlGaAs NP 

buffers of NDs. Hereafter, this typically-observed phenomenon is referred to as “key issue A”. 

The other of typical phenomena we observed, which is referred to as “key issue B”, was the 

partially-contaminated or destroyed crystal facets of MnAs NDs, as shown by the circle “b” of 

dot-dash line. EDX analyses revealed that MnSi alloys were grown at the regions in the circle “a” 

of broken line, and that MnAs alloys with approximately 17% of Si atoms were grown at the 

 

Figure 4-3. Bird’s-eye view of a secondary electron image by SEM: (a) overall and (b) highly-

magnified views, and (c) a cross-sectional TEM image of MnAs/AlGaAs NDs grown on Si (111) 

substrate with the mask pattern (I) of SiO2. The growth temperature and time were 800oC and 10 

min for the AlGaAs and MnAs growth, respectively. Unintentional growth of MnSi alloy in Si 

substrates and MnAs alloy with approximately 17% of Si atoms on NDs was observed, as shown 

by the circle “a” of broken line and the circle “b” of dot-dash line in (b) and (c), respectively.  
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regions in the circle “b” of dot-dash line. No crystal structure of MnAs alloys with approximately 

17% of Si atoms has been characterized. However, from the EDX results, the As content in the 

MnAs alloys with Si atoms was smaller than that in hexagonal NiAs-type MnAs NDs. The 

electron beam diffraction measurements by TEM showed that the MnSi alloys had a diamond-

type structure. Therefore, the MnAs alloys with Si atoms are supposed to have hexagonal NiAs-

type or diamond-type crystal structure. The dislocations were observed only in one or two 

monolayers of MnAs NDs near the interfaces between MnAs and AlGaAs layers. The mean 

period of dislocations was estimated to be approximately 4.1 nm. These dislocations could be 

misfit dislocations owing to the lattice mismatch between MnAs NDs and AlGaAs NP buffers 

since the lattice mismatch between the c-plane of MnAs and the {111}B plane of GaAs was 

calculated to be approximately 6.8% or higher. (From the EDX results, the Al contents of AlGaAs 

NP buffers were estimated to be approximately 10% at most.) Secondary, we changed mask 

materials from SiO2 to SiON using the same mask pattern (I). The key issue A was still observed 

at around the bottom of AlGaAs NP buffers. However, it seemed that Si substrate surfaces were 

less exposed, comparing to the case shown by the circle “a” of broken line in Fig. 4-3(b). This 

was possibly because AlGaAs NP buffers grew much more predominantly in lateral direction on 

the SiON mask surfaces than on the SiO2 ones, judging from the difference in secondary electron 

observation results of AlGaAs NP buffers using SiON and SiO2. We observed no key issue B, i.e., 

well-defined crystal facets were obtained on MnAs NDs, in the case of mask pattern (I) of SiON.  

 

In the case of mask pattern (II) of SiO2, next, key issue A was still observed, whereas 

no key issue B was observed, similarly to the case of mask pattern (I) of SiON. Subsequently, to 

study the dependence on mask materials for the mask pattern (II), we only changed mask materials 

from SiO2 to SiON. Figure 4-4 shows a bird’s-eye view of secondary electron image by SEM and 
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cross-sectional TEM images of typical NDs with the MnAs thickness of approximately 10 nm. 

No key issue A and B was observed, judging from these observation results. Well-defined crystal 

facets were obtained for the MnAs NDs without any damage in AlGaAs NP buffers. As shown in 

the inset of Fig. 4(b), the dislocations were observed only in one or two monolayers of MnAs 

NDs near the interfaces between MnAs and AlGaAs layers. The mean period of dislocations 

owing to the lattice mismatch between MnAs NDs and AlGaAs NP buffers was estimated to be 

approximately 3.6 nm. We concluded from electron beam diffraction measurements by TEM  

that the crystallographic structure of all the MnAs NDs observed in the current work was 

hexagonal NiAs-type, and that the <0001> direction of hexagonal NiAs-type MnAs was parallel 

to both the <111>B direction of zinc-blende-type AlGaAs NP buffers and the <111> direction of 

diamond-type Si substrates. The relationships of in-plane orientations between MnAs and 

AlGaAs were MnAs <11-20> // AlGaAs <0-11>, and MnAs <1-100> // AlGaAs <-211>. In 

 

Figure 4-4. (a) Bird’s-eye view of a secondary electron image by SEM and (b) a cross-sectional 

TEM image of MnAs/AlGaAs NDs grown on Si (111) substrates with the mask pattern (II) of 

SiON. The growth temperature and time were 800oC and 20 sec for the AlGaAs growth and 1 min 

for the MnAs growth, respectively. The tilted ND was due to the tilted (111) plane of Si substrates. 

It was confirmed that the (111) planes of Si substrates were parallel to the (0001) planes of 

hexagonal NiAs-type MnAs. The inset of (b) shows a lattice image near the interface between 

MnAs layer and AlGaAs layer. The dislocations were observed in the circles of broken line, and 

the mean period of dislocations was approximately 3.6 nm. 
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addition, we confirmed from the cross-sectional analyses by TEM that the top tilted facets 

observed on all the NDs were due to the tilted (111) planes of Si substrates themselves, i.e., the 

Si (111) substrates actually have the off-angle of approximately 3 to 4 degrees. The MnAs NDs 

in the current work showed spontaneous magnetization at room temperature. We have observed 

marked magnetic domains in the NDs. Detailed analyses of magnetization and magnetic domains 

in the NDs are described in Chapter 5 or Ref. [20].  

 

Figure 4-5 shows a dependence of top views of MnAs/AlGaAs NDs grown on Si 

substrates with the mask pattern (II) of SiO2 on acceleration voltage of BSE images. At the 

acceleration voltage of 0.5 kV, first, as shown in Fig. 4-5(a), we observed relatively dark contrasts 

in the ND marked by “A” and brighter contrasts than the contrast of ND-A in the ND marked by 

“B”. BSE images are highly sensitive to a solid composition of materials since BSE emission 

increases with increasing mean atomic number of materials [21]. The mean atomic number of 

 

Figure 4-5. Acceleration voltage dependence of BSE images of MnAs/AlGaAs NDs grown on Si 

(111) substrates with the mask pattern (II) of SiO2: (a) 0.5 and (b) 2.5 kV. In (a), relatively dark 

contrasts in ND-A and brighter contrasts in the NC-B than the contrast of ND-A were observed. 

The different level of contrasts brighter than those of Si substrates near the NDs was observed, as 

in the circle of broken line in (b). These brighter contrasts were due to MnSi alloys.  
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AlGaAs is larger than that of MnAs in the current work. Therefore, the BSE images of AlGaAs 

buffer layers should be brighter than those of MnAs layers. We judged in Fig. 4-5(a) that the dark 

and bright contrasts were due to MnAs and AlGaAs buffer layers in NDs, respectively. At the 

acceleration voltage of 2.5 kV or higher, we observed a different level of contrast near the NDs, 

which seemed to be under the mask patterns, brighter than the contrasts of SiO2, SiON, and Si 

substrates in the cases of the mask patterns (I) of SiO2 and SiON and (II) of SiO2, as shown in the 

circle of broken line in Fig. 4-5(b) as an example. The penetration length of electrons from the 

surface increases with increasing an acceleration voltage of electrons [22]. We observed this 

contrast near the NDs by increasing the penetration length of electrons. The penetration lengths 

of electrons, for the 30-nm-thick SiO2 mask in the case of Fig. 4-5, were calculated to be 

approximately 10 and 148 nm at the acceleration voltages of 0.5 and 2.5 kV, respectively, using 

the equation given in Ref. 22. Combining the BSE observations here with the EDX analyses and 

cross-sectional TEM observations in Fig. 4-3(c), we concluded that MnSi alloys, whose contrast 

in the BSE images should be the brightest among Si, SiO2, SiON, and MnSi, were formed near 

the Si substrate surface owing to unintentional Mn diffusion into the substrates during the ND 

growth. In the case of mask pattern (II) of SiON, the bright contrast owing to MnSi alloys has 

never been observed.  

 

From all the results obtained so far, we discuss a possible explanation for the two 

typically-observed phenomena, i.e., key issues A and B. The characterization results for the key 

issues A and B in the selective-area growth of MnAs NDs using the mask patterns (I) and (II) of 

SiO2 and SiON were summarized in Table 4-1. It was likely that, at relatively high growth 

temperature, 800oC, of the NDs, small pin holes in SiO2 films and/or spatial gaps at the interface 

between AlGaAs buffer layers and the SiO2 mask were formed owing to relatively long growth 
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time, 10 min, for the MnAs NDs. As a result, Mn precursors possibly reacted with Si atoms of the 

substrates through the pin holes and/or the spatial gaps during the MnAs growth, and then, MnSi 

alloys were formed near the Si substrate surfaces. The spatial gaps at the interface between 

AlGaAs buffer layers and the SiO2 masks might be formed by a difference in the activation 

energies of mask materials. The ad-atoms, which are supplied and physically adsorbed to the 

substrate surfaces, migrate the substrate surface. After the ad-atoms migrate on the substrate 

surface, the ad-atoms chemically react with other ad-atoms and form atomic clusters on the 

surfaces, or re-evaporate at a certain thermodynamic probability. The atomic clusters lead to the 

nucleation for the crystal growth, when the energy for desorption of ad-atoms from the clusters is 

higher than that for bonding to other ad-atoms. These energies depend on the surface activation 

energy of substrate materials. As reported by Claassen and Bloem [23], in the chemical vapor 

deposition of Si clusters on SiO2 and Si3N4 substrates, the saturation cluster density of Si deposited 

on Si3N4 substrates was higher than that on SiO2 substrates since the activation energy for 

formation of Si clusters on Si3N4 was smaller than that on SiO2. In the current work, we have not 

Table 4-1. The summary of characterization results for the key issues A and B in the selective-

area growth of MnAs NDs using the mask patterns (I) and (II) of SiO2 and SiON.  

 Key issue A Key issue B 

Mask pattern (I) 

SiO2 NG NG 

SiON NG Good 

Mask pattern (II) 

SiO2 NG Good 

SiON Good Good 

NG: observed or not solved, Good: solved or not observed 
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determined the activation energy of SiON mask since we had no detailed information on the solid 

composition of SiON mask used here. However, the activation energy of SiON mask for 

desorption should be higher than that of SiO2 mask because the solid composition of SiON mask 

should be in between SiO2 and SiNx. The surface diffusion of ad-atoms on the masks depends on 

the activation energy for desorption. The desorption rate of ad-atoms from the substrates decreases 

exponentially with increasing the activation energy for desorption according to the Arrhenius 

equation. Therefore, in the case of SiON mask, it was highly possible that the circular mask 

openings could thoroughly be covered with AlGaAs NP buffers because the AlGaAs nucleation 

could easily occur comparing to the case of SiO2 mask. These phenomena might be one of the 

highly-possible reasons for the key issue A. Si atoms were presumably desorbed from the Si 

substrates through the pin holes and/or the spatial gaps possibly owing to gas etching effects by 

Mn precursors and relatively-long growth time for the MnAs NDs. The change in the shape, in 

particular, the edges, of AlGaAs NP buffers of NDs owing to gas etching effect by Mn precursors 

was markedly observed in Figs. 4-3(c) and 4-4(b), comparing to the case shown in the inset of 

Fig. 4-2(b). Since the enthalpies for formation of Mn7Al and MnGa were reported to be -15 and -

32 kJ/mol at room temperature, respectively [24, 25], the reactivity of Mn with Ga should be 

higher than that of Mn with Al. Therefore, AlGaAs with higher Al contents should have a higher 

tolerance in terms of the gas etching by Mn precursors. From the EDX analysis results, no change 

in the Al content between before and after the MnAs growth was observed, and no significant 

difference of Al contents between the mask pattern (I) of SiO2 and the mask pattern (II) of SiON 

was confirmed. (AlGaAs NP buffers include Al atoms of approximately 10% at most in the current 

work.) Therefore, the gas etching rate for the mask pattern (I) of SiO2 should be almost equal to 

that for mask pattern (II) of SiON. For the mask pattern (I) of SiO2 and mask pattern (II) of SiON, 

the differences of AlGaAs NP buffer widths before and after MnAs growth were estimated to be 
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approximately 74 and 7.4 nm, respectively. For both of the mask patterns, therefore, the lateral 

gas etching rate was estimated to be approximately 7.4 nm/min. In our previous study [18], we 

observed the unintentional formation of GaAs layers under MnAs nanostructures owing to gas 

etching effects by Mn precursors during the direct MnAs growth on GaAs (111)B substrates. 

Desorption of Si atoms from the substrates, in particular, in the case of mask pattern (I), i.e., from 

the substrate surfaces outside 100 × 100 µm2 square regions, occurred as well possibly owing to 

the gas etching effects by Mn precursors. This leaded to the Si incorporation occasionally into 

MnAs NDs, and then, MnAs alloy with approximately 17% of Si atoms was formed on NDs. All 

these possible discussions suggest that mask pattern (II) of SiON is effective to prevent 

unintentional reactions of Mn atoms with Si substrates for growing MnAs NDs with a high degree 

of uniformity. 

 

 

4.3 Conclusion 

 

 We reported on SA-MOVPE and structural characterization results of magnetic MnAs 

NDs after the AlGaAs NP buffer growth on Si (111) substrates using multiple types of mask 

materials and designs, which were mask patterns (I) and (II) of SiO2 and SiON. The results of 

structural characterizations showed that two key issues, which were the unintentional growth of 

MnSi alloy in Si substrates and MnAs alloy with approximately 17% of Si atoms on NDs, were 

typically observed in the case of Si substrates with mask pattern (I) of SiO2. On the other hand, 

these two key issues are not observed in the case of Si substrates with mask pattern (II) of SiON. 

These results suggested that mask pattern (II) of SiON was effective to prevent the unintentional 

reactions of Mn atoms with Si substrates for growing MnAs NDs with a high degree of uniformity. 
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Chapter 5 

Characterization of magnetic domain structure and 

domain wall analysis in MnAs nanodisks selectively-

grown on Si (111) substrates 

 

 

This chapter describes the experimental and analytic results on magnetic domain and 

domain wall structures of MnAs nanodisks (NDs) on AlGaAs nanopillar buffers selectively grown 

on Si (111) substrates partially covered with dielectric SiO2 thin film mask patterns using 

selective-area metal-organic vapor phase epitaxy. The results on the size dependence of the 

magnetic domain structure in MnAs NDs investigated by magnetic force microscopy show that a 

single domain is predominant in the MnAs NDs with an area of approximately 4 x 104 nm2 or less. 

It is also indicated that in the NDs with an area of approximately 6 x 104 nm2 or more multiple 

domains, in particular, two magnetic domain structures with a 180o domain wall are predominant. 

In addition, in the case of NDs with multiple domains, not only Néel walls but also Bloch walls 

are possibly formed, according to the detailed analyses of the magnetic force microscope images 

obtained. In addition, we report on the applied external magnetic field, B, dependence of a 

magnetic domain structure and magnetization switching in MnAs NDs. The results on the B 

dependence of magnetic domain structures observed by magnetic force microscopy show that the 

ratio, or percentage, of a single magnetic domain is minimized at B = -1.5 kG in the NDs with an 

area of 4 x 104 nm2 or smaller, although the decrease to the minimum of the ratio is markedly 

small in the case of the NDs with an area of 4 x 104 nm2 or larger at B = -0.5 kG. The angle 

distribution of magnetization directions shows that the magnetization directions markedly tend to 

be parallel to the ridge directions of the hexagonal NDs, i.e., distribute in steps of approximately 
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60 degrees corresponding to the magnetic easy axes of the hexagonal NiAs-type crystal structure. 

The results suggest that the magnetic domains and coercive force can be tuned by controlling the 

MnAs ND size. (This chapter is described mainly based on our previous studies in Refs. 1 and 2.) 

 

 

5.1 Introduction 

 

 Recently, device performance has been improved by the miniaturization of electronic 

devices in conventional Si complementary metal-oxide semiconductor (CMOS)-based integrated 

circuits. However, because of the physical limitation on device dimensions and the increase of 

power consumption, a realization of electronic devices based on new functions and operating 

principles is required. A so-called nanospintronic device has been one of the most promising 

candidates among such newly-functionalized electronic devices [3, 4]. In particular, magnetic 

tunnel junctions (MTJs) in combination with semiconducting materials are highly expected to 

create such nanospintronic devices because of large magnetoresistance effects and zero stand-by 

power consumption [5–7]. In addition, spin-transfer-torque-switching metal-oxide semiconductor 

field-effect transistors (STS-MOSFETs) using MTJ electrodes as source and drain electrodes, and 

racetrack-type memory cell arrays fabricated on Si substrates with MTJ read elements and 

CMOS-FETs have been proposed and intensively investigated [8–10]. Among the MTJs in 

combination with semiconducting materials, intensive studies on the MTJ structures using MnAs 

and III-V compound semiconductors have been reported [6, 7]. A huge magnetoresistance up to 

100,000% has been demonstrated in the MTJs with granular GaAs:MnAs hybrid nanomaterials 

system consisting of ferromagnetic MnAs nanoclusters embedded in semiconducting GaAs layers 

[7]. Such a MTJ structure has been mainly fabricated by conventional top-down-type 
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microfabrication technologies. However, in the fabrication of such devices in nanometer scale, 

these conventional approaches may possibly result in deterioration in device performance owing 

to process-induced damages and a relatively poor size-uniformity.  

 

To elude such possible problems, we have developed a bottom-up-type fabrication 

method, which is based on selective-area metal-organic vapor phase epitaxy (SA-MOVPE), of 

ferromagnetic MnAs nanostructures on semiconducting GaAs (111)B and Si (111) substrates [1, 

2, 11–17]. This technique enables us to control the size, density, position, and shape of 

nanostructures without any process-induced damage and contamination for the fabrication of 

nanospintronic devices such as magnetic memories created by MTJs using ferromagnetic MnAs 

nanostructures. For example, the vertical-type MTJs are fabricated by lithography processes after 

the deposition of oxide interlayers such as MgO and Al2O3, and ferromagnetic thin films on the 

MnAs NDs grown by our SA-MOVPE. For the lateral-type MTJs, we believe that the use of 

elongated MnAs ND composites is promising, as demonstrated on GaAs (111)B substrates in our 

previous study [13]. In general, the magnetic domain structure depends on the size and shape of 

the magnetic nanomaterials and nanostructures. We have investigated the selective-area growth 

and characterized the structural properties of ferromagnetic MnAs ND structures after the growth 

of AlGaAs nanopillar (NP) buffers on Si (111) substrates using multiple types of mask materials 

and designs in Chapter 4 and Ref. 16. In this chapter, therefore, we characterize and analyze the 

magnetic domains and domain walls in ferromagnetic MnAs NDs. Moreover, we report an applied 

external magnetic field dependence of magnetic domain structures and magnetization switching 

in ferromagnetic MnAs NDs at room temperature in detail. We believe that the results obtained 

in the current work lead to the control in the magnetic domain structures and a magnetization 

direction by tuning the ND size on Si substrates. 
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5.2 Experimental procedures 

 

The sample preparation process for the MnAs NDs used in the current work is described 

in Chapter 2 and 4. To be brief, we formed the MnAs NDs after the selective-area growth of 

AlGaAs NP buffers on Si (111) substrates covered with a 30-nm-thick SiO2 mask pattern, in 

which the dielectric SiO2 thin film is removed in part to form periodically arranged circular 

openings within 100 x 100 µm2 square regions. Here, the SiO2 thin film mask pattern with these 

circular openings prohibits the growth of both the AlGaAs NP buffers and the MnAs NDs. 

Eventually, we obtain the periodical arrays of single heterojunctions between a MnAs ND and an 

AlGaAs NP buffer on Si substrates. For the magnetic domain characterization of NDs, we 

summarize the complete magnetic field and temperature history of the samples in the current work 

as follows: During the MnAs growth and the cooling down process after the growth, our samples 

were possibly exposed to alternating magnetic fields generated by the radiofrequency (RF) coil 

of the heater used in our metal-organic vapor phase epitaxy system. (Other possibility of stray 

magnetic fields is geomagnetism, since the reactor of our growth system is made of glass.) The 

alternating magnetic fields by the RF coil were decreased to zero with decreasing gradually the 

substrate temperature from the growth temperature of 800oC for the growth of MnAs NDs to room 

temperature (i.e., at 25oC, or 298 K, in the air-conditioned clean room). Therefore, an equivalent 

process decreasing temperature and magnetic fields to the demagnetization protocol was carried 

out after the growth of MnAs NDs. And then, all the samples had been stored in the air-

conditioned clean room at room temperature before the measurements. Hereafter, we call this 

condition of the samples as “as-grown condition” at room temperature in the current work. We 

estimated the size of MnAs NDs using backscattered electron (BSE) observations by scanning 

electron microscopy, SU-8010 system, Hitachi High-Tech. The BSE imaging is sensitive to solid 
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compositions of the observed material because the BSE emission increases with increasing mean 

atomic number of the material [18]. The acceleration voltage dependence of the BSE images was 

analyzed to estimate roughly the thickness of the MnAs NDs on the AlGaAs NP buffers. For the 

magnetic domain characterization of the NDs, magnetic force microscopy (MFM) in a Nanoscope 

IIIa system, Digital Instruments, was performed at room temperature using a high-resolution-type 

MFM tip of Si coated with a Co/Cr alloy (Bruker MESP-HR10). To investigate the detailed 

magnetic switching behavior in the NDs in this current work, a magnetic domain structure was 

investigated before and after applying an external magnetic field, B, using a conventional stand-

alone electromagnet. The B was applied approximately along the direction perpendicular to the 

orientation flat of a Si (111) wafer. However, owing to the visual alignments between the B and 

the substrate edge directions, the B directions, or the angles, in the current work may possibly 

include a misalignment of ±3 degrees at most. No external magnetic field was applied during the 

MFM measurements.  

 

 

5.3 Results and discussion 

5.3.1 Structural characterization of MnAs nanodisks 

 

For the size estimation of the MnAs NDs, first, we carried out BSE observations. Figures 

5-1(a) and 5-1(b) show the dependence of top view images of MnAs NDs grown on AlGaAs NP 

buffers on the acceleration voltage for the BSE observations. In the case of an acceleration voltage 

of 0.5 kV, we observe a relatively bright image contrast in the ND marked by “A” (hereafter, it is 

referred to as ND-A) and a darker image contrast in the ND marked by “B” (ND-B) than the 

image contrast in ND-A, as shown in Fig. 5-1(a). BSE images are highly sensitive to the solid 
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composition of a material since the BSE emission increases with increasing the mean atomic 

number of the material [18]. Since the mean atomic number of AlGaAs is larger than that of 

MnAs, BSE images of the AlGaAs NP buffers should be brighter than those of the MnAs NDs. 

Therefore, we conclude that the dark and bright image contrasts are due to MnAs NDs and 

AlGaAs NP buffers grown under the MnAs NDs, respectively. Increasing the acceleration voltage 

for the BSE images to 1.5 kV, almost no significant difference in the image contrasts between 

ND-A and ND-B are observed, i.e., the image contrast of ND-B became almost the same as that 

of ND-A, as shown in Fig. 5-1(b). The penetration length of electrons depends on an acceleration 

voltage of electrons in scanning electron microscopy. Therefore, in the case of an acceleration 

voltage of 1.5 kV, the bright image contrasts observed in most of the positions, where the MnAs 

NDs are located, are mainly due to the AlGaAs NP buffers grown under the MnAs NDs, as shown 

in Figs. 5-1(a) and 5-1(b). (However, no MnAs ND but only the AlGaAs NP buffer was grown 

 

Figure 5-1. Acceleration voltage dependence of BSE images of MnAs NDs on AlGaAs NP buffers: 

(a) 0.5 and (b) 1.5 kV. In (a), a relatively bright image contrast of ND-A and an image contrast of 

ND-B darker than the one of ND-A are observed. In (b), almost no significant difference in the 

image contrasts between ND-A and ND-B is observed. (c) MFM image of the corresponding MnAs 

NDs. The MFM observations were carried out at room temperature without any application of an 

external magnetic field. Most of the MnAs NDs show a spontaneous magnetization. A single 

magnetic domain is observed in ND-B, and multiple magnetic domains are observed in ND-C and 

ND-D. The white arrows in (c) indicate the directions of the magnetic moments (m) in the NDs. 

No well-defined contrast is observed in the MFM image of ND-E. 

 

A B

C

D

Bright

Bright

Vacc = 1.5 kV(b)

E

250 nm<11-20>

<1-100>

A
B

C

D

Dark

Bright

Vacc = 0.5 kV

250 nm

(a)

E

<11-20>

<1-100>
250 nm

D

C

B

E

(c)
m

R
e

p
u
ls

iv
e

A
tt

ra
c
ti
v
e



58   Chapter 5   Characterization of magnetic domain structure and analysis of domain wall in 

MnAs nanodisks selectively-grown on Si (111) substrates  

 

 

actually in “ND-A”, finally judging from the BSE and MFM analyses in Fig. 5-1.) The penetration 

length of electrons into MnAs NDs was calculated to be approximately 14 nm at 1.0 kV and 27 

nm at 1.5 kV using the equation given in Ref. 19. Therefore, we roughly estimate a MnAs ND 

thickness of 20 nm in the observed NDs. In the result in Chapter 4 and Ref. [16], the thickness of 

MnAs NDs grown on Si (111) substrates covered with SiON mask patterns under the same growth 

conditions was estimated to be approximately 10 nm by transmission electron microscopy (TEM). 

The thickness estimated from the TEM images for a comparable structure is smaller than that 

roughly estimated by the BSE imaging, but of the same order of magnitude. It is difficult to 

estimate the thickness of MnAs NDs by AFM since the measured thickness is the total thickness 

of a MnAs ND and an AlGaAs NP buffer. However, the mean thickness of some MnAs NDs 

partially grown on AlGaAs NP buffers, which were unintentionally and occasionally observed, 

was estimated to be 22.2 nm by AFM. This mean thickness estimated by AFM is in good 

agreement with the above-mentioned thickness estimated from the BSE images, i.e., 

approximately 20 nm. From electron beam diffraction measurements by TEM, we conclude that 

the crystallographic structure of all MnAs NDs observed in the current work is a hexagonal NiAs-

type structure, and that the <0001> direction of hexagonal NiAs-type MnAs is parallel to both the 

<111>B direction of the zinc-blende-type AlGaAs NP buffers and the <111> direction of the 

diamond-type Si substrates.  

 

 

5.3.2 Characterization of Magnetic domain and domain wall analysis 

of MnAs nanodisks under as-grown condition 

 

First of all, we conducted MFM observations at room temperature without the 
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application of an external magnetic field to characterize the magnetic domain structure of the 

MnAs NDs. Figure 5-1(c) shows an MFM image of the MnAs NDs shown in Figs. 5-1(a) and 5-

1(b). Well-defined image contrasts are observed for most of the NDs. Therefore, the MnAs NDs 

in Fig. 5-1 show a spontaneous magnetization at room temperature. A single magnetic domain is 

markedly confirmed in ND-B in Fig. 5-1(c). In addition, multiple magnetic domains are observed 

in the NDs marked by “C” (ND-C) and “D” (ND-D). The white arrows in the image represent the 

directions of the magnetic moment (m) in the MnAs NDs. On the other hand, no well-defined 

contrast is observed in the MFM images for some of the NDs, although relatively dark contrasts 

are confirmed in the BSE images owing to the MnAs NDs, e.g., as in the case of the ND marked 

by “E” (ND-E) in Fig. 5-1. These results may suggest that the MnAs NDs with ferromagnetic 

hexagonal -phase (-MnAs, NiAs-type) and paramagnetic orthorhombic -phase (-MnAs, 

MnP-type) are possibly coexisted in the current work. A MnAs bulk crystal shows a first-order 

structural phase transition between MnP-type and NiAs-type MnAs at temperatures between 317 

and 319 K [20, 21]. Some researchers have actually observed a phase coexistence of MnP-type 

and NiAs-type MnAs in the case of MnAs thin films hetero-epitaxially grown on GaAs (001) 

[22–25] and (111)B substrates [26]. In Ref. 25, this phase coexistence was observed at the 

temperature from 283 to 313 K. In addition, the enhancement of Curie-temperature up to 340 K 

was observed in the case of hexagonal NiAs-type MnAs nanostructures grown on InGaAs layers 

on InP (111)B substrates, possibly owing to the incorporation of a small fraction of Ga atoms into 

the nanostructures [14]. The possible existence of MnP-type MnAs NDs has thus far not yet been 

excluded even in the current work, although all the MnAs NDs with well-defined crystal facets 

observed by TEM were a ferromagnetic hexagonal -phase [16]. Based on the results of Ref. 25, 

however, a phase coexistence of MnP-type and NiAs-type MnAs should be observed for the NDs 

in the current work at room temperature, although we observed that the Curie-temperature of 
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MnAs nanostructures was enhanced in our previous study, Ref. 14. Therefore, the NDs, such as 

ND-E, without any well-defined image contrast could have the MnP-type crystal structure. 

 

Figure 5-2 shows the size dependence of the magnetic domain structures in our MnAs 

NDs. The aspect ratios and the areas of the MnAs NDs were estimated from the top views of the 

BSE images. The aspect ratio is defined as the ratio of the length along the <11-20> direction 

divided by that along the <1-100> direction of the MnAs NDs. The number of analyzed NDs is 

100 in Fig. 5-2(b). Single and multiple magnetic domains are observed in most of the MnAs NDs 

with an area of 3 x 104 nm2 or less and 6 x 104 nm2 or more, respectively. In the small NDs, the 

domain wall energy generated by dividing a single domain into two magnetic domains is higher 

than the magneto-static energy in a single domain state. On the other hand, in the NDs with a 

 

Figure 5-2. Size dependence of magnetic domain structures of MnAs NDs. (a) The two-

dimensional distributions of single and multiple magnetic domains as a function of area and an 

aspect ratio of MnAs NDs. The aspect ratios were defined as the ratios of the longest length of 

<11-20> direction divided by the shortest length of <1-100> direction of MnAs NDs. (b) The ratio 

of domain structures as a function of area of MnAs NDs. The number of data is 100. Single 

magnetic domain structures were mainly observed in the NDs with 4 x 104 nm2 or less, and multiple 

magnetic domain structures were observed in the NDs with 6 x 104 nm2 or more. 
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comparatively large size, this domain wall energy is lower than the magneto-static energy in a 

single domain state. Therefore, it is reasonable that single and multiple domain structures are 

formed in the small and large NDs, respectively.  

 

A 180o domain wall is mainly confirmed for the multiple domain structures, such as 

ND-C and ND-D shown in the schematic illustrations of Figs. 5-3(a) and 5-3(b). In the part 

corresponding to the domain wall of ND-C illustrated in Fig. 5-3(a), strong repulsive forces 

between the magnetic moment at the possible domain wall center and the magnetization of the 

MFM tip, i.e., large effective stray magnetic fields in the direction perpendicular to the substrate 

plane, are observed, as shown in Fig. 5-3(c). On the other hand, in the case of ND-D illustrated 

in Fig. 5-3(b), the observed repulsive forces at the possible domain wall center was not as strong 

as those in the case of ND-C shown in Fig. 5-3(d). In MnAs thin films with Bloch walls, the image 

contrast pattern similar to the one obtained in ND-C was observed by other research groups [27]. 

Therefore, it is highly possible that ND-C and ND-D exhibit Bloch and Néel walls, respectively. 

Subsequently, we estimated the domain wall widths of ND-C and ND-D from the contrast patterns, 

or contrast distributions, of the MFM images shown in Fig. 5-1. The estimation of the domain 

wall widths from the MFM image contrast has been reported by several other groups [28–30]. In 

the papers published, in general including the articles, Refs. 28 to 30, the domain wall widths, i.e., 

Bloch or Néel wall widths, were estimated as the widths between the maximum and minimum 

peaks of the MFM image contrast generated by the stray magnetic fields from the magnetizations 

in two magnetic domains. Therefore, it seemed that these estimated widths were overestimated to 

some extent because the actual domain wall width should not be the distance between two 

magnetic domain centers, i.e., not between the maximum and minimum peaks of the MFM image 

contrast. In addition, the stray magnetic fields away from the sample surfaces were detected and 
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imaged by the MFM tip as the tip was somewhat lifted up from the sample surfaces during the 

MFM scans. However, the experimental domain wall widths estimated from the MFM 

observation results were well-described by the simulated domain wall widths, as discussed in Ref. 

28. Therefore, the overestimation of a domain wall width does not seem to be a major problem 

for magnetic structures on the micrometer scale [28, 29] since the tip height during the MFM 

observations is probably negligible compared to the size of the magnetic microstructure. However, 

we believe that the overestimation of the domain wall width in MFM images may become a major 

issue to take care of for structures on the nanometer scale. In the current work, the stray magnetic 

 

Figure 5-3. Schematic illustrations of the magnetic domain structures and the domain walls 

assumed by the contrasts of MFM images in (a) ND-D and (b) ND-C. Bloch and Néel wall widths 

were estimated to be approximately 26 nm for ND-D and 35 nm for ND-C, respectively, by the 

image contrasts and the intensity gradient of contrasts in the MFM images of (c) ND-D and (d) 

ND-C. 
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fields from the MnAs NDs were detected at a tip height of 30 nm during all the MFM observations. 

The radius of the NDs estimated from the MFM images is approximately 7 to 10% larger than 

that estimated from the AFM images. When estimating the Bloch wall width, WBloch, in ND-C, we 

assumed that the perpendicular component of the magnetic moments changes according to a sine 

curve along the Bloch wall. Thus, the intensity gradient of the image contrasts should change 

according to a sine curve along the Bloch wall, as observed in the calculated intensity gradient 

indicated by the dashed line in Fig. 5-3(c). From this, a width of approximately 26 nm is estimated 

as the Bloch wall width, i.e., WBloch = 26 nm. Subsequently, we also estimated the width of the 

Néel wall, WNéel, in ND-D. Two kinks marked by “a” and “b” are observed in the intensity 

distribution curve of image contrasts, as shown in Fig. 5-3(d). These two kinks, a and b, can be 

attributed to additional repulsive and attractive forces detected by the MFM tip, which are 

generated by the sum of all the effective magnetic moments during the in-plane rotation in the 

Néel wall. Therefore, we determined the width between the two kinks, resulting in an estimated 

Néel wall width of approximately 35 nm, i.e., WNéel = 35 nm. When neglecting the influence of 

the stray field energy density, the theoretical wall widths for Bloch and Néel walls in MnAs can 

be calculated using the following equations, Eqs. (5-1) and (5-2), given in Ref. 31:  

WBloch= √2π√
A

K<0001>

 , (5-1) 

WNéel= √2π√
A

K<1-100>

 , (5-2) 

where A is the exchange stiffness constant, and K<0001> and K<1-100> are the anisotropy energies in 

the <0001> and <1-100> directions of hexagonal NiAs-type MnAs, respectively. With the 

reported values, A = 1.0 x 10-6 erg/cm [23], K<0001> = 5.2 x 106 erg/cm3 [32], and K<1-100> = 2.2 x 

106 erg/cm3 [32], the theoretical domain wall widths are calculated to be approximately 19 nm for 
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the Bloch wall and 30 nm for the Néel wall. Thus, the calculated domain wall widths are to some 

extent smaller than those estimated by the contrasts in MFM images, but, of the same order of 

magnitude.  

 

In general, the formation of a Néel wall is preferred in thin films since the magneto-

static energy increases with decreasing film thickness for magnetic moments oriented along the 

direction perpendicular to the plane surface. To discuss the probability for the formation of Bloch 

and Néel walls in the NDs, we calculated the domain wall energies. Here, we assumed that the 

shape of the NDs was discoid for simplification. The thickness dependence of the Bloch and Néel 

wall energies calculated in Ni-Fe thin films was reported by other research groups [33–35]. As 

reported by Middelhoek,[31] the energies per unit areas for a Bloch wall, γBloch, and a Néel wall, 

γNéel, were obtained by adding the exchange, the anisotropy, and the stray field energy densities, 

i.e.,  

γ
Bloch

=A (
π

WBloch

)
2

WBloch+
K<0001>

2
WBloch+

πWBloch
2Ms

2

WBloch+D
 , (5-3) 

γ
Néel

=A (
π

WNéel

)
2

WNéel+
𝐾<1−100>

2
W𝑁𝑒𝑒𝑙+

πW𝑁𝑒𝑒𝑙𝐷Ms
2

W𝑁𝑒𝑒𝑙+D
 , (5-4) 

where Ms is the saturation magnetization, and D is the thickness of the thin films, i.e., MnAs NDs 

in the current work. Using Eqs. (5-3) and (5-4), the energies of the Bloch and Néel walls were 

calculated, and the results are plotted in Fig. 5-4. Here, Ms = 400 emu/m3 [23] was used to 

calculate the domain wall energies. The calculations reveal that the energy of a Bloch wall is equal 

to that of a Néel wall when the thickness of MnAs NDs is approximately 22 nm, which is in good 

agreement with the thickness estimated from the BSE images, i.e., approximately 20 nm. 

Therefore, we concluded that it is reasonable to observe not only MnAs NDs with Néel walls but 

also with Bloch walls in the current work. These results suggest that the magnetic domains and 
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the type of domain walls can be tuned by the size of the MnAs NDs.  

 

 

 

5.3.3 Applied magnetic field dependence of magnetic domain 

structure and magnetization switching of MnAs nanodisks  

  

Figure 5-5 shows the applied magnetic field, B, dependence of the ratio, or percentage 

(%), of a single magnetic domain in MnAs NDs. Here, the ratio of a single magnetic domain is 

defined as the percentage when we divide the number of NDs with a single magnetic domain by 

the number of NDs with a well-defined image contrast, i.e., including multiple magnetic domains, 

markedly observed by MFM at each of the B. In order to characterize the ratio of a single magnetic 

domain in Fig. 5-5, the number of NDs which we observed a well-defined image contrast by MFM 

 

Figure 5-4. Calculated wall energy density per unit area of domain walls as a function of the MnAs 

thickness. The Bloch wall energy was equal to the Néel wall energy at the ND thickness of 

approximately 22 nm, which was nearly consistent with the thickness of 20 nm roughly estimated 

from the acceleration voltage dependence of BSE images of MnAs NDs. 
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was from 44 to 100. The B direction is as shown in a BSE image of one of the NDs as the inset 

of Fig. 5-5. The B, first, was applied at room temperature from -0.5 to -4.0 kGauss (kG), and, next, 

from -4.0 to +4.0 kG. At each of the data points in Fig. 5-5, MFM observations were performed. 

In Chapter 5.3.2, we have characterized the size dependence of a magnetic domain structure and 

analyzed domain walls in MnAs NDs under as-grown condition as shown in Fig. 5-2. From these 

results, single magnetic domain structures were mainly observed in the NDs with an area of 4 x 

104 nm2 or smaller, and multiple magnetic domain structures were predominant in the NDs with 

an area of 6 x 104 nm2 or larger. Therefore, in the current work, we define two categories to easily 

 

Figure 5-5. Applied external magnetic field, B, dependence of the ratio, or percentage, of a single 

magnetic domain observed in MnAs NDs. The open triangle and closed triangles are for the NDs 

with an area of 4 x 104 nm2 or smaller, i.e., Group S, and the open square and closed squares for 

the NDs with an area of 4 x 104 nm2 or larger, i.e., Group L. The solid triangles and squares indicate 

the results obtained for the sweep direction of the B applied from 0 to -4.0 kG, and the open 

triangles and squares indicate those from -4.0 to +4.0 kG. The dashed lines are a guide to the eye. 

The data on the dotted line are for a spontaneous magnetization under as-grown condition. The 

inset shows a BSE image of a MnAs ND on an AlGaAs NP buffer. The white two-head arrow in 

the inset indicates the directions of an applied magnetic fields, B. The ratio of a single magnetic 

domain is markedly minimized at B = -1.5 kG in the case of Group S. 
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characterize and discuss an applied B dependence of magnetic domain structures and 

magnetization switching in the NDs: (a) the NDs with an area of 4 x 104 nm2 or smaller is referred 

to as “Group S”, and (b) the NDs with an area of 4 x 104 nm2 or larger is referred to as “Group 

L”. As indicated by the dashed lines as a guide to the eye in Fig. 5-4, the ratios of a single magnetic 

domain were mostly around 90% and 20% for Group S and Group L, respectively. In the case of 

Group S, during the sweeping of B from 0 to -1.5 kG, the marked decrease in the ratio of a single 

magnetic domain was observed, in particular, at B = -1.5 kG. The ratio of a single magnetic 

domain decreased from 90% to the minimum value of 60% at B = -1.5 kG. At the B applied from 

-1.5 to -4.0 kG, the marked increase in the ratio was observed again to the maximum value of 

approximately 90%. This result suggests the mean coercive force of MnAs NDs in Group S is 

estimated approximately to be 1.5 kOe, as 1 G is approximately 1 Oe in the air. At the B applied 

from -4.0 to +4.0 kG, no significant decrease in the ratio of a single magnetic domain was 

observed. On the other hand, in the case of Group L, during the sweeping of B from 0 to -4.0 kG, 

the decrease in the ratio of a single magnetic domain was not as marked as that in Group S. 

However, the ratio of a single magnetic domain decreased from approximately 20% to the 

minimum value of 5% at B = -0.5 kG. This also means that the possible mean coercive force of 

MnAs NDs in Group L was estimated approximately to be 0.5 kOe. The mean coercive force of 

MnAs NDs in Group S, is larger than that of NDs in Group L. It is reasonable that the enhancement 

of the coercive forces possibly arises from the decrease in the size of MnAs NDs, since an increase 

of the coercive forces with decreasing a grain size was reported also for other magnetic materials 

system [36,37]. At the B applied from 0 to -0.5 kG in Group L and from 0 to -1.5 kG in Group S, 

we surly confirmed by MFM observations that this decrease in the ratio of a single magnetic 

domain was markedly due to the change in the magnetic domain structures from a single to a 

multiple magnetic domain.  
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Next, we investigate the change in a magnetic domain structure from the viewpoints of 

the initial magnetization direction under as-grown condition and the shape of NDs. Figure 5-6 

shows typical MFM images of the NDs, in which the change from a single magnetic domain to a 

multiple magnetic domain was observed. As shown in the inset of Fig. 5-6(a), first, the ND marked 

by “F” (ND-F) has a low aspect ratio of 1.03, i.e., a small shape anisotropy, and the magnetization 

in the opposite direction to the applied B direction. And then, the change in a magnetic domain 

structure was observed under the condition of B = -1.0 kG, as shown in Fig. 5-6(a). Here, the 

aspect ratio of NDs is defined as the ratio of the length parallel to the magnetization direction 

divided by that perpendicular to the magnetization direction of the NDs. It was reported that the 

 

Figure 5-6. Applied external magnetic field, B, dependence of magnetic domain structures in 

MnAs NDs. The change from a single magnetic domain to a multiple magnetic domain in the NDs 

at (a) B = -1.0 and (b) -0.5 kG is observed. Insets in (a) and (b) show the magnetization directions 

under as-grown condition and the definition of the aspect ratio. The aspect ratio of NDs is defined 

as the ratio of the length parallel to the magnetization direction divided by that perpendicular to 

the magnetization direction of the NDs, i.e., L/W, as illustrated in the insets. The images also show 

the aspect ratio dependence of magnetic domains in the NDs. ND-F has low aspect ratio of 1.03, 

i.e., a small shape anisotropy, and the magnetization in opposite direction to the B direction. ND-

B has a relatively high aspect ratio of 1.14, i.e., a lager shape anisotropy than that of ND-F, and 

the magnetization with a component in the same direction as the B direction. ND-F and ND-B are 

categorized in Group L. No dependence of magnetic domain switching on the aspect ratio of the 

NDs has been observed. 
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nucleation of domain walls occurred at the defects on the particle surfaces, which leaded to the 

change in a magnetic domain structure, in the case of Fe-Nd-B magnets [38]. In the TEM result 

shown in Chapter 4, the dislocations, whose mean period was estimated to be approximately 3.6 

nm, were observed in one or two monolayers of the MnAs layers at the interfaces between the 

MnAs NDs and the AlGaAs NP buffers [16]. Therefore, the change in a magnetic domain structure 

from a single to a multiple magnetic domain would be due to the domain wall creation by applying 

B, since these dislocations could act as centers for the domain wall nucleation in the current work. 

As shown in the inset of Fig. 5-6(b), second, the ND-B has a relatively high aspect ratio of 1.14, 

i.e., a lager shape anisotropy than that of ND-F, and the magnetization with a component in the 

same direction as the applied B direction. And then, the change in a magnetic domain structure 

was observed at B = -0.5 kG, as shown in Fig. 5-6(b). The results obtained in Fig. 5-6, therefore, 

would suggest that the change in a magnetic domain structure is independent of the initial 

magnetization direction under as-grown condition and the shape of NDs with the aspect ratios of 

1.03 and 1.14. In the case of lateral MnAs wire described later in Chapter 6, a single magnetic 

domain was observed in a lateral MnAs wire structure with the length of 2.1 m and the width of 

360 nm, i.e., a relatively large aspect ratio of 5.83, grown by the selective-area growth on GaAs 

(111)B substrates. It is supposed that a magnetic domain structure should be influenced by the 

shape of NDs, in general. However, almost no shape dependence of a magnetic domain structure 

was observed in the current case of NDs with a relatively small aspect ratio. A possible 

explanation for the change in a magnetic domain structure in the current work would not only be 

the domain wall creation but also the increase in a magneto-static energy. In the NDs, such as 

ND-E after the application of B = -0.5 kG in Fig. 5-6, we occasionally observed a multiple 

magnetic domain, even when the NDs under as-grown condition (as shown in the case of ND-B 

in the inset of Fig. 5-6) had a single magnetic domain with the magnetization almost aligned to 
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the B direction. Even in the case of a single magnetic domain observed by MFM, there would 

possibly be a small number of tiny magnetic domains with a magnetic moment, m, in the opposite 

direction to the magnetization direction observed by MFM, since the magnetization of the NDs, 

which is detected as a stray magnetic field from the NDs by MFM, represents the sum of all the 

magnetic moments in magnetic domains in the NDs. If there would be such small pieces of 

magnetic domains in the NDs, such as ND-B, under as-grown condition with a magnetic moment 

in the opposite direction to the magnetization direction observed by MFM, a magneto-static 

energy in the NDs should be increased when the magnetic moments in the small pieces of 

magnetic domains in the NDs are oriented along the applied B direction. In ferromagnetic 

materials, in general, the volume of materials and the magnitude of magnetization can be changed 

when the state of magnetic moments is changed by applying the B, which is known as a 

magnetostriction effect. The change in a magnetic domain structure was observed mainly for the 

NDs with an area of 4 x 104 nm2 or larger, i.e., Group L. Therefore, the magnetic domain structure 

in such a relatively large NDs under as-grown condition could be unstable. (For example, for the 

NDs with an area between 4 x 104 and 5 x 104 nm2, the ratio of a single magnetic domain was 

estimated to be approximately 44% under as-grown condition in Fig. 5-2.) Several reports insist 

that the increase in the sample length caused by a magnetostriction effect is observed in the MnAs 

and MnAsSb alloy systems [39–42], and that the amount of a magnetostriction effect depends on 

the relationship between the crystal and magnetization orientations in MnAs and La0.8Sr0.2CoO3 

alloys [41, 42]. However, the sample strain observed in Ref. [40] was estimated to be only 10-3% 

at most even at B = 4.0 kOe. Therefore, we do not believe that a magnetostriction effect in the 

material system of MnAs could be a major contribution to the increase in a magneto-static energy 

in the MnAs NDs. During all the MFM observations in the current work, the temperatures of the 

samples could be changed, since we confirmed that the room temperature during the MFM 
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observations gradually increased from 20 to 30oC (i.e., from 293 K in the beginning to 303 K at 

last during the MFM observations for a long time) at most. As mentioned above, a MnAs thin 

film grown on GaAs (001) substrates show a first-order structural phase transition between MnP-

type and NiAs-type MnAs at temperatures between 283 and 313 K [22, 25]. As reported by some 

other researchers [39, 43, 44], the magnetization and the susceptibility of MnAs drastically 

changed around the temperatures between 20 and 30oC, which eventually means that a magneto-

static energy could markedly be changed. This might be the most presumable and possible 

explanation to understand the phenomena observed in a magnetic domain structure in Fig. 5-6 in 

the current work. We repeated the observation of the same ND after switching the magnetization 

direction of an MFM tip in order to ensure that the obtained image contrasts are due to a magnetic 

response from the ND. During the MFM measurements using the tip with an opposite magnetized 

direction at a certain temperature between 20 and 30oC, we have never observed, at least, the 

transition from a single to multiple magnetic domain. However, further experiments in detail are 

required to draw a conclusion for the phenomena observed in a magnetic domain structure in Fig. 

5-6. 

 

At the B applied from +0.5 to +4.0 kG, as shown in Fig. 5-5, no significant decrease in 

the ratio of a single magnetic domain was observed neither in Group S nor Group L. Therefore, 

we, next, investigate the angle distribution of the magnetization directions in MnAs NDs with a 

single magnetic domain between B = +0.5 and +4.0 kG. Figure 5-7 summarizes the two-

dimensional distributions of the angle, , of magnetization directions, m, in the NDs as a function 

of the area of NDs for B = +0.5, +1.5, and +2.0 kG. The insert of Fig. 5-7 shows the schematic 

definition of . We observed the difference in the strength of B for magnetization switching even 

in the case of NDs with a similar size, or area. This difference may be due to dislocation 
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distribution at the interfaces between the MnAs and AlGaAs layers, since it has been observed by 

other research groups that a domain wall motion is hindered by dislocations, and that a magnetic 

domain wall is pinned by them [45–47]. The effect of dislocations on a magnetic domain wall has 

also been theoretically reported [45, 46]. The influence of dislocations on a domain wall motion 

has also been investigated in iron by high voltage Lorentz microscopy [47]. In the current work, 

the two-dimensional locations of dislocations at the interfaces between MnAs and the AlGaAs 

layers are supposed to be different between the NDs. Therefore, this difference in the strength of 

B for magnetization switching even in the case of NDs with a similar size, or area, could be due 

to the difference in the two-dimensional location of dislocations at the interfaces between MnAs 

and the AlGaAs layers. In addition, the two-dimensional locations of dislocations at the interfaces 

after the application of B might be slightly changed even by a small amount of magnetostriction 

 

Figure 5-7. Applied magnetic field, B, dependence of an angle of a magnetization direction in 

MnAs NDs at the B applied from +0.5 to +2.0 kG for both Group S and Group L. The dotted line 

represents the boundary between Group S and Group L. The inset shows the schematic definition 

of an angle of magnetization direction, . The angle of  = 0 degree is corresponding to the <11-

20> orientation of MnAs NDs. 
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effects. The change in two-dimensional locations of dislocations possibly leads to no significant 

decrease in the ratio of a single magnetic domain between the B applied from -4.0 to +4.0 kG, 

since a domain wall motion could be hindered, and since a domain wall could be pinned by 

dislocations. In addition, as shown in Fig. 5-8, we plot the radar charts for the number of NDs in 

terms of the angle of magnetization directions in steps of 30 degrees, summarizing the results in 

Figs. 5-2 and 5-7. When plotting the data, the NDs with an angle of magnetization directions 

 

Figure 5-8. The radar charts of the number of NDs in terms of the angle of magnetization directions 

in steps of 30 degrees, which are summarized for B = (a) 0 (i.e., as-grown condition), (b) -4.0, (c) 

+0.5, and (d) +1.5 kG. The angle of  = 0 degree is corresponding to the <11-20> orientation of 

MnAs NDs. At B = +1.5 kG, the magnetization switching is observed in some of the NDs, 

indicating that the mean coercive force is estimated approximately to be 1.5 kOe. 
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between the steps of 30 degrees (i.e., not in the exact steps of 30 degrees) were included in the 

closest one among the angles in steps of 30 degrees. Under as-grown condition, the magnetization 

direction for most of the NDs was oriented at the angles of 0, 60, 120, 180, 240, or 300 degrees 

as shown in Fig. 5-8(a). This result suggests that the magnetization directions in the as-grown 

MnAs NDs was not influenced by the stray magnetic fields, which means that our 

demagnetization protocol is effective. At B = -4.0 kG, the magnetization direction for most of the 

NDs was oriented at the angles of 120, 180, or 240 degrees as shown in Fig. 5-8(b), i.e., the most 

of the NDs has the magnetization with a component in the same direction as the applied B 

direction. At B = +0.5 kG, the magnetization direction for most of the NDs was oriented at the 

angles of 120, 180, or 240 degrees, i.e., no magnetization switching was observed as shown in 

Fig. 5-8(c). At B = +1.5 kG, however, the magnetization direction for most of the NDs was 

oriented at the angles of 0, 60, or 300 degrees as shown in Fig. 5-8(d), i.e., the marked 

magnetization switching was observed. In the case of a NiAs-type MnAs crystal, the <11-20> 

orientation is known as an easy magnetization axis, i.e., an a-axis, and the <0001> orientation is 

known as a hard magnetization axis, i.e., a c-axis [48,49]. In the current study, as shown in the 

BSE image for one of the NDs in the inset of Fig. 5-5, hexagonal MnAs NDs with well-defined 

crystal facets were mostly observed. For the hexagonal NiAs-type crystal structure, the ridge 

directions of hexagons correspond to the <11-20> orientation, i.e., an easy magnetization axis 

[16]. Therefore, it is reasonable that the magnetization directions are distributed approximately in 

steps of 60 degrees, which correspond to three equivalent easy magnetization axes. Even when B 

= -4.0 kG was applied to the NDs, the magnetization direction has not be completely aligned to 

the applied B direction. Therefore, it may be required to introduce a shape magnetic anisotropy 

for device applications using the NDs for controlling the magnetization directions in the NDs.  
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These results obtained in this paper suggest that the magnetic domains and coercive 

force can be tuned by controlling the MnAs ND size. We believe that the results on magnetization 

switching in MnAs NDs is crucial to realize the MTJs with the NDs on Si (111) substrates and/or 

our proposed planar-type magnetic logic devices consisting of elongated MnAs nanostructure 

composites selectively grown on GaAs (111)B substrates [13]. 

 

 

5.4 Conclusion 

 

 We characterized magnetic domain and domain wall structures of MnAs NDs on 

AlGaAs NP buffers selectively grown on Si (111) substrates partially covered with dielectric SiO2 

thin film mask patterns for SA-MOVPE. The results on the size dependence of magnetic domain 

structures in MnAs NDs observed by MFM showed that a single domain was predominant in the 

MnAs NDs with an area of approximately 4 x 104 nm2 or less. It was also indicated that multiple 

domains, in particular, the two magnetic domain structures with a 180o domain wall were 

predominant in the NDs with an area of approximately 6 x 104 nm2 or more. In addition, in the 

case of NDs with multiple domains, the NDs not only with Néel wall but also with Bloch wall 

were possibly formed, judging from the detailed analyses of the MFM images obtained. Moreover, 

we characterized the applied external magnetic field, B, dependence of a magnetic domain of 

MnAs NDs. From the results on the B dependence of a magnetic domain structure in the MnAs 

NDs, the ratio of a single magnetic domain was minimized at B = -1.5 kG in the NDs with an area 

of 4 x 104 nm2 or smaller, although the decrease to the minimum of the ratio was markedly small 

in the case of the NDs with an area of 4 x 104 nm2 or larger at B = -0.5 kG. In addition, the angle 

distribution of magnetization directions showed that the magnetization directions were mostly 
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parallel to the ridge directions of the hexagonal NDs, i.e., distributed in steps of approximately 

60 degrees corresponding to the magnetic easy axes of the hexagonal NiAs-type crystal structure. 

These results suggested that the magnetic domains and a coercive force can be tuned by 

controlling the MnAs ND size. 
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Chapter 6 

Structural and magnetic domain characterization of 

lateral MnAs/AlGaAs nanowires selectively-grown on 

GaAs (111)B substrates 

 

 

In this chapter, we describe the structural and the magnetic domain characterization of 

lateral MnAs/AlGaAs nanowires selectively grown on GaAs (111)B substrates. The lateral MnAs 

nanowires observed by backscattered and secondary electron microscopies have a high aspect 

ratio (i.e., 2.6 m long and 360 nm wide) and well-defined crystal facets. The external magnetic 

field dependence in magnetic force microscopy observations of the lateral nanowires reveals that 

single and multiple magnetic domains were formed in the lateral nanowires. This study suggests 

that magnetic domains are tuned by the structural control of lateral nanowires. However, no 

magnetization switching is observed under a relatively high external magnetic field of 5.0 kG, 

which should be enough for the magnetization switching of the lateral nanowires, possibly owing 

to the magnetization switching of the magnetic force microscope tip itself used in this study during 

observations. (This chapter is described mainly based on our previous study in Ref. 1.) 

 

 

6.1 Introduction 

 

Recently, intensive activities addressing magnetic nanowires (NWs) have attracted 

considerable attention in the field of magneto-nanoelectronics and nanospintronics communities 

owing to, for example, the demonstration of magnetic memories and shift registers for the 
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electronic industries in the next generation [2–5]. These devices use current-driven magnetic 

domain wall motion. Some research groups reported on the control of domain wall motion by 

electric currents [6–9] as well as magnetic fields [10] in ferromagnetic NWs. Furthermore, other 

research groups have reported that the switching of the magnetization can be controlled by 

current-induced domain wall motion in ferromagnetic NWs [11] and diluted magnetic 

semiconductor layers [12]. The typical approach to realizing such magnetic NWs in the world is 

a top-down-type fabrication technique, which is typically based on etching processes after the 

thin film deposition of ferromagnetic metals. However, the performance of a device fabricated by 

these methods possibly deteriorates owing to process-induced damage and a relatively low size 

uniformity. To solve such a possible problem caused by device processes, we have proposed and 

demonstrated a bottom-up-type fabrication method for ferromagnetic nanoclusters (NCs) [13– 

15] and lateral NWs [16] on semiconducting substrates, for example, GaAs (111)B and Si (111) 

substrates, by selective-area metal-organic vapor phase epitaxy (SA-MOVPE). This technique 

enables us to control the size, density, position, and shape of the nanostructures without any 

process-induced damage and contamination. In our previous studies, we reported on the 

controllability of magnetic domains in the MnAs NCs grown by SA-MOVPE [17, 18]. By 

utilizing SA-MOVPE-grown MnAs NCs, we demonstrated angle-dependent magnetoresistance 

effects in various MnAs NC arrangements consisting of elongated NCs with a single magnetic 

domain [19]. Furthermore, in a system with two elongated MnAs NCs connected by nonmagnetic 

metal spacer layers, we observed abrupt jumps in magnetoresistance and a spin-valve-like 

behavior [20].  

 

In our previous study, we selectively fabricated lateral MnAs NWs with a high aspect 

ratio after the AlGaAs buffer layer growth on a GaAs (111)B substrate [16]. We also observed 
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and analyzed the magnetic random telegraph noise of electrical resistance in the lateral NWs [21]. 

To achieve high performance and reliability in magnetic NW devices, the control of magnetic 

properties in lateral NW structures is crucial in the future on the way towards a practical use of 

the lateral NWs. In this work, therefore, for a high degree of size uniformity to control the 

magnetic properties of the lateral NWs, the detailed structural characterization of the lateral NWs 

by scanning electron microscopy (SEM) is presented. The analyses of the magnetization 

switching behavior and magnetic domains of the lateral NWs, in combination with the structural 

characterization results, are also described and discussed in this chapter.  

  

 

 

6.2 Experimental procedures 

 

The pretreatment of the substrate for growth is described in Chapter 3.2.3. We have 

developed and used the SA-MOVPE method for the fabrication of lateral MnAs NWs after the 

growth of AlGaAs buffer layers in the initial circular openings of 20-nm-thick SiO2 mask layers 

deposited on GaAs (111)B substrates. The fabrication procedures for the lateral NWs used in this 

study were described and explained in detail elsewhere [16]. For the experiments indicated in this 

chapter, a relatively long lateral MnAs NW with well-defined crystal facets was chosen from the 

same sample used in a previous study [16]. For structural characterization, secondary electron 

images were observed by SEM (SU-8010, Hitachi High-Tech) to characterize the shape and 

surface morphologies of the lateral NWs. In addition to secondary electron imaging, we utilized 

backscattered electron (BSE) imaging by SEM since BSE imaging is sensitive to the solid 

compositions of the observed materials because the BSE emission increases with the mean atomic 
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number of materials [22]. It is much more effective to identify lateral MnAs NWs on AlGaAs 

buffer layers by BSE imaging in combination with the observation of crystal facets formed on the 

lateral NW surface by conventional secondary electron imaging. The acceleration voltage 

dependence of BSE images was characterized roughly to analyze the thickness of the MnAs layers 

of the lateral NWs. For the magnetic characterizations of lateral MnAs NWs, we used magnetic 

force microscopy (MFM) combined with atomic force microscopy (AFM) in a Nanoscope IIIa 

system, Digital Instruments, at room temperature and without any applied external magnetic field 

(B) during the observations. Before the MFM observations using the high-resolution MFM tip of 

Si coated with Co/Cr alloy materials (Bruker MESP-HR10), B of 2.0 to 5.0 kG was applied 

parallel to the lateral NWs on GaAs (111)B substrates using a conventional stand-alone 

electromagnet. The coercivity of the MFM tip used is 950 Oe according to the specification sheet 

published by Bruker AXS.  

 

 

6.3 Results and discussion 

6.3.1 Structural characterization of lateral MnAs/AlGaAs NWs by BSE 

imaging  

 

Figure 6-1 shows the dependence of the top views of lateral MnAs NWs on the 

acceleration voltage of BSE images. At an acceleration voltage of 1.0 kV, first, as shown in Fig. 

6-1(a), two regions with a relatively dark contrast, which were marked “A” and “C”, were 

observed. Hereafter, these two elongated structures along the <0-11> direction of the GaAs (111)B 

substrate are referred to as NW-A and NW-C. We also observed an area marked “B” with a 

contrast brighter than those of NW-A and NW-C between NW-A and NW-C. BSE images are 
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highly sensitive to the solid composition of materials since BSE emission increases with the mean 

atomic number of materials [22]. In the current work, the mean atomic number of AlGaAs is 

larger than that of MnAs. Therefore, the BSE images from the AlGaAs buffer layers should be 

brighter than those from the MnAs layers in the lateral NWs. It was highly possible that the dark 

regions of NW-A and NW-C in Fig. 6-1(a) are attributable to MnAs layers in the NWs, and that 

the bright region between the NWs, i.e., the gap region marked B, is due to the AlGaAs buffer 

layers. Increasing the acceleration voltage for a BSE image to 2.0 kV, almost no significant 

difference in brightness among the A to C regions was observed, i.e., the brightness of NW-A and 

NW-C became almost the same as that of the gap region B in the image of Fig. 6-1(b). The 

penetration length of electrons depends on the acceleration voltage of electrons. Therefore, in the 

case of the acceleration voltage of 2.0 kV in Fig. 6-1(b), the bright image observed in the whole 

NW region including the A to C regions was mainly due to the AlGaAs buffer layers grown under 

 

Figure 6-1. Acceleration voltage dependence of BSE images of lateral MnAs NWs: (a) 1.0 and (b) 

2.0 kV. In (a), two relatively dark regions, i.e., NW-A and NW-C, are observed, and a brighter area, 

i.e., gap region B, than the two dark regions is confirmed between the two dark regions of NWs. In 

(b), almost no significant brightness difference among NW-A, gap region B, and NW-C is observed. 

The crystallographic relationship between a GaAs (111)B substrate and the lateral MnAs NWs is 

depicted below the BSE images.  
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the MnAs layers in the initial mask openings on the substrate. The penetration length of electrons 

was calculated to be approximately 13 nm at 1.0 kV and 44 nm at 2.0 kV using the equation given 

in Ref. 23. Therefore, it was highly possible from the calculated penetration lengths that the MnAs 

layer thickness was approximately 40 nm in the observed lateral NW structure in Fig. 6-1. We 

also confirmed from the BSE image of Fig. 6-1(a) that NW-A was 2.6 μm in length, and that NW-

C was 2.1 μm in length.  

 

Figure 6-2 shows a bird’s-eye view of a secondary electron image and a corresponding 

cross-sectional schematic illustration of the NWs observed in Fig. 6-1. We confirmed from the 

observed cross section of NW-C in Fig. 6-2(a) that the height and width of NW-C were measured 

to be 210 and 360 nm, respectively, as depicted in the illustration in Fig. 6-2(b). It seemed that 

NW-A had similar height and width to NW-C. In addition, we observed that well-defined crystal 

facets were formed as the top and sidewall facets of NW-A and NW-C. In our previous studies, 

for example, Ref. 24, we have grown comparable MnAs nanostructures on SiO2-masked GaAs 

(111)B substrates with initial periodical circular openings by SA-MOVPE. The structural 

 

Figure 6-2. Bird’s-eye view of secondary electron image by SEM and cross-sectional illustration 

of MnAs NWs with the measured length, height, and width of the NWs. The angle between top 

and sidewall facets was estimated to be 60 degrees. 
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characterizations using electron-beam diffraction measurements in combination with lattice 

image observations by transmission electron microscopy (TEM) revealed that the MnAs 

nanostructures had a hexagonal NiAs-type crystal structure [24]. Therefore, assuming that the 

MnAs layers of the lateral NWs have the same hexagonal NiAs-type crystal structure in the 

current work, which has been observed in all the comparable MnAs nanostructures [24], it was 

presumed that the {0001} facet of the NiAs-type crystal structure was formed as the top surface 

of the NWs, and that {10-11} ones were attributable to the tilted sidewall facets with an angle of 

60 degrees with respect to the {0001} plane of the NWs, as illustrated in Fig. 6-2(b) and reported 

in Ref. 24.  

 

 

6.3.2 Magnetization switching and magnetic domain analyses by 

MFM imaging  

 

A MnAs bulk crystal shows the first-order structural phase transition between the 

paramagnetic orthorhombic -phase (-MnAs, MnP-type) and the ferromagnetic hexagonal -

phase (-MnAs, NiAs-type) at temperatures of 317 - 319 K [25, 26]. It has been reported that the 

transition temperature from paramagnetism to ferromagnetism, i.e., the Curie-temperature (Tc), 

shifts owing to the change in exchange interaction between spins caused by strain effects in a 

crystal lattice [27–29]. The shift in Tc was observed not only in MnAs films [27, 28] but also in 

other material systems, for example, SrRuO3 films [28]. In our previous studies, the hysteresis 

curves [30] at room temperature and the increased Tc of 340 K [31] were observed for the 

comparable samples of NiAs-type MnAs nanostructures grown on InGaAs layers by MOVPE. 

We have not determined the Tc of the lateral MnAs NWs in this study. A lattice mismatch between 
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the c-plane of MnAs and the {111}B plane of GaAs was calculated to be approximately 6.8% or 

slightly higher. (The Al contents of AlGaAs buffer layers used in this study were approximately 

10 - 20% at most [32].) However, the analyses of electron diffraction patterns obtained by TEM 

(for example, in Ref. 18) showed that all the comparable MnAs nanostructures observed so far 

had the lattice constant of a NiAs-type MnAs bulk crystal, i.e., the MnAs nanostructures were 

completely relaxed on zinc-blende-type semiconducting layers, although it seemed that the lattice 

strain remained only in one or two monolayers of MnAs nanostructures near the interface 

between MnAs and semiconductors. Therefore, it was reasonable in this study that the lateral 

MnAs NWs were treated as a MnAs bulk crystal, i.e., no lattice strain was observed in almost all 

the layers in lateral MnAs NWs. We performed MFM at room temperature, i.e., around 293 - 298 

K below the Tc (318 K) of a MnAs bulk crystal, after the application of external magnetic fields 

for the magnetic characterizations of the lateral MnAs NWs in the current study.  

 

Figures 6-3(a) and 6-3(b) show the MFM images of the same NWs after the application 

of the external magnetic field of 2.0 kG parallel to the directions of thick white arrows in the 

images. In Fig. 6-3(a), the magnetizations along the applied magnetic field direction in NW-A and 

NW-C (represented by long and thin white arrows in the images) are observed. We found that 

NW-A, in particular, had a single magnetic domain, and that NW-C had multiple magnetic 

domains. However, after the application of the external magnetic field of 2.0 kG in the direction 

opposite to that in Fig. 6-3(a), no magnetization switching was observed, as shown in Fig. 6-3(b). 

The cross-sectional line profile of the lateral NWs observed by AFM is shown in Fig. 6-3(c) to 

clarify the magnetic domains formed in NW-A and NW-C. The height difference between the gap 

region B and NW-A was roughly estimated as 70 nm or more, which was slightly larger than the 

MnAs layer thickness of around 40 nm, estimated from the BSE images in Fig. 6-1, but on the 
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same order of magnitude. As shown in Figs. 6-2 and 6-3(c), the surface of NW-C was not flat, 

which might show that MnAs NW-C is polycrystalline. Therefore, judging from the profiles of 

NW-C, NW-C had also small magnetic domains on top, in which the magnetization directions 

were indicated by short and thin white arrows in Fig. 6-3. The magnetizations of these small 

magnetic domains on top and the main body of NW-C presumably have an antiparallel 

configuration.  

 

Next, we characterized the magnetization switching behavior of the lateral NWs 

examined in Figs. 6-1 to 6-3. The external magnetic field was set to 3.0, 4.0, and 5.0 kG in this 

order from 2.0 kG used in Figs. 6-3(a) and 6-3(b), and the applied directions were the same as 

those in Figs. 6-3(a) and 6-3(b). However, no magnetization switching was observed even in the 

case of relatively high magnetic fields up to 5.0 kG applied in the directions opposite to the 

 

Figure 6-3. MFM images after the application of the external magnetic field of 2.0 kG in the 

directions (a) the same as and (b) opposite to the observed magnetization directions of the MnAs 

NWs at room temperature. In (a) and (b), the thick and white arrows represent the applied magnetic 

field directions, and the magnetization directions are oriented from bright to dark regions in the 

images, as indicated by the long and short thin white arrows. (c) Cross-sectional line profile of the 

MnAs NWs observed by AFM. 
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magnetization directions of NW-A and NW-C, as shown, for example, in the case of 4.0 kG in 

Fig. 6-4(a). (Other images, for example, for the applied external magnetic field of 5.0 kG, are not 

shown here.) To analyze this magnetization switching behavior, therefore, the coercivity of, for 

example, NW-A, was calculated. We used here the Stoner-Wohlfarth model to estimate the 

magnetic fields required for magnetization switching [33]. According to this model, the coercivity 

Hc can be calculated as  

Hc = 
2Ku

Ms

-NMs (6-1) 

Where Ku is the uniaxial magnetic anisotropy constant, Ms is the saturation magnetization, and N 

is the effective demagnetization factor. From the calculations, the coercivity was estimated to be 

approximately 2200 Oe. Here, Ku = 7.6×10
6
 erg/cm3 [34], Ms = 630 emu/cm3 [35], and N was 

roughly approximated here as an ellipsoidal structure to use the demagnetization coefficient 

 

Figure 6-4. MFM images after the application of 4.0 kG in the direction opposite to the observed 

magnetization directions of NWs at room temperature: (a) Whole image and (b) highly magnified 

image for the sudden changes in the contrasts from bright to dark at one of the ends of NW-C. In 

(a), the thick and white arrow represents the applied magnetic field direction, and the 

magnetization directions are indicated by long and short thin white arrows. (c) Possible explanation 

for the magnetization switching of MFM tips themselves during the observations at one of the ends 

of NW-A and NW-C under the applied magnetic fields of 3.0 kG or more. 
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determined in Ref. 36 to calculate the coercivity of NW-A, and NW-A. It was found from the 

rough calculation here that magnetization switching in NW-A should have been observed at the 

applied external magnetic fields of 3.0 kG or more when the relative permeability is assumed to 

be 1.0. No magnetization switching was actually observed in the NWs even when the external 

magnetic fields of 3.0 kG or more were applied, as shown in Fig. 6-4(a). When we applied the 

external magnetic fields of 3.0 kG or more, however, the sudden changes in the contrasts from 

bright to dark were detected during the observations at one of the ends of NW-A and NW-C under 

most of the applied magnetic fields of 3.0 kG or more, as seen in an example shown in Fig. 6-

4(b). These sudden changes in the contrasts in the MFM images are unintentional and strange. In 

the MFM measurements, the MFM tips are magnetized to detect repulsive and attractive forces 

between stray magnetic fields from the NWs and MFM tips. Therefore, there is a possibility of 

magnetization switching of the MFM tips themselves during the observations at one of the ends 

of NW-A and NW-C under the applied magnetic fields of 3000 G or more, as illustrated in Fig. 

6-4(c).  

 

The stray magnetic fields from the NWs at the tip height h during the MFM observations 

were roughly calculated using the simple magnetic dipole model, as illustrated in Fig. 6-5. 

 

Figure 6-5. Schematic illustration of the simple magnetic dipole model, which is used to 

estimate the effective stray magnetic fields along the z-axis from the NW-A and NW-C at the 

tip height h for the MFM observations of the NWs. 
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According to this simple model, the magnetic fields 𝐻 from a magnetic charge is calculated as 

𝐻 =
𝑞𝑚

𝑟2
=

𝑀𝑠𝑉

𝑙𝑟2
 (6-2) 

where r is the height from a magnetic charge, qm, to the MFM tip, V is the volume of NWs, which 

was roughly estimated from the length, width, and thickness of NWs observed in BSE images in 

Fig. 6-1, and l is the length of NWs. The effective stray magnetic fields parallel to the z-axis in 

Fig. 6-5 were calculated to be larger than 1000 Oe even at the tip height h of 30 nm during all the 

MFM observations in this study. The coercivity of the MFM tips used in this study is 950 Oe. (No 

other MFM tip with much higher coercivity is available at present.) The MFM tips could be 

exposed to the effective stray magnetic fields at the edges of NW-A and NW-C that are much 

higher than those at the tip height since the MFM tips scan the proximity of NW surfaces to obtain 

the surface morphology by AFM before each MFM scan during the observations. Therefore, the 

sudden changes in the contrasts at one of the ends of NW-A and NW-C under the applied magnetic 

fields of 3.0 kG or more, for example, in Fig. 6-4(b), were possibly due to the magnetization 

switching of MFM tips at the NW edges, although it was possible that the magnetization of NW-

A and NW-C was actually switched at the applied magnetic fields of 3.0 kG or more. In our 

previous study related to different material systems, i.e., much smaller MnAs nanostructures, 

whose length and diameter were estimated to be approximately 74 and 92 nm, respectively, 

formed in vertical InAs NWs [37] than in the lateral MnAs NWs in this study, we have actually 

observed the magnetization switching in the small MnAs nanostructures in Ref. 36 since the 

effective stray magnetic fields parallel to the z-axis from such nanostructures dealt in Ref. 36 were 

calculated to be small enough to detect the magnetic switching in the nanostructures even at the 

tip height h of 30 nm during all the MFM observations. In the case of the applied external 

magnetic field of 2.0 kG, it was reasonable that no magnetization switching was observed in NW-

A and NW-C since the applied magnetic field was smaller than the calculated coercivity of the 
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NWs in this study. This is possibly because the stray magnetic fields from the NWs at the applied 

external magnetic field of 2.0 kG are smaller than those at 3.0 kG or more. Therefore, no sudden 

changes in the contrasts at the ends of NW-A and NW-C were observed under the applied external 

magnetic field of 2.0 kG. In ferromagnetic materials, the magnetic properties, for example, Tc, 

coercivity, magnetization switching behaviors, and so on, depend on the crystal lattice strain in 

the materials [27–29]. However, as described above, the strain effects along any crystal 

orientations of the NWs, which are depicted in Fig. 6-1, were negligible in this study since the 

lateral MnAs NWs were possibly treated as a MnAs bulk crystal after the lattice relaxation. Even 

in the case of comparable MnAs nanostructures with a smaller width (or diameter) of 

approximately 180 nm in our previous studies, for example, in Ref. 31, it was indicated in the 

observed lattice image that the lattice strain could remain only in one or two monolayers of 

MnAs nanostructures at the interface between MnAs and AlGaAs. Therefore, it was presumed 

that the MnAs lattices along both <1-100> and <11-20> directions were completely relaxed in the 

lateral MnAs NWs since NW-A and NW-C had a width of 360 nm and a length larger than 2 μm, 

as shown in Fig. 6-2. As a result, no crystal lattice strain remained along the <0001> direction, c-

axis, in the lattices. We believe that the analysis of magnetization switching based on the treatment 

of lateral MnAs NWs as a MnAs bulk crystal was reasonable in this study. The magnetization 

switching behaviors of lateral MnAs NWs were possibly similar to those of a MnAs bulk crystal. 

Although additional experiments are required to analyze various types of lateral NWs in detail, 

the results obtained in the current work in combination with the experimental results reported in 

our previous paper [16], in which the width of lateral NWs was key to controlling the number of 

magnetic domains in the <1-100> direction of the NWs [or the <-211> direction of the GaAs 

(111)B substrate], i.e., perpendicular to the NWs along the <11-20> direction [or the <0-11> 

direction of the substrate], suggest that magnetic domains and magnetizations are possibly tuned 
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by the structural control of the lateral NWs.  

 

 

6.4 Conclusion  

 

 We demonstrated the structural and magnetic characterizations of lateral MnAs NWs 

formed by SA-MOVPE. The lateral MnAs NWs observed by BSE and secondary electron 

microscopy had a high aspect ratio (i.e., 2.6 m long and 360 nm wide) and well-defined crystal 

facets. The external magnetic field dependence in the MFM observations of the lateral NWs 

revealed that single and multiple magnetic domains were formed parallel to the <11-20> direction 

of the lateral NWs, i.e., along the elongation direction of lateral NWs. These results obtained in 

this study suggest that magnetic domains are tuned by the structural control of lateral NWs. 

However, no magnetization switching was observed under the relatively high external magnetic 

field of 5.0 kG, which should be enough for the magnetization switching of the lateral NWs, 

possibly owing to the magnetization switching of the MFM tip itself used in this study during 

observations. 
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Chapter 7 

Conclusions 

 

 

 

In this study, the structural and magnetic domain characterization and magnetization 

switching analysis of MnAs nanodisks (NDs) and lateral nanowires (NWs) selectively grown on 

Si (111) or GaAs (111)B substrates after AlGaAs buffer layer growth by selective-are metal-

organic vapor phase epitaxy (SA-MOVPE) are discussed. We believe that the results on 

magnetization switching in MnAs nanostructures is crucial to realize the newly spintronics 

devices such as STS-MOSFET with the NDs on Si (111) substrates and/or our proposed planar-

type magnetic logic devices consisting of elongated MnAs nanostructure composites selectively 

grown on GaAs (111)B substrates. Summary and conclusions are the following. 

 

 

In chapter 4, we reported on SA-MOVPE and structural characterization results of 

magnetic MnAs NDs after the AlGaAs NP buffer growth on Si (111) substrates using multiple 

types of mask materials and designs, which were mask patterns (I) and (II) of SiO2 and SiON 

removing (I) the mask materials outside 100 × 100 µm2 square regions with periodical circular 

openings and (II) only the periodical circular openings within the 100 × 100 µm2 square regions.. 

The results of structural characterizations showed that two key issues, which were the 

unintentional growth of MnSi alloy in Si substrates and MnAs alloy with approximately 17% of 

Si atoms on NDs, were typically observed in the case of Si substrates with mask pattern (I) of 

SiO2. On the other hand, these two key issues are not observed in the case of Si substrates with 
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mask pattern (II) of SiON. These results suggested that mask pattern (II) of SiON was effective 

to prevent the unintentional reactions of Mn atoms with Si substrates for growing MnAs NDs 

with a high degree of uniformity. 

 

 

In chapter 5, we characterized magnetic domain and domain wall structures of MnAs 

NDs on AlGaAs nano pillar buffers selectively grown on Si (111) substrates partially covered 

with dielectric SiO2 thin film mask patterns for SA-MOVPE. The results on the size dependence 

of magnetic domain structures in MnAs NDs observed by MFM showed that a single domain was 

predominant in the MnAs NDs with an area of approximately 4 x 104 nm2 or less. It was also 

indicated that multiple domains, in particular, the two magnetic domain structures with a 180o 

domain wall were predominant in the NDs with an area of approximately 6 x 104 nm2 or more. In 

addition, in the case of NDs with multiple domains, the NDs not only with Néel wall but also with 

Bloch wall were possibly formed, judging from the detailed analyses of the MFM images obtained. 

Moreover, we characterized the applied external magnetic field, B, dependence of a magnetic 

domain of MnAs NDs. From the results on the B dependence of a magnetic domain structure in 

the MnAs NDs, the ratio of a single magnetic domain was minimized at B = -1.5 kG in the NDs 

with an area of 4 x 104 nm2 or smaller, although the decrease to the minimum of the ratio was 

markedly small in the case of the NDs with an area of 4 x 104 nm2 or larger at B = -0.5 kG. In 

addition, the angle distribution of magnetization directions showed that the magnetization 

directions were mostly parallel to the ridge directions of the hexagonal NDs, i.e., distributed in 

steps of approximately 60 degrees corresponding to the magnetic easy axes of the hexagonal 

NiAs-type crystal structure. These results suggested that the magnetic domains and a coercive 

force can be tuned by controlling the MnAs ND size. 
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In chapter 6, we demonstrated the structural and magnetic characterizations of lateral 

MnAs NWs formed by SA-MOVPE. The lateral MnAs NWs observed by BSE and secondary 

electron microscopy had a high aspect ratio (i.e., 2.6 m long and 360 nm wide) and well-defined 

crystal facets. The external magnetic field dependence in the MFM observations of the lateral 

NWs revealed that single and multiple magnetic domains were formed parallel to the <11-20> 

direction of the lateral NWs, i.e., along the elongation direction of lateral NWs. These results 

obtained in this study suggest that magnetic domains are tuned by the structural control of lateral 

NWs. However, no magnetization switching was observed under the relatively high external 

magnetic field of 5.0 kG, which should be enough for the magnetization switching of the lateral 

NWs, possibly owing to the magnetization switching of the MFM tip itself used in this study 

during observations. 
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