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Chapter 1 

Introduction 

 
 

 

1.1 Background 

1.1.1 Vertical semiconducting nanowires 

 

 Miniaturization of electronic components in accordance with Moore’s law [1] has brought about 

today’s great progress in electronics industry. However, the miniaturization processes of 

semiconductor electronics and magnetoelectronics devices are approaching their technological 

limits. To realize the improvement of the electronics device performance beyond the conventional 

Si-based technology, new ideas, such as devices using new design, new materials, new 

fabrication/assembly methods, and new functionalities, have to be developed, and they are 

intensely studied in recent years [2-6]. Among them, vertical free-standing semiconducting 

nanowires (NWs) have attracted much attention as one of the promising candidates for not only 

next-generation electronic but also photonic, sensing, and spintronic devices [7-20]. In addition, 

semiconducting NWs are recently of great interest owing to their great emission efficiency in the 

terahertz spectral range [21-23]. Vertical semiconducting NWs are geometrically suitable for 

creating a vertical surrounding gate (VSG) structure in vertical field-effect transistors (FETs) [24, 

25], which possess advantageous device characteristics such as high current on-off ratio and 

reduced short channel effects owing to the high gate controllability of the VSG structure. For 

example, practical ways of installing VSG-FETs using NWs for current integrated circuits based 

on CMOS technologies have been demonstrated [26]. Most of these NWs reported elsewhere 

have thus far been synthesized and demonstrated by using some of the most popular bottom-up 

fabrication techniques in the world, i.e., vapor–liquid–solid (VLS) methods that typically use gold 

nanoparticles as catalysts. However, conventional metal catalysts used in the VLS method 

possibly lead to the deterioration of performance of NW devices mainly due to deep level 

formation by incorporated metal impurities. In addition, the VLS-grown NWs are randomly 

distributed on a semiconducting substrate in most cases, which might hinder the practical 
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applications of NWs in devices in the future. We, on the other hand, have demonstrated the 

catalyst-free formation of vertical free-standing semiconducting NW arrays, e.g., GaAs, InGaAs, 

InP, InAs, GaAs/AlGaAs core–shell, and GaAs/GaAsP core–shell NWs, by selective-area metal–

organic vapor phase epitaxy (SA-MOVPE) using partially SiO2-masked {111}A and B substrates, 

which has enabled us to control the size, aspect ratio, position, and density of NWs on various 

semiconducting substrate materials [27, 28]. Nanoelectronic devices such as VSG-FETs have 

been fabricated, and their performance has been demonstrated using our semiconducting NWs 

grown by SA-MOVPE for future device applications [29, 30]. 

 

 

 

1.1.2 Hybrid structures between magnetic and semiconducting 

materials 

 

 In the nanospintronic research fields, the heteroepitaxy of ferromagnetic and III-V compound 

semiconductors (FM III-V hybrids) have attracted a great deal of attention due to possible 

additional functionalities that have been added to current semiconducting devices and integrated 

circuits. Among them, granular hybrid structures containing ferromagnetic nanoclusters (NCs) 

embedded into semiconductor layers are one of the most attractive candidates for future 

nanospintronic devices because it has been reported that they have huge magnetoresistance (MR) 

effects, a relatively long spin-relaxation time, and interesting magnetotransport properties [6, 31-

33]. Various kinds of NWs with FM III-V hybrids have been synthesized to produce NW 

spintronic devices by using several techniques based on conventional VLS methods as bottom-up 

fabrication approaches, e.g., MnAs nanoparticles on InAs [34] and GaAs [20, 35] NWs and 

GaAs/MnAs core-shell NWs [36, 37]. However, it is also crucial to avoid and overcome the 

possible problems caused in the current nanoelectronic and photonic NW devices created with 

these conventional VLS methods particularly in the future on the way towards practical NW 

spintronic devices. Therefore, we have developed hybridization techniques of ferromagnetic 

MnAs NCs [38] on vertical free-standing semiconducting NW templates grown by using our 

catalyst-free SA-MOVPE technique [27, 28] in the research fields of semiconductor 

nanospintronics, and reported on the formation and characterizations of MnAs NC/GaAs hybrid 

NWs [39, 40]. We developed an SA-MOVPE technique in our previous studies to directly 
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synthesize single-crystal ferromagnetic MnAs NCs on a semiconducting substrate, and we 

demonstrated that the NCs could be used as promising building blocks for fabricating 

nanospintronic devices of the future since they demonstrated large angle-dependent MR effects. 

However, we realized that it is still difficult to form vertical heterojunction NWs between 

ferromagnetic MnAs and semiconducting layers, which would enable us to inject spin-polarized 

carriers and currents into semiconducting NW channels. It is also difficult to control the crystal 

orientations of MnAs NCs in a 〈111〉B-oriented GaAs NW template [39, 40] and to obtain 

atomically abrupt heterointerfaces between MnAs and GaAs even when using our hybridization 

techniques. It is likely that the difficulty in forming vertical heterojunction NWs was mainly due 

to the relatively stable crystal facet of the c-plane, i.e., the {0001}-oriented surface, at the surface 

of hexagonal NiAs-type MnAs NCs grown by SA-MOVPE [39]. Thus, we investigated the 

formation of MnAs NCs on different III-V compound semiconducting NW templates, such as 

GaAs/AlGaAs core-shell, GaAs/GaAsP core-shell, and InAs NW templates [41]. For the InAs 

NW templates, MnAs NCs were grown much deeper into the InAs NWs compared to the other 

NWs and their crystal axes could be well-controlled in the InAs NWs. These results indicate that 

the possibility of formation of vertical MnAs/InAs heterojunction NWs and the controllability of 

magnetizations of MnAs NCs in the vertical heterojunction NWs, which are advantage to create 

NW-based nanospintronic devices. Some of the further main reasons why we have focused on the 

vertical MnAs/InAs heterojunction NWs are listed as follows. (i) In the case of the vertical free-

standing NWs, we can expect nanometer-scale heterojunctions with misfit-dislocation-free 

heterointerfaces of with a drastically-decreased number of misfit dislocations compared to flat 

layers, even in the case of materials system with a lattice mismatch larger than 10% [42]. (ii) A c-

plane of hexagonal NiAs-type MnAs has a similar atomic arrangement to a {111}B plane of zinc-

blende-type InAs. In addition, theoretical calculations indicate that zinc-blende-type MnAs is 

half-metallic [43], and we can expect the growth of zinc-blende-type MnAs in the heterojunction 

NWs by crystal structure transfer in vertical free-standing NWs [44]. (iii) These two materials, 

MnAs and InAs, both have arsenic atoms as group V element, which leads to avoiding a possible 

intermixing problem at heterointerfaces. (iv) Hexagonal α-phase MnAs shows a ferromagnetism 

above room temperature. Ferromagnetic metals with much higher Curie temperature, Tc, e.g., 

hexagonal NiAs-type MnSb with Tc of 588 K [45], might be also promising as well as half-

metallic zinc-blende-type MnAs. If the vertical heterojunction NWs with atomically-abrupt 
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heterointerfaces between ferromagnetic MnAs NCs and semiconducting InAs NWs are formed, 

it would enable us to inject spin-polarized carriers and currents into semiconducting NW channels. 

InAs is well-known as a promising candidate channel material for nanospintronic devices, e.g., 

for Datta-Das-type spin-FETs [46], because of its high electron mobility and strong spin-orbit 

interaction [47]. In addition, <111>B-oriented semiconducting InAs NW channels possibly have 

a great advantage to enhance spin-lifetime in the channels of nanospintronic devices [48]. Thus, 

we believe that the combination of a magnetic tunnel junction electrodes with the vertical 

MnAs/InAs heterojunction NWs with atomically-abrupt heterointerfaces [49] could overcome 

major obstacles, namely, conductance mismatch and poor controllability in the formation of 

heterointerfaces in current nanospintronic devices. Furthermore, an efficient gate controllability 

of a solid electrolyte surrounding gate with InAs NW channels was reported [50]. Therefore, the 

vertical MnAs/InAs heterojunction NWs with our VSG-FET structures [29, 30] may provide new 

possibilities and versatility in the creation of novel magneto-nanoelectronic or nanospintronic 

devices using vertical free-standing semiconducting NWs. 

 

 

 

1.2 Objective  

 

 As described in the previous section, the vertical MnAs/InAs hetereojunction NWs have 

tremendous potential for applications in next-generation nanoelectronic or nanospintronic devices. 

Therefore, the main objective of this study is synthesis of the vertical ferromagnetic 

MnAs/semiconducting InAs heterojunction NWs with atomically-abrupt heterointerfaces. To 

create devices using the MnAs/InAs heterojunction NWs with our VSG-FET structures, it is 

crucial to control the size, shape, magnetization of MnAs NCs in the heterojunction NWs and to 

understand their structural, magnetic, transport properties. Thus, we first report on the synthesis 

of the vertical MnAs/InAs heterojunction NWs and their possible growth mechanism on the basis 

of detailed structural characterization and growth condition dependences. Additionally, 

magnetizations and magnetotransport characterizations are performed towards application of the 

heterojunction NWs to novel magneto-nanoelectronic or nanospintronic devices with our VSG-

FET structures.  
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1.3 Outline of this thesis 

 

 This thesis describes the synthesis and characterizations of the vertical ferromagnetic 

MnAs/semiconducting InAs heterojunction NWs aimed at the creation of the novel magneto-

nanoelectronic or nanospintronic devices using vertical semiconducting NWs. This thesis is 

divided into 7 chapters. 

 

 In chapter 2, the history and advantages of nanowires are described. In addition, the methods of 

the catalyst-assisted VLS growth and the SA-MOVPE growth are explained. 

 

 In chapter 3, the principle and system of MOVPE, which is utilized in order to grow the vertical 

ferromagnetic MnAs/semiconducting InAs heterojunction NWs in this study, are explained. In 

addition, the fabrication techniques of the vertical heterojunction NWs and the lateral NW 

samples for magnetization and magnetotransport characterizations are described. Finally, the 

characterization methods and equipment used in this study are also introduced. 

 

 In chapter 4, growth of vertical ferromagnetic MnAs/semiconducting InAs heterojunction NWs 

on GaAs (111)B substrates by combining the catalyst-free SA-MOVPE of InAs NWs and the 

endotaxial nanoclustering of MnAs is described. The desorption of As and/or In atoms in the host 

InAs NWs, The NW length, and the surface migration length of Mn adatoms on the NWs are the 

keys to the successful fabrication of vertical MnAs/InAs heterojunction NWs with atomically-

abrupt heterointerfaces. A possible growth mechanism of MnAs NCs is discussed on the basis of 

detailed structural characterization and growth condition dependence results.  

 

 In chapter 5, magnetizations and magnetic domains of ferromagnetic MnAs NCs in MnAs/InAs 

heterojunction NWs investigated by magnetic force microscopy are described. MnAs NCs 

magnetized along a-axes, i.e., magnetic easy axis of hexagonal NiAs-type MnAs, are generally 

observed, which are consistent with the structural characterization results in chapter 4. For some 

MnAs NCs, we occasionally observed the magnetization along the c-axes due to a shape 

anisotropy and the small coercivity of NCs formed at a markedly bending position in the bended 

MnAs/InAs heterojunction NWs.  
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 In chapter 6, magnetotransport properties of single undoped-InAs and MnAs/InAs 

heterojunction NWs are described. The single InAs NWs show universal conductance fluctuations, 

a negative magnetoresistance at low temperature as well as an ordinary positive 

magnetoresistance. In contrast, the MnAs/InAs heterojunction NWs show a liner negative 

magnetoresistance possibly due to the formation of magnetic polarons.  
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Chapter 2 

Semiconducting Nanowires 

 

 

 

 Semiconducting nanowires have attracted much attention since the 1960s because of their 

tremendous potential for applications in next-generation electronic, photonic, biochemical 

sensing, and even spintronic devices. This chapter describes the research history, advantages, and 

growth methods of semiconducting nanowires.  

 

 

 

2.1 Introduction 

2.1.1 History of nanowire growth 

 

 Study on nanowires (NWs) growth and their device applications have recently become more 

active in the nanoscience research fields. The number of reports on NWs has been increasing as 

shown in Figure 2-1. The NWs originated from the vapor-liquid-solid (VLS) growth of Si whisker 

using gold as a catalyst reported by Wagner and Ellis at Bell Laboratory in 1964 [1]. The 

“nanowire” was initially called as “whisker”, and then it changed to “nano-pillar”, “nano-rod”, 

“nano-column”, or “nano-wire”. In the early 1990s, the first device application with p-n junction 

in GaAs whiskers grown by VLS method was reported by Hiruma’s group at Central Research 

Laboratory, Hitachi Ltd [2, 3]. After that, various type of NWs grown by VLS method and their 

applications were demonstrated in the world. For example, the Lieber’s group at Harvard 

University in USA [4-6], the Yang’s group at University of California, Berkley in USA [7], and 

the Samuelson’s group at Lund University in Sweden [8, 9]. On the other hand, the Fukui’s group 

at Hokkaido University in Japan has reported on the catalyst-free selective-area metal-organic 

vapor phase epitaxy (SA-MOVPE) of III-V compound semiconducting NWs, such as InGaAs 

[10], InP [11], GaAs [12], and InAs [13] NWs. 
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2.1.2 Advantages of nanowire 

 

 The NWs are wire-like nanostructures with small diameters below about one hundred and 

several tens nanometers and with high aspect ratios, which enable novel electrical properties 

different from the conventional bulk structures. The vertical semiconducting NWs are expected 

to possess potentiality of high-density integration due to their small footprint. In addition, their 

small diameters allow heteroepitaxial growth with lattice mismatch material systems in the axial 

direction of NW growth. Grass reported on the relation between the critical diameters of NWs 

and the lattice mismatch [14]. This gives a wider selection of heteroepitaxial material 

combinations, such as III-V compound semiconducting NW on Si or Ge substrates [15, 16], and 

new opportunity of heteroepitaxial growth of magnetic and semiconducting materials. If the high 

quality heterointerfaces between magnetic and semiconducting layers are formed, major obstacles 

of conductance mismatch and poor controllability in the formation of heterointerfaces in current 

nanospintronic devices could be overcome. Another advantage of vertical NWs is their structures 

 

 

Figure 2-1. Number of published papers about NW is plotted as a function of year. Data was 

obtained from the Web-of-Science database with the following combination of keywords, “topic 

= nanowire or nanowires”. 
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which are geometrically suitable for creating a vertical surrounding gate (VSG) structure in 

vertical field-effect transistors (FETs) [17-20], which possess advantageous device characteristics 

such as high current on-off ratio and reduced short channel effects owing to the high gate 

controllability of the VSG structure. For instance, an efficient gate controllability of a solid 

electrolyte surrounding gate to tune spin-orbit interaction in single InAs NW channels was 

reported [21]. 

 

 

2.2 Nanowire growth methods 

2.2.1 Catalyst-assisted vapor-liquid-solid growth 

 

 Figure 2-2 shows a schematic illustration of the procedure of the catalyst-assisted VLS growth 

of a vertical free-standing Si NW on a Si substrate. At first, Au seed particle is deposited on the 

Si substrate. Increasing temperature and supplying Si source materials lead to the incorporation 

of Si atoms into Au droplet, and then Au-Si liquid alloy is formed. The incorporation continues 

until the Au-Si alloy becomes supersaturated. Consequently, crystal growth occurs at the solid-

liquid interfaces and NW growth starts with a diameter depending on the size of the Au droplet. 

The droplet generally remains at the top of the NW after the NW growth. It leads to the 

deterioration of performance of NW devices mainly due to deep level formation by incorporated 

 

 

 

Figure 2-2. Schematic illustration of VLS growth of a Si NW using a Au catalyst. (a) The Au seed 

particle is deposited on the substrate. (b) Au-Si liquid alloy is formed by heating and supplying Si 

source materials. (c) Nucleation occurs at the interface between the liquid alloy and the substrate 

surface, and then NW begins to grow. 
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metal impurities [22]. To solve this issue, alternative method was introduced, where NWs are 

grown without Au or other metal catalysts. It is known as “self-catalyzed growth”. In this method, 

one component of the nanowire materials is used as a catalytic droplet, which enables NW growth 

in the VLS mechanism without the metal impurities. For instance, NWs grown by the self-

catalyzed growth method were reported [23-25]. In addition, another problem of the VLS growth 

is that NWs are randomly distributed on a semiconducting substrate in most cases, which might 

hinder the practical applications of NWs in devices in the future. To control of the NW position, 

the metal seed particles positioned by lithography process were introduced [26].  

 

 

2.2.2 Selective-area metal-organic vapor phase epitaxy 

 

 SA-MOVPE is a catalyst-free method using partially SiO2-masked semiconducting substrates, 

which has enabled us to control the size, aspect ratio, position, and density of NWs on various 

semiconducting substrate materials [15, 27]. Therefore, SA-MOVPE method can overcome major 

obstacles of VLS method, namely, the impurities from the metal seed catalyst and the randomness 

of NW position. Figure 2-3 shows a schematic illustration of NW growth process of the catalyst-

free SA-MOVPE method. First, SiO2 thin films are deposited on the semiconducting substrates. 

Initial circular 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 NW begins to grow by supplying organometallic and hydride sources. 

 

 

Figure 2-3. Schematic illustration of catalyst-free SA-MOVPE growth. (a) SiO2 thin film is 

deposited on the substrate. (b) Initial circular openings are fabricated in the SiO2 thin film by 

lithography and etching. (c) Nucleation occurs on the substrate surface within the mask opening 

region, and then NW begins to grow. 



15 

 

Bibliography 

 

[1] R. S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89 (1964).  

[2] K. Hiruma, T. Katsuyama, K. Ogawa, M. Koguchi, H. Kakibayashi, and G. Morgan, Appl. 

Phys. Lett. 59, 431 (1991).  

[3] K. Haraguchi, T. Katsuyama, K. Hiruma, and K. Ogawa, Appl. Phys. Lett. 60, 745 (1992).  

[4] X. Duan, J. Wang, and C. M. Lieber, Appl. Phys. Lett. 76, 1116 (2000).  

[5] Y. Cui, Q. Wei, H. Park, and C. M. Lieber, Science 293, 1289 (2001).  

[6] X. Duan, Y. Huang, Y. Cui, J. Wang, and C. M. Lieber, Nature 409, 66 (2001).  

[7] M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, and P. Yang, 

Science 292, 1897 (2001).  

[8] B. J. Ohlsson, M. T. Bjӧrk, M. H. Magnusson, K. Deppert, L. Samuelson, and L. R. 

Wallenberg, Appl. Phys. Lett. 79, 3335 (2001).  

[9] C. Thelander, T. Martensson, M. T. Bjork, B. J. Ohlsson, M. W. Larsson, L. R. Wallenberg, 

and L. Samuelson, Appl. Phys. Lett. 83, 2052 (2003).  

[10] M. Akabori, J. Takeda, J. Motohisa, and T. Fukui, Nanotechnology 14, 1071 (2003).  

[11] M. Inari, J. Takeda, J. Motohisa, and T. Fukui, Phys. E Low-Dimensional Syst. 

Nanostructures 21, 620 (2004).  

[12] J. Noborisaka, J. Motohisa, and T. Fukui, Appl. Phys. Lett. 86, 213102 (2005).  

[13] K. Tomioka, J. Motohisa, S. Hara, and T. Fukui, Nano Lett. 8, 3475 (2008).  

[14] F. Glas, Phys. Rev. B 74, 121302 (2006).  

[15] K. Tomioka, J. Motohisa, S. Hara, and T. Fukui, Nano Lett. 8, 3475 (2008).  

[16] K. Tomioka, Y. Kobayashi, J. Motohisa, S. Hara, and T. Fukui, Nanotechnology 20, 145302 

(2009).  

[17] H. T. Ng, J. Han, T. Yamada, P. Nguyen, Y. Chen, and M. Meyyappan, Nano Lett. 4, 1247 

(2004).  

[18] V. Schmidt, H. Riel, S. Senz, S. Karg, W. Riess, and U. Gösele, Small 2, 85 (2006).  

[19] T. Tanaka, K. Tomioka, S. Hara, J. Motohisa, E. Sano, and T. Fukui, Appl. Phys. Express 3, 

025003 (2010).  

[20] Y. Kobayashi, Y. Kohashi, S. Hara, and J. Motohisa, Appl. Phys. Express 6, 045001 (2013).  

[21] D. Liang and X. P. A. Gao, Nano Lett. 12, 3263 (2012).  

[22] J. E. Allen, E. R. Hemesath, D. E. Perea, J. L. Lensch-Falk, Z. Y. Li, F. Yin, M. H. Gass, P. 



16   Chapter 2   Semiconducting Nanowires 

 

Wang, A. L. Bleloch, R. E. Palmer, and L. J. Lauhon, Nat. Nanotechnol. 3, 168 (2008).  

[23] A. F. i Morral, D. Spirkoska, J. Arbiol, M. Heigoldt, J. R. Morante, and G. Abstreiter, Small 

4, 899 (2008).  

[24] G. Zhang, S. Sasaki, K. Tateno, H. Gotoh, and T. Sogawa, AlP Adv. 3, 052107 (2013).  

[25] B.-S. Kim, T.-W. Koo, J.-H. Lee, D. S. Kim, Y. C. Jung, S. W. Hwang, B. L. Choi, E. K. Lee, 

J. M. Kim, and D. Whang, Nano Lett. 9, 864 (2009).  

[26] T. Sato, K. Hiruma, M. Shirai, K. Tominaga, K. Haraguchi, T. Katsuyama, and T. Shimada, 

Appl. Phys. Lett. 66, 159 (1995).  

[27] T. Sato, Y. Kobayashi, J. Motohisa, S. Hara, and T. Fukui, J. Cryst. Growth 310, 5111 (2008).  

 

 

 



Chapter 3 

Experimental Techniques 

 

 

 

3.1 Introduction 

 

 This chapter describes nanowires (NWs) growth procedures, fabrication process of lateral NW 

samples, and characterization methods used in this study. The undoped host InAs NW templates 

are grown by selective-area metal-organic vapor phase epitaxy (SA-MOVPE), which is a catalyst-

free and bottom-up NW fabrication method. The principles of MOVPE and the NW growth 

procedure by SA-MOVPE are described, and then the characterization methods are explained 

(refer to the previous study [1, 2]). In addition, fabrication process of lateral NW samples for 

magnetization and magnetotransport characterizations is also described. 

 

 

 

3.2 Principles of MOVPE 

3.2.1 Overviews 

 

 MOVPE is one of the bottom-up growth techniques using organometallic and hydride sources. 

Epitaxial growth is defined as a precise oriented growth of a single crystal material upon a surface 

of a single crystal substrate. Growing a layer with the same material as the substrate materials is 

called homoepitaxy and growing with different ones is therefore called heteroepitaxy. The 

epitaxial growth can be done by other representative methods, such as liquid phase epitaxy (LPE), 

vapor phase epitaxy (VPE), hydride vapor phase epitaxy (HVPE), and molecular beam epitaxy 

(MBE). MOVPE is often referred to as metal-organic chemical vapor deposition (MOCVD). But, 

we will use the term of MOVPE in this thesis to focus on particularly “epitaxy”. 
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3.2.2 MOVPE growth process 

 

 The key processes during the MOVPE growth have been summarized as listed below [3]. 

 

i. Mass transport: The source materials are carried to the reactor by the carrier gas, 

and a boundary layer is formed above the substrate by the laminar flow of the vapor 

in the reactor. The molecules diffuse through the boundary layer toward the 

substrate surface. 

 

ii. Physical processes: During the molecules diffusion, molecules are adsorbed on 

appropriate lattice positions at kinks, steps, or are desorbed into the vapor phase. 

Two- or three-dimensional nucleation can take place at the substrate surface. 

 

iii. Chemical reactions: Surface reconstruction, adsorption/desorption processes of 

precursors, and density of steps/kinks/other defects strongly depend on the 

chemical reactions. Thermal decomposition of precursors under certain growth 

conditions should be considered.  

 

iv. Thermodynamics: the driving force for overall growth dominates the growth rate 

because it defines the deviation from equilibrium. Thus, it also affects the 

incorporation of native defects or dopants and surface stoichiometry. 

 

 Figure 3-1 shows schematic illustration of the mechanisms in the SA-MOVPE process. The 

growth rate is affected by the diffusion of growth species from the SiO2 mask region and 

desorption to the outside of the boundary layer. To selectively grow NWs, the longer diffusion 

length of growth precursors is needed because the growth species dominantly diffuse from mask 

region to the opening area of the substrate surface. In order to avoid the depositions of poly-

crystals on the mask surfaces, the high growth temperature and low working pressure are also 

needed because the poly-crystals prefer to deposit under the conditions where the high probability 

of encountering group-III species caused by the long resident time of the precursors on the surface. 
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3.2.3 MOVPE growth system 

 

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

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

temperature controller, and the low pressure pumping system. Palladium diffused purified 

hydrogen (H2) is used as a carrier gas, which transports the source materials to the horizontal 

reactor. The gas and MO sources are provided from gas cylinders and bubblers, respectively. 

Figure 3-3 shows schematic illustration of the bubblers, which are kept at a constant temperature 

to control the amount of material supply. The partial pressure of MO sources is controlled by 

mass-flow controllers (MFCs). Pressure control valves (PCVs) keep the pressure constant in the 

bubbler. The MOVPE reactor is a horizontal quartz (SiO2) tube. The substrate for NW growth is 

put on a carbon susceptor, which is heated by a radio frequency (RF) coil in the reactor. The 

substrate temperature is monitored by a thermocouple inserted beneath the susceptor. The total 

gas flow rate in the reactor is maintained at 3.00 standard liters per minute (SLM). The working 

pressure is automatically kept at 0.1 atm, i.e., 76 Torr, by an automatic pressure controller (APC) 

and a vacuum pumping during the MOVPE growth. For the growth of the InAs NWs in this study, 

trimethylindium (TMIn) and 20%-arsine (AsH3) diluted in H2 are used for group-III MO source 

material and for group-V gas source, respectively. For the growth of MnAs nanoclusters (NCs), 

we use Bis(methyl-5-cyclopentadienly)manganese, namely, (MeCp)2Mn or (CH3C5H4)2Mn. 

 

 

Figure 3-1. Schematic illustration of growth mechanism of SA-MOVPE process. 
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Figure 3-2. Schematic illustration of the MOVPE system used in this study. The horizontal reactor 

is maintained at working pressure of 0.1 atm and with a total flow of 3.00 SLM. 

 

 

 

 

Figure 3-3. Schematic illustration of the lines of a MO source provided from a bubbler. When the 

MO source is used, the red (blue) valves are opened (closed). 
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3.3 Nanowire fabrication by selective-area MOVPE 

 

 The fabrication procedure of the substrates for the growth of vertical MnAs/InAs heterojunction 

NWs is as follows. First, SiO2 thin films were deposited on the GaAs (111)B substrates by plasma 

sputtering system (Shibaura Mechatronics Corporation, CFS-4EP-LL). The thickness of SiO2 thin 

films were estimated to be approximately 20 to 30 nm, which were measured by ellipsometry 

(ULVAC, ESM-1AT). After ultrasonic cleanings in acetone, ethanol, and ultrapure water for 5 

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

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

they were cooled to room temperature to prevent from surface cracks of the resist by a heat 

contraction. The EB lithography system (JEOL, JBX-6300SF) using a ZrO/W field emitter with 

an accelerating voltage of 100 kV is used for making periodical hexagonal opening patterns in 

the EB resist. Afeter EB exposure, the substrates are developed with ZED-N50 solution for 90 

sec, and rinsed with isopropanol solution for 60 sec. The substrates are then post-baked at 140 °C 

for 10 min and cooled at room temperature. Next, SiO2 thin films within the periodical hexagonal 

opening formed in the EB resist were etched by reactive dry etching with CF4, and the EB resist 

films are removed by methyl-ethyl-ketone (MEK). Before loading samples to the reactor, the 

substrates are cleaned with organic solvents in an ultrasonic bath, and the native oxide on the 

surface of the substrates are removed by alkali solution (Furuuchi Chemical, Semico Clean 23) 

for 10 min in an ultrasonic bath. 

 

 

 

3.4 Lateral nanowire sample fabrication 

 

 The fabrication process of the lateral NW samples for the magnetization and magnetotransport 

characterizations of single NWs is as follows. First, the vertical free-standing NWs were detached 

from the GaAs (111)B substrates mechanically by ultrasonic vibration in isopropanol solution, 

and deposited on SiO2/Si substrates. Before the deposition, metallic markers were formed on the 

SiO2/Si substrates in order to determine the position of the NWs laid on SiO2/Si substrates. 

Electrical contacts for the magnetotransport measurements were prepared on single NWs using 

electron-beam lithography followed by thermal evaporation of Ti/Au or Ti/Pd/Au thin layers. Just 
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before the metal evaporation, the electrical contact areas of NWs were treated with Semico Crean 

23 solution or argon milling to etch off the native oxide on the NW surface. 

 

 

 

3.5 Characterization 

3.5.1 Scanning electron microscopy 

 

 Structural characterization of vertical free-standing NWs was carried out by secondary electron 

imaging by scanning electron microscopy (SEM) using Hitachi SU 8010. The accelerating 

voltage of 3 or 30 kV is mostly used in this study. The SEM system consists of an electron column 

with an electron source, condenser lenses, apertures, scanning coils, an objective lens and a 

specimen chamber. The column is kept at a high vacuum to prevent from an electrical discharge, 

to extend the lifetime of the electron gun, and to reduce undesirable collisions between electrons 

and air molecules. For the structural characterization of the lateral NW samples, the backscattered 

electron (BSE) imaging by the SEM was used because it is much more effective to distinguish 

the MnAs NCs from the host InAs NWs in and on the heterojunction NWs. The BSE imaging is 

sensitive to solid compositions of the observed materials since the BSE emission increases with 

increasing mean atomic number of materials [4]. The accelerating voltage of the electron beam 

was set to 1 kV for the BSE imaging in this study. 

 

 

3.5.2 Magnetic force microscopy 

 

 We used magnetic force microscopy (MFM) combined with atomic force microscopy (AFM) in 

a Nanoscope IIIa system, Digital Instruments, mainly in the conventional phase detection (PD) 

mode of the system at room temperature and without any application of external magnetic fields, 

B, during the observations. Before the MFM observations using a high-resolution-type MFM tip 

of Si coated with Co/Cr alloy materials (Bruker MESP-HR10), B of 2 to 5.7 kG was applied to 

the lateral NW samples using a conventional stand-alone electromagnet. The coercivity of the 

MFM tip is 950 Oe according to the specification sheet published by Bruker AXS. To ensure that 
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we did not detect structural responses but magnetic ones from the MnAs NCs in the lateral NW 

samples, additional MFM observations were carried out using an MFM tip magnetized in the 

opposite direction or using amplitude detection (AD) mode of the MFM system. In the AD mode 

measurements, the resonance curve of the MFM cantilever is shifted when it is affected by stray 

magnetic fields. At the same time, the amplitude change of the MFM cantilever is detected at the 

point of drive frequency, which is set to be lower or higher than the resonance frequency of a free-

vibrating MFM cantilever. The change in the MFM tip magnetization direction in the PD mode 

and the change in drive frequency in the AD mode give the reverse contrast of the magnetized 

regions in MFM images. We utilize the tapping mode in all MFM observations in this study. 

 

 

3.5.3 Transport measurement system 

 

 For the magnetotransport characterizations of single undoped-InAs and MnAs/InAs 

heterojunction NWs in the lateral NW samples, we used the measurement system at Institute of 

Experimental Physics I, Justus Liebig University, Giessen, Germany [5]. It consists of an Oxford 

VTI-cryostat embedded in a superconducting magnet system yielding external magnetic fields up 

to 10 T. The sample was cooled with liquid helium, and the sample temperature can be adjusted 

between 1.6 and 280 K. 
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Chapter 4 

Growth of Ferromagnetic MnAs/Semiconducting InAs 

Heterojunction Nanowires 

 
 

 

 The purpose of this chapter is to synthesize vertical ferromagnetic MnAs/semiconducting InAs 

heterojunction nanowires by combining the catalyst-free selective-area metal-organic vapor phase 

epitaxy of InAs nanowires and the endotaxial nanoclustering of MnAs. We report on a possible 

growth mechanism of MnAs nanoclusters in the vertical MnAs/InAs heterojunction nanowires 

on the basis of detailed structural characterization and growth condition dependence results. Size 

and shape of MnAs nanoclusters can be controlled by the growth temperature and time. The 

nanowire length and the surface migration length of manganese adatoms on the nanowires, which 

is estimated to be 600 nm at 580 oC, are the keys to the successful fabrication of vertical 

MnAs/InAs heterojunction nanowires with atomically abrupt heterointerfaces. The nanowire 

length and the surface migrations length are controlled by the distances between nanowires, or 

the period, and the growth temperature of MnAs nanoclusters, respectively. (This chapter is 

described mainly based on our previous studies [1, 2].) 

 

 

 

4.1 Introduction 

 

 Vertical free-standing semiconducting nanowires (NWs) have recently been demonstrating 

extraordinary versatility and extremely high possibility for use in potential applications to next-

generation electronic, photonic, sensing, and spintronic devices [3-15]. In recent semiconductor 

nanospintronic research fields, activities to achieve the heteroepitaxy of ferromagnetic layers and 

III-V compound semiconductors have attracted a great deal of attention owing to possible 

additional functionalities that have been added to current semiconducting devices and integrated 

circuits. Among these approaches, granular hybrid structures in which ferromagnetic nanoclusters 
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(NCs) are embedded into semiconductor layers are one of the most attractive candidate materials 

for future nanospintronic devices because they have been reported to have huge 

magnetoresistance effects and a relatively long spin-relaxation time [16-18]. We have, therefore, 

developed hybridization techniques of ferromagnetic MnAs NCs [19] on vertical free-standing 

semiconducting NW templates grown by our catalyst-free selective-area metal-organic vapor 

phase epitaxy (SA-MOVPE) technique [20, 21] in the research fields of semiconductor 

nanospintronics, and reported on the formation and characterizations of MnAs NC/GaAs hybrid 

NWs [22, 23]. However, we realized that it is still difficult to form vertical heterojunction NWs 

between ferromagnetic MnAs and semiconducting GaAs layers, which would enable us to inject 

spin-polarized carriers and currents into semiconducting NW channels. It is also difficult to 

control the crystal orientation of MnAs NCs in a <111>B-oriented GaAs NW templates [22, 23] 

and to obtain atomically abrupt heterointerfaces between MnAs and GaAs even when using our 

hybridization techniques. On the other hand, we observed that MnAs NCs were grown much 

deeper into InAs NW templates and that the crystal orientation of MnAs NCs could be well-

controlled in the InAs NWs [24]. These results indicate that the possibility of formation of vertical 

MnAs/InAs heterojunction NWs and the controllability of magnetizations of MnAs NCs in the 

vertical heterojunction NWs, which are advantage to create nanospintronic devices using vertical 

semiconducting NWs. Thus, we believe that the combination of a magnetic tunnel junction 

electrode and vertical ferromagnetic MnAs/semiconducting InAs heterojunction NWs with 

atomically abrupt heterointerfaces [25] could overcome major obstacles of conductance mismatch 

and poor controllability in the heterointerface formation in the current spin transistors [26]. In 

addition, the {111}B-oriented semiconducting NW channels possibly have a great advantage for 

enhancing spin lifetime in the channels of spin transistors [27]. 

 

 Therefore, we report on the synthesis of high-quality vertical ferromagnetic 

MnAs/semiconducting InAs heterojunction NWs with atomically abrupt heterointerfaces 

utilizing the so-called endotaxy of MnAs NCs after the SA-MOVPE of InAs NW templates. A 

possible mechanism of the formation of single-crystal MnAs NCs was discussed on the basis of 

the detailed dependences of the MnAs NC formation on growth conditions and structural 

characterizations.  
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4.2 Experimental procedure 

 

 We used InAs NW arrays as a template, which were fabricated heteroepitaxially on GaAs (111)B 

substrates by utilizing the SA-MOVPE process, for creating high-quality vertical ferromagnetic 

MnAs NC/semiconducting InAs heterojunction NWs. First, we prepared the initial circular 

openings, which were arranged and defined in SiO2 thin films by electron beam lithography. There 

were typically two types of the observed diameter d0 of the initial circular openings: one was 

approximately 80 to 90 nm and the other was approximately 110 to 140 nm. The distances 

between the initial circular openings or the periods a were 0.5, 1.0, and 3.0 m on the substrates. 

The SiO2 thin films, whose typical thicknesses were estimated to be approximately 20 to 30 nm, 

were deposited on GaAs (111)B wafers by plasma sputtering. The growth temperature Tg and the 

growth time t for InAs NWs were 580 oC and 30 min, respectively. Conventional organometallic 

and hydride sources, such as (CH3)3In and 20%-AsH3 diluted in H2, were used as the group III 

sources for the former and group V sources for the latter in all the growth experiments. The 

estimated partial pressures of (CH3)3In [28] and 20%-AsH3 diluted in H2 were 4.9 x 10-7 and 1.3 

x 10-4 atm, respectively, for the SA-MOVPE of undoped InAs NW templates. We utilized the 

phenomenon of the “endotaxy” of MnAs in InAs for MnAs NC growth after InAs NW growth. 

Endotaxy is associated with a diffusion process that leads to the redistribution of substances, i.e., 

MnAs NCs in host crystals, InAs NWs in the current work, and the formation of new stable phases. 

This is the key technique for forming ferromagnetic MnAs NCs “into” semiconducting NWs 

grown by SA-MOVPE. During the endotaxial growth of MnAs NCs into the host InAs NW 

templates, we only supplied the organometallic source of (CH3C5H4)2Mn diluted in H2. The 

growth temperatures Tg for the MnAs NCs were changed from 400 to 580 oC, and their growth 

times t were changed from 1 to 5 min. The estimated partial pressure of (CH3C5H4)2Mn was 3.0 

x 10-6 atm. During the decrease in temperature during the purging process after MnAs NC growth, 

20%-AsH3 diluted in H2 was supplied. Structural characterizations in terms of the size and 

position of MnAs NCs and InAs NW templates were carried out by scanning electron microscopy 

(SEM). Transmission electron microscopy (TEM) was also used for obtaining lattice images of 

NCs and NWs, and we conducted detailed structural characterizations, such as the analyses of 

crystal structures and solid compositions of the NCs and NWs, by electron-beam diffraction (ED) 

and energy dispersive X-ray (EDX) spectroscopy in combination with TEM, using an electron 

beam with a spot diameter of about 1 nm.  
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4.3 Results and discussion 

4.3.1 Structural characterizations 

 We first grew a template structure of InAs NW arrays on GaAs (111)B substrates by SA-MOVPE 

to fabricate vertical ferromagnetic MnAs NC/semiconducting InAs heterojunction NWs. Figure 

4-1(a) shows a typical bird’s-eye view obtained by SEM of the template structure of InAs NW 

arrays before the endotaxy of MnAs NCs. The period of InAs NWs, a, in Figure 4-1(a) was 1.0 

m. The diameter of the InAs NWs was estimated to be approximately 150 nm and their height 

was estimated to be approximately 1.5 m, when we used the initial circular openings with the 

diameters, d0, of 110 to 140 nm in the SiO2 thin films. We observed InAs NWs typically with a 

diameter of approximately 120 nm for the initial circular openings with the d0 values of 80 to 90 

nm from rough estimates. The inset in Figure 4-1(a) is a highly magnified top view SEM image 

of the InAs NWs. We observed that InAs NWs with a hexagonal prismatic shape were surrounded 

by six {0-11} crystal facets and grew in the <111>B direction on GaAs (111)B substrates. The 

tops of the NWs revealed that flat {111}B crystal facets surrounded by tilted {-1-10} ones were 

formed. Figure 4-1(b) shows typical vertical MnAs/InAs heterojunction NWs grown at 580 oC 

for 1 min. The NCs were formed on the top {111}B crystal facets of the InAs NWs, and we also 

observed that some additional NCs were formed around the middle parts of the NWs. 

 

 

 

 

 

Figure 4-1. Bird’s-eye view SEM images of typical (a) host InAs NW array template before the 

synthesis of MnAs NCs and (b) MnAs/InAs heterojunction NWs. Inset of (a) is a top view SEM 

image of crystal facets typically formed on top of host InAs NWs. 
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 We next conducted structural characterizations by TEM for comparably similar heterojunction 

NWs to carefully investigate structural characteristics of the MnAs/InAs heterojunction NWs 

shown in Figure 4-1(b). Figures 4-2(a) and 4-2(b) show highly magnified cross-sectional bright-

field TEM images of MnAs NCs that were formed in the middle and on the top {111}B crystal 

facets of the host InAs NWs, respectively. The width and height of the NC in Figure 4-2(a) were 

estimated to be approximately 85 nm for the former and 55 nm for the latter, and those in Figure 

4-2(b) were estimated to be approximately 72 nm for the former and 54 nm for the latter. We 

confirmed from TEM measurement results that rotational twin defects were randomly formed in 

the InAs NWs, and that no dislocations or defects, on the other hand, were observed in the MnAs 

NCs. We conducted EDX spectroscopy of the MnAs NCs formed in the middle and on the top 

{111}B crystal facets of NWs in addition to the cross-sectional TEM observations, as shown in 

Figures 4-2(c) and 4-2(d), respectively. The atomic compositions of NCs and NWs in terms of 

three elements, i.e., arsenic, indium, and manganese, were estimated from the line profiles 

obtained by EDX spectroscopy. We eliminated possible external contamination by chemicals (or 

atoms), such as carbon, oxygen, and silicon, which were possibly introduced during the sample 

preparation processes and from the materials of the sample holders used for the TEM observations 

to precisely examine the solid compositions of NCs and NWs. The solid compositions (atomic 

compositions in %) of arsenic, indium, and manganese elements were estimated to correspond to 

approximately 52, 1, and 47% in the regions of the NC in Figure 4-2(c). We also concluded that 

the MnAs NCs that were formed on the top {111}B crystal facets of the host InAs NWs had 

similar solid compositions, i.e., they corresponded to approximately 51, 0, and 49% of arsenic, 

indium, and manganese elements, as shown in Figure 4-2(d). Figures 4-2(e) and 4-2(f) show the 

ED pattern of the MnAs NC and a lattice image around the interface between the NW and the NC 

that were formed in the middle of NW, respectively. The ED pattern in Figure 4-2(e) revealed that 

the MnAs NC had a hexagonal NiAs-type crystal structure. The host InAs NWs, on the other 

hand, had a zinc-blende-type (ZB-type) crystal structure. The c-axes, i.e., the <0001> directions, 

of the NiAs-type MnAs NCs were approximately parallel to the <111>B directions of the host 

ZB-type InAs NWs. We confirmed that atomically abrupt heterointerfaces between MnAs NCs 

and InAs NWs were formed, as shown in Figure 4-2(f). Similar results in terms of the 

heterointerfaces were obtained for the NCs formed on the top {111}B crystal facets of NWs. We 

concluded from these results of structural characterization that the vertical MnAs/InAs 
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heterojunction NWs with the atomically abrupt heterointerfaces were successfully formed by 

utilizing the endotaxy of MnAs NCs at the Tg of 580 oC. 

 

 

 

 

 

Figure 4-2. Cross-sectional TEM images of ferromagnetic MnAs NCs formed (a) in the middle 

and (b) on the top {111}B crystal facet of semiconducting InAs NWs. MnAs NCs were grown at 

580 oC for 1 min. Cross-sectional TEM images with corresponding line profile obtained by EDX 

spectroscopy for (c) middle and (d) top of NW. The percentages of arsenic, indium, and manganese 

elements were estimated by eliminating possible external contamination by chemicals (or atoms), 

such as carbon, oxygen, and silicon, which were possibly introduced during sample preparation 

processes and from materials of sample holders used for TEM observations. (e) Electron-beam 

diffraction pattern for MnAs NCs showing MnAs NCs with hexagonal NiAs-type crystal structure. 

(f) Lattice image of atomically abrupt heterointerface between InAs and MnAs layers that were 

formed in the middle of NW.  
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 We also observed the endotaxial phenomenon of MnAs nanoclustering in the case of the MnAs 

NCs grown at 490 oC for 1 min, which was first reported in our previous paper [24]. The detailed 

TEM observations, ED measurements, and EDX spectroscopy in the current study revealed that 

the MnAs NCs were not only formed similarly on the top {111}B crystal facets of the host InAs 

NWs, but also grew partially into the NWs from the {0-11} sidewall crystal facets and/or six 

ridges between them (i.e., the MnAs NCs did not completely penetrate the NWs to form 

heterointerfaces within the cross-sectional NW areas), as shown in Figures 4-3(a) and 4-3(b). In 

the case of the NCs grown at 490 oC, some of the c-axes of MnAs NCs were not parallel to the 

<111>B directions of InAs NWs, as shown in Figure 4-3(b). We observed that the hexagonal 

 

 

 

 

 

Figure 4-3. (a) Highly magnified cross-sectional TEM image of middle of vertical MnAs/InAs 

hybrid NWs in which MnAs NCs were grown at 490 oC for 1 min. (b) Lattice image for one of 

the MnAs NCs formed in the middle of the host InAs NW. Line profiles obtained by EDX 

spectroscopy for (c) middle and (d) top parts of the MnAs/InAs hybrid NW. The percentages of 

arsenic, indium, and manganese elements were estimated by eliminating possible external 

contamination by chemicals (or atoms), such as carbon, oxygen, and silicon.  
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truncated pyramidal shapes of the NCs formed on the top of host InAs NWs were rotated by 30o 

against the host NW hexagonal prisms. This was consistent with the results of our previous study 

[24]. We found that the MnAs NCs grown at 490 oC for 1 min, which were mainly composed of 

arsenic and manganese elements, had a hexagonal NiAs-type crystal structure, similarly to the 

NCs in Figure 4-2. However, in the MnAs NCs grown at 490 oC, small amounts of the indium 

element were observed even in the MnAs NC regions, as shown in Figures 4-3(c) and 4-3(d). This 

observation suggests two possibilities. One is that the indium elements of the InAs NWs behind 

the MnAs NCs were possibly detected in the NCs formed in the middle because the MnAs NCs 

did not completely penetrate the InAs NWs. The other is that InMnAs was grown during the 

synthesis of MnAs NCs. Neither of the possibilities can still be excluded in the current work. 

 

 

 

4.3.2 Growth condition dependences and growth mechanism of MnAs 

nanoclusters 

 

 Some researchers have reported on the endotaxial nanoclustering of MnP in GaP(001) substrates 

[29]. The large diffusion coefficients of the interfacial diffusion of manganese atoms during the 

endotaxy of MnP in the GaP substrates are discussed in this article. The endotaxial depth of MnP 

NCs in the GaP substrates increased with increasing Tg for the MnP growth. We roughly estimated 

the depths of endotaxial MnAs nanoclustering, d, and the diffusion coefficients of manganese 

atoms, D = d2/4t, from the TEM images of two types of NWs in which MnAs NCs were grown at 

490 and 580 oC for 1 min. For the NWs with MnAs NCs grown at 490 oC, d and D were estimated 

to be 46 nm and 9 nm2 s-1, respectively. For the NWs with MnAs NCs grown at 580 oC, on the 

other hand, d and D were 83 nm and 28 nm2 s-1, respectively. The d and D increased with 

increasing Tg for MnAs NCs. Therefore, it was consistent with the experimental results reported 

previously [29]. In addition, the results suggest that the growth mechanism of the MnP/GaP 

system was similar to that proposed by W. Braun et al. for the growth of a MnSb film on GaSb 

[30]. The gallium atoms at the MnP/GaP interface were replaced by manganese atoms and 

diffused to the surface, and then such out-diffused gallium atoms combined with phosphorus 

atoms, which are present at the surface during the growth of MnP NCs. The substitution reaction 

from gallium to manganese atoms at the MnP/GaP interface is reasonable, because the standard 
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enthalpies for the formation reactions of the elements, ∆Hf, at 900 K (approximately 630 oC) for 

MnP and GaP binary compounds are -115.564 and -109.086 kJ mol-1, respectively as summarized 

in Table 4-1 [31], although N. Nateghi et al. did not discuss ∆Hf in their report [29]. However, it 

is somewhat difficult to expect the substitution reaction from indium to manganese atoms in our 

system, because ∆Hf at 800 K (approximately 530 oC) for MnAs and InAs are -45.766 and -64.622 

kJ mol-1, respectively [31]. This suggests that other growth mechanisms worked in our MnAs 

NC/InAs NW system. In addition, the tendency for MnAs NCs to grow much deeper into the InAs 

NWs compared to the GaAs NWs [28] can be explained by the different ∆Hf between InAs and 

GaAs because ∆Hf of GaAs is lower than ∆Hf of InAs as summarized in Table 4-1 [31]. 

 

 We observed that the total volume of MnAs NCs in one InAs NW increased with increasing Tg. 

The increase in the total volume of MnAs NCs was roughly estimated from the obtained TEM 

images to be approximately 140 % by changing the Tg from 490 to 580 oC. In addition, the TEM 

and SEM measurement results revealed that the host InAs NW diameters in the vicinities of MnAs 

NCs tended to slightly and gradually decrease after the MnAs NC growth, compared with those 

around the middle of the NWs away from the MnAs NCs, as shown in Figures 4-2(a) and 4-3(b). 

Bending of NW sidewalls was observed in the vicinities of NCs. Here, we defined the bending 

angles of NW sidewalls, θ, and the θ values for the NCs grown at 580 and 490 oC were defined 

as θ580 and θ490, respectively, as shown in Figures 4-2(a) and 4-3(b). We confirmed that θ580 was 

much shallower than θ490, as estimated in Figures 4-2(a) and 4-3(b). It is reasonable because the 

desorption rate of indium and arsenic atoms should increase with increasing Tg. The indium and 

arsenic atoms in the host InAs NWs are easily desorbed during the endotaxy of MnAs NCs 

Table 4-1. The standard enthalpies for the formation reactions of the elements ∆Hf (kJ mol-1) for 

MnP, GaP, MnAs, InAs, and GaAs at 700, 800, and 900 (K) [31]. 

 

 MnP GaP MnAs InAs GaAs 

700 K -114.728 -108.678 -47.094 -64.088 -81.582 

800 K -115.101 -108.909 -45.766 -64.622 -82.011 

900 K -115.564 -109.086 -44.523 -65.123 -82.430 
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because only (CH3C5H4)2Mn and H2 are supplied. When we supplied only H2 at 490 oC for 1 min 

immediately after the growth of the InAs NW templates grown at 580 oC for 30 min, we actually 

observed the decrease in NW height after the H2 treatment. Figure 4-4(a) and 4-4(b) show bird’s-

eye view SEM images of the InAs NW templates and the InAs NWs after the H2 treatment. The 

decrease in NW height was estimated to be approximately 70 %. A slight and negligible decrease 

in NW diameter was also observed. Therefore, we clearly observed that the indium and arsenic 

atoms were markedly desorbed from the host InAs NWs under the current synthesis conditions 

for MnAs NCs. Figure 4-5(a) shows the dependences of MnAs NC formation on the period a of 

the host InAs NWs. The MnAs NCs were grown at 580 oC for 1 min in all the experiments. The 

average height of the host InAs NWs and vertical MnAs/InAs heterojunction NWs were estimated 

using 30 randomly chosen NWs observed in the SEM images. The decreases in NW height after 

the endotaxy of MnAs NCs were estimated to be approximately 30% at least. In addition, the 

differences in NW height between before and after the endotaxy of MnAs NCs were almost 

constant (approximately 30% at least) for all the periods a of 3.0, 1.0, and 0.5 m, i.e., no 

significant dependence of the decreases on the periods a was observed. These results clearly 

indicated that the incorporation of manganese atoms, which reacted with arsenic atoms in the host 

InAs NWs, suppressed the desorption of arsenic and/or indium atoms from the host NWs. 

Therefore, it was highly possible that the decreases in the NW height were mainly caused by the 

desorption of indium and arsenic atoms from the host InAs NWs during the endotaxy of MnAs 

 

 

 

 

Figure 4-4. Bird’s-eye view SEM images of (a) the InAs NW templates and (b) the InAs NWs 

after the H2 treatment where we supplied only H2 at 490 oC for 1 min immediately after the growth 

of the InAs NW templates grown at 580 oC for 30 min. 
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NCs. The results suggest that the desorption of indium and arsenic atoms from the host InAs NWs 

was a major trigger of the synthesis of MnAs NCs in the InAs NWs. Some of the desorbed arsenic 

atoms were incorporated into the solid phase after the chemical reactions with the supplied 

manganese atoms from the vapor phase. That resulted in the nucleation of MnAs on the NW 

surface. The synthesis of MnAs NCs proceeded “into” the host InAs NWs from the nuclei because 

of the following reasons. One is that the arsenic atoms in the host InAs NWs were consumed for 

the MnAs NC formation. Another reason is that the D of manganese atoms in the {111}B plane 

was possibly larger than those in other planes since we observed that the crystal facets of the NCs 

and the MnAs/InAs heterointerfaces parallel to the InAs{111}B plane were quite flat and abrupt 

compared with the other facets. Moreover, the penetration depth from the NW sides for almost 

all of the NCs was larger than these height in the <111>B direction of InAs NWs. 

 

 The insets in Figure 4-5(a) show that the host InAs NW height itself and the number of MnAs 

NCs formed in one NW decreased with the decreasing period a of the NWs. The decrease in NW 

height was possibly caused by the change in the amount of the indium source supplied per NW. 

The amount of indium source supplied per NW decreased with decreasing a because the surface 

migration length of indium atoms on the substrates was sufficiently larger than a. This resulted in 

the decrease in host InAs NW height at a relatively small a. This decrease in NW height led to 

the decrease in the number of NCs. The supplied manganese atoms were first adsorbed physically 

on the InAs NW surfaces after the diffusion from the vapor phase and then migrated on the 

surfaces. The manganese adatoms reached one of the possible chemical adsorption sites, where 

the indium and arsenic atoms presumably desorbed, and were then adsorbed chemically at vacant 

sites after indium and arsenic atoms had desorbed from the host InAs NWs. In the case of a small 

a, more of the manganese adatoms possibly reached one certain site because the surface migration 

length was sufficiently larger than the NW height. Therefore, the smaller the height of NWs, the 

fewer NCs were formed. In the case of a large a, on the other hand, the height of the host InAs 

NWs increased. A smaller number of manganese adatoms possibly reached one certain site 

because the surface migration length was not sufficiently larger than the NW height. This resulted 

in the growth of a large number of MnAs NCs in relatively long NWs. The inset in Figure 4-5(b) 

shows a typical bird’s-eye view SEM image of the vertical MnAs/InAs heterojunction NWs, in 

which several NCs were formed in the middle of NWs depending on the NW height. The MnAs 
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NCs were grown at 580 oC for 1 min. The NWs had a diameter of approximately 80 nm. We 

estimated the average heights of NWs as a function of the number of NCs formed in the middle 

of NWs from SEM images. As shown in Figure 4-5(b), the average height of NWs increased with 

increasing number of NCs. This suggests that the number of NCs was strongly affected by NW 

height and the surface migration length of manganese adatoms on the NW surface. 

 

 We next investigated the Tg dependences for the endotaxy of MnAs NCs. We measured the width 

of NCs formed on the top {111}B crystal facets, Wtop, and the vertical distance between the NCs, 

Dc, to carefully examine NC formation in and on the NWs for the NWs in which MnAs NCs were 

grown at 490, 540, and 580 oC. Figure 4-5(c) summarizes the Tg dependences of average Wtop and 

Dc, which were estimated from 100 randomly chosen NWs observed in the SEM images, as shown 

in Figures 4-6(a) to 4-6(c). The inset in Figure 4-5(c) is a schematic that illustrates the definitions 

 

 

 

 

Figure 4-5. (a) Average height of host InAs NWs and vertical MnAs/InAs heterojunction NWs 

were estimated using 30 randomly chosen NWs observed in SEM images. They are plotted as a 

function of the host InAs NW periods a. Insets show bird’s-eye view SEM images of vertical 

MnAs/InAs heterojunction NWs with a values of 0.5, 1.0, and 3.0 m, in order from left to right. 

MnAs NCs were grown at 580 oC for 1 min by utilizing endotaxy. (b) The average height of NWs 

was estimated using 100 randomly chosen NWs observed in SEM images. They are plotted as a 

function of the number of MnAs NCs formed in the middle of NWs. Inset shows a bird’s-eye view 

SEM image of vertical heterojunction NWs, which had MnAs NCs grown at 580 oC for 1 min. (c) 

The average size of MnAs NCs formed on top {111}B crystal facets of host InAs NWs, Wtop, and 

the distance between MnAs NCs, Dc, were estimated using 100 randomly chosen NWs. They are 

plotted as a function of growth temperatures Tg of NCs and are defined in the inset. 
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of Wtop and Dc. Both Wtop and Dc markedly increased with increasing Tg, as plotted in Figure 4-

5(c). It was difficult to estimate Dc for the MnAs NCs grown at 400 oC for 1 min in the host InAs 

NWs because the NCs formed too closely to one another to identify as shown in Figure 4-6(d). 

However, we observed a tendency consistent with that observed in Figures 4-5(c). These 

experimental results suggest that the surface migration length of manganese adatoms on the 

sidewalls of the host InAs NWs is one of the key factors for the endotaxial formation of MnAs 

NCs. The larger the surface migration length became at higher Tg values, the larger the number 

of manganese adatoms that possibly reached one certain site. In addition, the desorption rates of 

indium and arsenic atoms and the D of manganese atoms increased at higher Tg values. These 

phenomena led to the increase in the size of NCs at a certain site and the decrease in the number 

of NCs. However, when the surface migration length decreased at lower Tg values, a small number 

of manganese adatoms possibly reached one certain site. The manganese adatoms in this case 

were possibly incorporated into other different sites within the range of their surface migration 

lengths. The desorption became less active and D became smaller at lower Tg values. As a result, 

it led to the decrease in the size of NCs and the increase in their number. Thus, the size and number 

of NCs were changed by Tg which affected the surface migration length of manganese adatoms, 

 

 

 

 

Figure 4-6. Bird’s-eye view SEM images of vertical MnAs/InAs hybrid and heterojunction NWs 

in which MnAs NCs were grown at (a) 580, (b) 540, (c) 490, and (d) 400 oC for 1 min. Insets in 

(a) to (c) are schematics in which MnAs NCs are indicated by dark gray dots in and on bright gray 

InAs NWs. It was highly possible that the host InAs NWs in (d) was already lower than the other 

NWs in (a) to (c) before the NC formation. It was difficult to estimate the vertical distance between 

the MnAs NCs, Dc, for the NCs grown at 400 oC for 1 min in the host InAs NWs because the NCs 

formed too closely to one another to identify. However, we observed a tendency consistent with 

that obtained in Figure 4-5(c). 
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the desorption rate of indium and arsenic atoms, and the D of manganese atoms. The average 

height of NWs, at which no NC was formed in the middle, and the Dc obtained for the NCs grown 

at 580 oC were both approximately 600 nm, as shown in Figures 4-5(b) and 4-5(c). It was therefore 

possible for the surface migration length of manganese adatoms at a Tg of 580 oC to be roughly 

estimated from these results to be at least 600 nm. We concluded from these results that the period 

a of the host InAs NWs and Tg of MnAs NCs are the main factors for MnAs NC formation. At 

higher Tg values such as 580 oC, MnAs NCs penetrated the host InAs NWs with atomically abrupt 

heterointerfaces, as shown in Figure 4-2. Although the possibilities of the surface segregation of 

MnAs NCs and/or the merging among several NCs, which were reported elsewhere for a 

different-materials system [32], are not excluded, they might be low in the current study because 

no dislocations nor defects were observed in the MnAs NCs and because atomically abrupt 

heterointerfaces were formed between MnAs and InAs. Since rotational twin defects were 

randomly and densely formed in the host InAs NWs, there are supposed to be a large number of 

relatively unstable InAs bonds at the edges of atomic steps owing to the twin defects. These 

unstable InAs bonds at the edges can be the first sites for the nucleation of MnAs because the 

indium and arsenic atoms are easily desorbed there. Therefore, the difference between the 

densities of the twin defects might determine where the NCs are formed in the host NWs, although 

further experiments are required before we can conclude. 

 

 Finally, we investigated the growth times, t, dependences of MnAs NCs in the vertical 

MnAs/InAs heterojunction NWs, which successfully supported the possible growth mechanism 

of MnAs NCs suggested above. Figures 4-7(a) to 4-7(c) show bird’s-eye view SEM images of 

the heterojunction NWs, in which MnAs NCs were grown at 580 oC for 1, 2, and 5 min, 

respectively. In all the cases, MnAs NCs were formed on the top {111}B crystal facets and around 

the middle part of the host InAs NWs. Here, they are referred to as “top NCs” for the former and 

as “middle NCs” for the latter, as shown in Figure 4-7(a). The middle NCs completely penetrated 

the host InAs NWs with atomically-abrupt heterointerfaces between MnAs NCs and InAs NWs, 

and separated the host InAs NWs into upper and lower parts. Here, these upper and lower parts 

of InAs NWs are referred to as NWup and NWlow, respectively, as shown in Figure 4-7(a). We 

observed from SEM images that the size of MnAs NCs increased with increasing t, while NWup 

tended to be thinner and shorter than NWlow. The average height and width of both top and middle 
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NCs were estimated from 100 randomly chosen NWs observed in the SEM images. The average 

height and width of top NCs are defined here as Htop and Wtop, and those of middle NCs are Hmid 

and Wmid, respectively. Figure 4-7(d) is a schematic that illustrates their definitions. We measured 

 

 

 

 

Figure 4-7. Bird’s-eye view SEM images of vertical MnAs/InAs heterojunction NWs, in which 

MnAs NCs were grown at 580 oC for (a) 1, (b) 2, and (c) 5 min, respectively. (d) Schematic 

illustration for the definition of parameters used in Figures 4-7(e) and 4-7(f), Htop, Hmid, Wtop, Wmid, 

Lup, Llow, Dup, and Dlow. (e) Average height and width of MnAs NCs were estimated using 100 

randomly chosen heterojunction NWs observed in SEM images. The average height and width of 

top NCs are defined as Htop and Wtop, and those of middle NCs are Hmid and Wmid, respectively. 

They are plotted as a function of the growth time, t, of MnAs NCs. (f) Average length and diameter 

of InAs NWs were estimated using 100 randomly chosen heterojunction NWs observed in SEM 

images. The average length and diameter of an upper part of InAs NWs, NWup, are defined as Lup 

and Dup, and those of a lower part of NWs, NWlow, are Llow and Dlow, respectively. The Dup, Dlow, 

and the percentage of Lup to the whole length of InAs NWs, i.e., Lup + Llow, are plotted as a function 

of the t of MnAs NCs. © 2017 The Japan Society of Applied Physics [2].  
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the maximum width at the middle parts of the NCs as Wtop and Wmid. All the average height and 

width increased with increasing t, as plotted in Figure 4-7(e). Among them, we observed that Hmid 

drastically increased with increasing t. The average length and diameter of the NWup and NWlow 

were also estimated from 100 randomly chosen NWs observed in the SEM images. The average 

length and diameter of NWup are defined as Lup and Dup, and those of NWlow are Llow and Dlow, 

respectively, as shown in Figure 4-7(d). We measured the diameter at the middle parts of the NWs 

as Dup and Dlow. In Figures 4-7(a) to 4-7(c), the SEM images were taken from the samples tilted 

by approximately 45o. Here, therefore, Htop and Hmid for the NCs and Lup and Llow for the NWs are 

the values corrected by the tilt angle of 45o for all the observations. Both Dup and Dlow decreased 

with increasing t, and Lup had also a tendency to decrease with increasing t compared to Llow, as 

plotted in Figure 4-7(f). These results suggest that arsenic atoms in the host InAs NWs were 

consumed as a source for the MnAs NC formation. This is consistent with the results as mentioned 

in the first part of this section. The middle NCs were located between NWup and NWlow, in which 

InAs NWs acted as an arsenic source for the NC growth because we only supplied the manganese 

source diluted in H2. The top NCs, on the other hand, have only one interface with NWup as an 

arsenic source. Therefore, the amount of arsenic supply for the middle NCs was larger than that 

for the top NCs. That resulted in the more drastic increase in Hmid compared to the other 

parameters, i.e., Htop, Wtop, and Wmid. At the same time, for NWup, the consumption of arsenic 

atoms occurs from both ends of the NWup because NWup was located between top and middle 

NCs. On the other hand, NWlow was consumed only by middle NCs. Thus, NWup tended to be 

thinner and shorter compared to NWlow with increasing t. In addition, it is highly possible that the 

consumption of arsenic atoms began at much earlier stage in NWup than NWlow as the top NCs 

were formed before the middle NCs. That resulted in the same tendency to be thinner and shorter 

in NWup than NWlow. In our previous studies, the dependences of InAs and indium-rich InGaAs 

NW height on V/III ratio have been reported [33, 34]. The NW height monotonically decreased 

with decreasing the partial pressure of AsH3. Furthermore, we actually observed that the height 

of InAs NWs significantly decreased compared to their diameter, when we supplied only H2 

immediately after the InAs NW growth as shown in Figure 4-4. These results suggested that the 

desorption of indium and arsenic atoms from the top {111}B crystal facet of NWs was enhanced 

by decreasing the partial pressure of AsH3. Thus, in this study, first, the supplied manganese atoms 

were incorporated with some of the arsenic atoms desorbed from the top {111}B crystal facets to 
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form top NCs on the {111}B crystal facet of NWs before middle NCs. During the NC growth, it 

was highly possible that arsenic and/or manganese atoms were desorbed to some extent even from 

MnAs NCs as well as InAs NWs because we supplied only manganese source diluted in H2. 

Therefore, that possibly led to the drastic increase in Hmid compared to Htop with increasing t, even 

though the top NCs were formed before the middle NCs. There was, in addition, a possibility that 

the desorption of arsenic and/or manganese atoms from the side-walls of middle NCs was larger 

than that from around the top and bottom heterointerfaces between middle NCs and InAs NWs 

because InAs NWs acting as an arsenic source for the NC growth were located on the top and 

bottom planes of middle NCs, i.e., the middle NCs were possibly elongated along the c-axis 

direction of NCs and the <111>B direction of NWs owing to the supply of arsenic atoms from the 

InAs NWs. That was a possible reason why the increase in Wmid was not as drastic as that in Hmid 

with increasing t. 

 

 

 

4.4 Conclusions 

 

 We reported on the synthesis and structural characterizations of vertical MnAs/InAs 

heterojunction NWs by combining the SA-MOVPE of InAs NWs and the endotaxial 

nanoclustering of MnAs NCs. The c-axes, i.e., the <0001> directions, of the hexagonal NiAs-type 

MnAs NCs were approximately parallel to the <111>B directions of the host ZB-type InAs NWs 

in the heterojunction NWs with the atomically abrupt heterointerfaces. The detailed growth 

condition dependences revealed that the parameters Tg and a are the key factors for the formation 

of MnAs NCs into InAs NWs. The diffusion coefficients of manganese atoms, D, the surface 

migration length of manganese adatoms on the host InAs NWs, and the desorption rates of indium 

and arsenic atoms in the NWs strongly depended on the growth temperature Tg, and NW height 

changed according to the period of the host InAs NWs, a. At a relatively low Tg of 490 oC, the D, 

surface migration length, and desorption rate decreased. This led to a relatively large number of 

small MnAs NCs, which were shallowly formed into the NWs from the {0-11} sidewalls. When 

Tg increased, on the other hand, the D, surface migration length, and desorption rate increased. 

This resulted in relatively large NCs that formed deeply into the host NWs and the decrease in 
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the number of NCs. At a Tg of 580 oC, the MnAs NCs penetrated the host InAs NWs. This 

phenomenon successfully led to the formation of vertical MnAs/InAs heterojunction NWs with 

atomically abrupt heterointerfaces between MnAs and InAs layers. The results of growth time t 

dependence also successfully supported the possible growth mechanism, which suggested that 

the arsenic atoms in the host InAs NWs were consumed for the MnAs NC formation. The size of 

MnAs NCs increased with increasing t of MnAs NCs. Among them, Hmid drastically increased 

compared to Htop, Wtop, and Wmid, and NWup tended to be thinner and shorter compared to NWlow 

with increasing t. Therefore, it would be possible to control the size and shape of MnAs NCs in 

vertical MnAs/InAs heterojunction NWs by changing the parameter t as well as Tg. We believe 

that our vertical MnAs/InAs heterojunction NWs in the current work have demonstrated new 

possibilities and versatility for creating future novel magneto-nanoelectronic or nanospintronic 

NW devices, e.g., spin-NW-transistors and spin-NW-light-emitting diodes, as was reported and 

discussed in our review paper [35]. 
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Chapter 5 

Magnetization Characterization of MnAs Nanoclusters 

in Heretojunction Nanowires 

 
 

 

 We report on the magnetization and magnetic domains of ferromagnetic MnAs nanoclusters in 

MnAs/InAs heterojunction nanowires on the basis of the structural and magnetic characterization 

results. MnAs nanoclusters have single magnetic domains, and their magnetization is normally 

oriented along one of the a-axes, i.e., the magnetic easy axes of hexagonal NiAs-type MnAs, 

which are parallel to an applied external magnetic field. We occasionally observe the MnAs 

nanocluster magnetized along the c-axis, i.e., the magnetic hard axis, due to a shape anisotropy 

and the MnAs nanocluster with small coercivity in a markedly bended heterojunction nanowire. 

(This chapter is described mainly based on our previous studies [1-3].) 

 

 

5.1 Introduction 

 

 Vertical semiconducting nanowires (NWs) are recently of great interest owing to their potential 

for applications in next-generation electronic, photonic, sensing, and spintronic devices [4-9]. For 

example, practical ways of integrating vertical surrounding gate field-effect transistors (FETs) 

using NWs to current integrated circuits based on CMOS technologies have been extensively 

demonstrated for future electronic industry using these NWs. In the nanospintronic research fields, 

heteroepitaxial structures between magnetic and III-V compound semiconducting materials have 

attracted much attention for future nanospintronic devices, such as spin-transistors [10-12]. We 

have developed a combined technique of catalyst-free selective-area metal-organic vapor phase 

epitaxy (SA-MOVPE) of vertical semiconducting InAs NWs and endotaxy of ferromagnetic 

MnAs nanoclusters (NCs) as described in Chapter 4 to create novel nanospintronic devices using 

vertical semiconducting NW channels, such as spin-NW-transistors. It is crucial to control the 

magnetization characteristics of MnAs NCs in the heterojunction NWs towards the creation of 
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NW spintronic devices, which are based on our vertical surrounding gate FET structures [6].  

 In this chapter, therefore, we report on the magnetization and magnetic domains of ferromagnetic 

MnAs NCs in MnAs/InAs heterojunction NW on the basis of the structural and magnetization 

characterization results obtained from scanning electron and magnetic force microscopies.  

 

 

5.2 Experimental procedure  

 

 Vertical MnAs/InAs heterojunction NWs were fabricated heteroepitaxially on GaAs (111)B 

substrates by the endotaxy of MnAs NCs following the SA-MOVPE of periodical InAs NW array 

templates. The detailed fabrication procedures and growth conditions were given and explained 

in Chapter 4. MnAs NCs were grown at 580 oC for 1 or 2 min in this study. Structural 

characterizations in terms of the size and shape of MnAs NCs and MnAs/InAs heterojunction 

NWs were carried out by secondary and backscattered electron (BSE) imaging using a scanning 

electron microscope, SU8010 system, Hitachi. For the magnetization and further structural 

characterizations of ferromagnetic MnAs NCs in MnAs/InAs heterojunction NWs, we used 

magnetic force microscopy (MFM) combined with atomic force microscopy (AFM) in a 

Nanoscope IIIa system, Digital Instruments, mainly in the conventional phase detection (PD) 

mode of the system at room temperature and without any application of external magnetic fields 

B during the observations. To ensure that magnetic responses from MnAs NCs were observed, 

we also conducted amplitude detection (AD) mode measurements in the MFM system. In the AD 

mode measurements, the resonance curve of the MFM cantilever is shifted when it is affected by 

stray magnetic fields from MnAs NCs. At the same time, the amplitude change of the MFM 

cantilever is detected at the point of drive frequency, which is set to be lower or higher than the 

resonance frequency of a free-vibrating MFM cantilever. The change in drive frequency gives the 

reversals in contrasts of the magnetized region in MFM images. For these observations, vertical 

MnAs/InAs heterojunction NWs were separated from GaAs (111)B substrates mechanically by 

ultrasonic vibration in isopropanol solution, and deposited on SiO2/Si substrates. Before the MFM 

observations using a high-resolution-type MFM tip of Si coated with Co/Cr alloy materials, 

Bruker MESP-HR10, B of 2 to 5.7 kG was applied to the heterojunction NWs laid on SiO2/Si 

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. 
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5.3 Results and discussion 

5.3.1 MnAs nanoclusters magnetized along a-axes 

 

 Figures 5-1(a) and 5-1(b) show a secondary electron image and corresponding MFM images 

with the PD mode of the MnAs/InAs heterojunction NWs laid on the SiO2/Si substrate, 

respectively. The MnAs NCs were grown at 580 oC for 1 min. It was quite difficult to examine 

the same heterojunction NW observed by transmission electron microscopy (TEM) in Chapter 4 

using MFM since a large number of NWs were formed at the same time on the same GaAs (111)B 

substrate with various types of SiO2-mask openings, i.e., different diameters of initial circular 

openings and distance between them. However, it was highly possible, as determined from the 

secondary electron image in Figure 5-1(a) and the structural characterization results shown in 

Chapter 4, that most of the MnAs NCs penetrated the host InAs NWs. It was likely in this case, 

therefore, that the c-axes of the hexagonal NiAs-type MnAs NCs were parallel to the <111>B 

direction of the host zinc-blende-type (ZB-type) InAs NW (i.e., the magnetic easy axes, i.e., a-

axes, of the NCs were perpendicular to the <111>B direction of the NW). MnAs NCs “I” and “II” 

had a marked single magnetic domain after application of B of 5.7 kG perpendicular to the 

substrate surface, as shown in Figure 5-1(b). Bright and dark contrasts were obtained in the 

regions of NCs I and II in the MFM images when the magnetized MFM tips detected repulsive 

and attractive forces from the stray magnetic fields from NCs in the heterojunction NW, 

respectively. For the NCs I and II, dark regions were observed at the center of the NC, and the 

bright regions were observed around the dark regions. It was revealed that the magnetized 

direction of the NCs I and II was possibly along one of the a-axes, which were presumably parallel 

to the applied B direction. To ensure that the detected dark and bright contrasts in the images were 

due to magnetic responses, we also conducted MFM measurements for the NCs I and II in the 

AD mode, as shown in Figures 5-1(c) to 5-1(f). The drive frequencies were set higher in Figures 

5-1(c) and 5-1(e), and lower in Figures 5-1(d) and 5-1(f) than the resonance frequency of a free-

vibrating MFM cantilever. It was revealed that changing the drive frequency resulted in reversal 

contrasts in the regions of NCs I and II, which showed magnetic responses from the NCs. 

Therefore, we concluded that MnAs NCs I and II had a marked single magnetic domain and the 

magnetized direction of the NCs I and II was possibly along one of the a-axes, which were 

presumably parallel to the applied B direction. Some articles, in addition, reported on the 
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magnetization and magnetic domain characterization results of MnAs NCs on conventional VLS-

grown semiconducting NWs using MFM imaging at room temperature. Both of the reported 

MnAs NCs, which were deposited on the side-walls of InAs NWs [13] and only on the top 

surfaces of GaAs NWs [9], had marked single magnetic domains and were magnetized 

perpendicular to the c-axis of hexagonal NiAs-type MnAs NCs. Therefore, the magnetization 

directions observed in Figure 5-1 were consistent with the results reported in the articles by D. G. 

Ramlan et al. [13] and J. Hubmann et al [9]. We have not determined the Curie temperature Tc of 

the MnAs NCs in InAs NWs. However, the hysteresis curves [14] and the increased Tc of 340 K 

[15] were observed for the comparable samples of NiAs-type MnAs NCs on InGaAs layers in our 

previous studies. Some researchers have reported on a single magnetic domain of MnAs that was 

epitaxially grown on GaAs NWs and observed the hysteresis curve of the MnAs and temperature-

dependent curves, which revealed the Tc of MnAs on GaAs NWs to be 313 K [9]. 

 

 

 

 

Figure 5-1. (a) A top view secondary electron image and (b) a corresponding MFM image of one 

of MnAs/InAs heterojunction NWs. The MFM image was observed in the conventional PD mode 

of the MFM system. (c)–(f) Highly magnified MFM images of NCs I and II, which were observed 

in the AD mode of the MFM system. (c, e) High and (d, f) low drive frequencies were set in the 

AD mode measurements. The reversals in contrasts of NCs I and II by changing the drive 

frequency clearly showed that magnetic responses were obtained from them. 
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5.3.2 MnAs nanoclusters magnetized along c-axis 

 

 Subsequently, we conducted MFM observations in the PD mode for another MnAs/InAs 

heterojunction NWs. Figure 5-2(a) shows BSE images of the observed NW, and the inset is a 

highly-magnified view of NC “III”. We observed in the image the multiple bright and dark regions 

in the MnAs/InAs heterojunction NW. Since the BSE emission increases with increasing mean 

atomic number of materials [16], these bright and dark regions corresponded to InAs NWs and 

MnAs NCs, respectively. The mean atomic number of InAs is larger than that of MnAs in the 

current work. It seemed that the heterointerfaces between MnAs and InAs were quite abrupt, as 

shown in Figure 5-2(a), which meant that the change in solid composition at the interfaces was 

quite abrupt. Therefore, it was highly possible that the hexagonal NiAs-type MnAs NCs 

penetrated the host ZB-type InAs NWs with atomically-abrupt heterointerfaces, and that the c-

axes of MnAs NCs were approximately parallel to the <111>B directions of the InAs NWs, 

judging from the structural characterization results reported in Chapter 4, in which the detailed 

structural characterizations were carried out for comparable similar heterojunction NWs by TEM. 

In this case, the a-axes, i.e., magnetic easy axes, of MnAs NCs were perpendicular to the <111>B 

direction of InAs NW. The c-axis of NC III might be approximately parallel to the <111>B 

directions of the upper or lower part of InAs NWs because the <111>B directions of NWs were 

tilted (approximately 18o) at the position of NC III. Figure 5-2(b) shows the corresponding MFM 

image obtained at room temperature after the application of B of 2 kG nearly parallel to the c-

axis of NC III. As shown in the NC III in Figure 5-2(b), bright and dark areas were markedly 

observed within the NC III region, and the bright-dark contrast series aligned parallel to the c-

axis of NC III. To ensure that the detected dark and bright contrasts were due to magnetic 

responses, we next conducted MFM observations using an MFM tip magnetized in the opposite 

direction from the direction used in Figure 5-2(b). As shown in Figure 5-2(c), the bright-dark 

contrast series in Figure 5-2(b) was reversed to the dark-bright contrast in the image depending 

on the magnetized direction of the MFM tip. The results, therefore, confirmed that the bright and 

dark contrasts observed within the NC III region were due to magnetic responses from the NC III. 

Thin white arrows represent possible magnetization directions, M, of NC III, as shown in Figures 

5-2(b) and 5-2(c). We subsequently observed an MFM image for the same NW after applying the 

B of 2 kG in the opposite direction from the B-direction applied in Figures 5-2(b) and 5-2(c). As 

shown in Figure 5-2(d), the NC III was possibly magnetized in the opposite direction from the M 
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in Figures 5-2(b) and 5-2(c), depending on the B-direction. To ensure that the result was due to 

magnetic responses, we also conducted MFM observations using an MFM tip magnetized in the 

opposite direction from the direction used in Figure 5-2(d), as shown in Figure 5-2(e). As reported 

in section 5.3.1, when we applied B perpendicular to the <111>B direction of NWs (i.e., parallel 

to one of the magnetic easy axes, a-axes, of MnAs NCs), we confirmed that the NCs were 

magnetized along one of the a-axes, which was parallel to the B-direction. On the other hand, the 

NC III in Figures 5-2(b) to 5-2(e) in the current study showed different results, i.e., indicating that 

the NC III was possibly magnetized parallel to its c-axis. However, the c-axis of NiAs-type MnAs 

NCs is not the magnetic easy axis. Therefore, it appeared that the NC III was magnetized parallel 

to the c-axis possibly owing to the magnetic shape anisotropy of NC III with a relatively large 

height along the c-axis. Magnetization along the c-axis of MnAs NCs in the heterojunction NWs 

and its dependence on the shape of NCs were reported in detail in our previous study [17]. To 

 

 

Figure 5-2. (a) A top view BSE image of the MnAs/InAs heterojunction NWs. Inset of (a) is a 

highly magnified BSE image of NC III with a relatively large height and aspect ratio R, which is 

defined as R = NC’s height/NC’s width, of approximately 1.1. (b)-(e) Corresponding highly 

magnified MFM images of NC III at room temperature. External magnetic fields B of 2 kG were 

applied in the directions indicated by the thick white arrows in the figures. MFM images of (c) 

and (e), in particular, were taken with a reversely-magnetized MFM tip, i.e., the magnetized 

direction of MFM tip opposite to that used in (b) and (d), respectively, to ensure that the obtained 

dark-bright contrast series observed in the NC III region was due to the magnetic responses from 

the NC III. Thin white arrows indicate the possible magnetization directions M of the NC III. 
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magnetize the MnAs NCs along the a-axes of the NCs, it may be necessary to decrease the aspect 

ratio of the NCs, R, which are defined as R = NC’s height/NC’s width, to approximately 0.80 or 

less. The R of NC III was estimated to be approximately 1.1 from the BSE image in Figure 5-2(a). 

Thus, the NC III was possibly magnetized along its c-axis, and it was consistent with the results 

and discussion in our previous report [17]. These results showed the possibilities that the 

magnetization direction of MnAs NCs can be controlled by the size and shape of NCs, which 

depend on mainly the growth time t of MnAs NCs because NC’s height drastically increased with 

increasing t compared to NC’s width as described in Chapter 4.  

 

 

5.3.3 Magnetization in bended heterojunctioin nanowires 

 

 Finally, we investigated the magnetization of MnAs NCs located at relatively close range in a 

bended MnAs/InAs heterojunction NW, which were occasionally observed in the NWs with 

multiple MnAs NCs. The MnAs NCs were grown at 580 oC for 2 min. First, structural 

characterizations were carried out using BSE imaging for the MnAs/InAs heterojunction NWs 

laid on SiO2/Si substrates. Figure 5-3(a) shows a top view BSE image for a bended MnAs/InAs 

heterojunction NW with multiple MnAs NCs. The bright and dark regions corresponded to InAs 

NWs and MnAs NCs, respectively, as explained in section 5.3.2. It was highly possible that MnAs 

NCs penetrated the host InAs NWs with atomically-abrupt heterointerfaces, and that the c-axes 

of MnAs NCs were approximately parallel to the <111>B directions of the InAs NWs, judging 

from the BSE image in Figure 5-3(a) and the structural characterization results reported in Chapter 

4. In this case, the a-axes, i.e., magnetic easy axes, of MnAs NCs were perpendicular to the 

<111>B direction of InAs NWs. In Figure 5-3(a), the <111>B direction of the middle part of InAs 

NW between NCs “IV” and “V” is defined as <111>BIV-V, and the upper and lower parts of InAs 

NWs are referred to as <111>BIV and <111>BV, respectively. Although no further information of 

crystallographic relations between NC V and <111>BIV-V or <111>BV in Figure 5-3(a), it may be 

possible that the c-axis of NC V is parallel to <111>BIV-V or <111>BV since the MnAs/InAs 

heterojunction NW is markedly bended at the position of NC V. The tilt angle of <111>BIV-V from 

<111>BV at the position of NC V is measured to be approximately 27o. On the other hand, the 

MnAs/InAs heterojunction NW is almost straight (or slightly bending) at the position of NC IV 
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because the tilt angle of <111>BIV from <111>BIV-V is approximately 7o. The height parallel to the 

<111>B directions and width of NC IV were roughly estimated to be 90 nm for the former and 

100 nm for the latter from the BSE image in Figure 5-3(a). Those of NC V were approximately 

105 nm for the former and 100 nm for the latter. Space separation between the NCs IV and V in 

the heterojunction NW was roughly estimated to be 180 nm from the BSE image. Subsequently, 

we conducted AFM observations of NCs IV and V to estimate their height perpendicular to the 

substrate surface. The inset in Figure 5-3(a) and Figures 5-3(b) to 5-3(d) show a corresponding 

AFM image and cross-sectional line profiles of NCs IV and V, respectively. Three white dotted 

lines (b) to (d) in the inset in Figure 5-3(a) represent cross-sectional planes of Figures 5-3(b) to 

5-3(d), respectively. We conclude, judging from the cross-sectional line profiles of Figures 5-3(b) 

to 5-3(d), that the height of NC V perpendicular to the substrate surface is larger (approximately 

10 nm at least) than that of NC IV. Therefore, comparing the heights of 110 to 120 nm shown in 

Figures 5-3(b) and 5-3(d) with the width of 100 nm obtained from the BSE image in Figure 5-

3(a), it seems that the shape of cross-sectional planes (i.e., c-plane) of NC V is elliptic. 

 

 

 

 

Figure 5-3. (a) A top view BSE image of a bended MnAs/InAs heterojunction NW laid on a 

SiO2/Si substrate. Regions with bright and dark contrasts in the NW were due to InAs and MnAs, 

respectively. The <111>B directions of the host InAs NW were markedly tilted at the position 

where the MnAs NC V was formed. The inset shows a corresponding AFM image of MnAs NCs 

IV and V. White dotted lines in the inset represent cross-sectional planes of cross-sectional line 

profiles of (b) NC V, (c) NC IV, and (d) NCs IV and V (i.e., NC IV-V) observed by AFM. 
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 Subsequently, magnetization characterizations were carried out by MFM in the PD mode for the 

MnAs NCs IV and V. Figures 5-4(a) to 5-4(g) show the MFM images obtained at room 

temperature after the applications of B from 2 to 5.7 kG in the various directions shown by white 

thick arrows in the images. Bright and dark contrasts were obtained in the regions of NCs IV and 

V in the MFM images when the magnetized MFM tips detected repulsive and attractive forces 

from the stray magnetic fields from NCs in the heterojunction NW, respectively. The stray 

magnetic fields from the NCs were detected at the tip heights between 30 to 50 nm during all the 

MFM observations. The MFM and AFM observations using the tapping mode were carried out 

simultaneously in the system, i.e., the MFM observations followed the AFM observations on each 

of the scanning lines. According to the height values obtained by the AFM observations, the MFM 

tip maintained the constant tip heights from the observed objects, i.e., between 30 to 50 nm in this 

paper, on the heterojunction NWs or on the substrate surfaces. Therefore, in principle, the 

sensitivity of magnetizations could not be affected by the different heights among on MnAs NCs, 

on InAs NWs, and on the substrate surfaces, although the MFM tip occasionally detected the 

structural responses only near the edges of MnAs/InAs heterojunction NWs. To ensure that we 

did not detect structural responses but magnetic ones from the NCs, additional MFM observations 

were carried out using an MFM tip magnetized in the opposite direction. Figures 5-4(b) and 5-

4(d) show the MFM images using a reversely magnetized MFM tip, i.e., the magnetized direction 

of the MFM tip opposite to that used in Figures 5-4(a) and 5-4(c), respectively. As shown in 

Figures 5-4(a) to 5-4(g), bright and dark areas were markedly observed in the NC IV and V 

regions. It was highly possible, as determined from the structural characterization results in 

Chapter 4 and magnetic characterization results for comparable samples reported in section 5.3.1, 

5.3.2, and our previous study [17], that NCs IV and V had a single magnetic domain and were 

magnetized along one of the a-axes, i.e., the magnetic easy axes, in the current work. As shown 

in Figures 5-4(a), 5-4(c), 5-4(e), 5-4(f), and 5-4(g), the magnetization switching of NC IV was 

confirmed, i.e., the detected bright and dark contrasts were changed by the applied directions of 

B. On the other hand, no magnetization switching was observed in NC V. Here, we should note 

that all the gray circles marked by MIV and MV in Figures 5-4(a) to 5-4(g) show “cross-sectional” 

schematic illustrations depicting the possible magnetizations, MIV and MV, which are drawn by 

black arrows in the gray circles, of NCs IV and V, respectively. The cross-sectional planes of the 

schematic illustrations were indicated by the white dotted lines in Figure 5-4(a). On the other 
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hand, all the MFM images were “top” views. For NC IV, the bright-dark contrast series were 

reversed by using a reversely magnetized MFM tip in all the observations, e.g., from Figures 5-

4(a) to 5-4(b) and 5-4(c) to 5-4(d). However, for NC V, the contrasts in the images were not 

reversed occasionally in some of the observations, as compared in Figures 5-4(c) and 5-4(d). We 

obtained the same MFM images even when we changed the observation orders of NCs IV and V, 

i.e., whether the MFM scanning started from the NC IV (top) side or the NC V (bottom) side of 

the images. We confirmed from these results that no magnetization switching of the MFM tips 

occurred in the current work by the NCs’ magnetization during the MFM observations, which 

 

 

 

Figure 5-4. (a)-(g) Top view MFM images of MnAs NCs IV and V observed at room temperature, 

in which white scale bars represent 100 nm. The external magnetic fields B of 2 to 5.7 kG were 

applied before the MFM observations of (a), (c), (e), (f), and (g). MFM images of (b) and (d) were 

taken with a reversely magnetized MFM tip, i.e., the magnetized direction of the MFM tip opposite 

to that used in (a) and (c), respectively, to ensure that the obtained bright-dark contrast series 

observed in the NC IV and V regions were due to the magnetic responses from the NCs. All the 

gray circles marked by MIV and MV as an inset in (a)-(g) show “cross-sectional” schematic 

illustrations depicting the possible magnetizations, MIV and MV, which are drawn by black arrows 

in the gray circles, of NCs IV and V, respectively. White dotted lines in (a) indicate the cross-

sectional planes of the schematic illustrations. (h) Cross-sectional illustration showing a possible 

magnetic response from the NC V when the NC V was magnetized along the magnetization 

direction of the MFM tip. 
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was investigated in detail in our previous study [18]. We concluded from the results in Figures 5-

4(a) to 5-4(g) that all the magnetization directions of NC V were in the “downward” direction 

when we used an MFM tip magnetized downward, as depicted in the schematic illustration of 

Figure 5-4(h). Figure 5-5 shows the dependence of MFM image contrasts, in particular, in NC V, 

on the orders of MFM scans using a reversely magnetized MFM tip, i.e., using first the “upward” 

magnetization, and then, the “downward” magnetization of MFM tip (first, “upward” in Figure 

5-5(a), and then, “downward” in Figure 5-5(b)) and vice versa (first, “downward” in Figure 5-

5(c), and then, “upward” in Figure 5-5(d)). The observation results in Figure 5-5 were consistent 

 

 

 

Figure 5-5. (a)-(d) Top view MFM images of NCs IV and V observed at temperature, in which 

white scale bars represent 100 nm. The external magnetic fields B of 5.7 kG were applied 

perpendicular to the SiO2/Si substrate surface before the MFM observations of (a) and (c). Just 

after the MFM observations of (a) and (c), MFM images of (b) and (d) were taken in series, 

respectively, with a reversely magnetized MFM tip, i.e., the magnetized direction of the MFM tip 

opposite to that used in (a) and (c), respectively. Therefore, the serial MFM observations were 

carried out in the order of (a)-(b) and (c)-(d), respectively, as shown by black-dotted arrows 

between the images. All the gray circles in (a)-(d) show “cross-sectional” schematic illustrations 

depicting the possible magnetizations, MIV and MV, which are drawn by black arrows in the gray 

circles, of NCs IV and V, respectively. White dotted lines in (a) indicate the cross-sectional planes 

of the schematic illustrations. 
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with the results obtained in Figures 5-4(a) to 5-4(g), as depicted in Figure 5-4(h). In the case of 

the use of “upward” magnetization of MFM tips, the magnetization directions of NC V were 

occasionally changed, as comparted in Figures 5-4(b), 5-4(d), 5-5(a), and 5-5(d). Judging from 

the detailed experimental results of magnetization switching in Figures 5-4 and 5-5, we observed 

no significant magnetic interaction between NCs IC and V at a relatively close range (i.e., in the 

estimated space separation of approximately 180 nm) in the bended heterojunction NW in the 

current work.  

 

 From all the observation results in this section, there seemed to be two possibilities for the results 

that no magnetization switching of NC V was observed by the application of B: Firstly, the 

coercivity (or, coercive force), Hc, of NC V was so large that the magnetization switching of NC 

V could not occur up to B smaller than 5.7 kG. Secondly, the Hc of NC V was so small that the 

magnetization switching of NC V could occur easily by the magnetization of MFM tips during 

the AFM observations using the tapping mode, in which the magnetized MFM tips tapped the 

MnAs NC surfaces before the MFM observations. However, the first possibility mentioned above 

seemed not to be practical because the bright-dark contrasts series of NC V in the images should 

be reversed by using a reversely magnetized MFM tip unless the magnetization switching of NC 

V by applying B nor that of MFM tip during the observations occurred, as observed in Figure 5-

4. Therefore, the second possibility was highly probable in the current work. In this case, i.e., the 

relatively small Hc of NC V comparing to the Hc, 950 Oe, of MFM tips, a dark region was 

observed at the center of the NC, and bright regions were observed around the dark region because 

the NC was magnetized in the same direction as the magnetization direction of MFM tips, as 

shown in Figure 5-4(h). Therefore, this assumption that the Hc of NC V was relatively small was 

consistent with the MFM observation results in Figures 5-4 and 5-5. There are some possible 

factors for the decrease in Hc of NC V. The bulk MnAs shows the first-order structural phase 

transition between the paramagnetic orthorhombic -phase (-MnAs, MnP-type) and the 

ferromagnetic hexagonal -phase (-MnAs, NiAs-type) at around or above room temperature. It 

was reported that the temperature for the phase transition, i.e., Curie temperature, Tc, was 

increased by applying an external tensile strain for the bulk MnAs [19]. In general, the saturation 

magnetization, Ms, is increased with increasing Tc. As explained in the Stoner-Wohlfarth model 

[20], Hc is inversely proportional to Ms, i.e., Hc is decreased with increasing Ms. This tendency 
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was actually observed in the papers related to other materials systems [21, 22]. In our materials 

system, a lattice mismatch between a c-plane of hexagonal NiAs-type MnAs and a {111}B plane 

of ZB-type InAs was estimated to be approximately 13%, i.e., the lattice constant of InAs was 

approximately 13% larger than that of MnAs. The NC V was formed at the markedly bending 

position in the heterojunction NWs whereas the NC IV was at the almost straight (or slightly 

bending) position. It is possible that a lattice strain, i.e., a tensile strain here, exists in the MnAs 

NCs formed at the bending positions in the heterojunction NWs, as in the case of NC V. For the 

NCs formed in the straight heterojunction NWs, as in the case of NC IV, we have observed that a 

lattice strain is possibly accumulated in a few MnAs layers near the heterointerfaces between 

MnAs NCs and InAs NWs, if it exists, judging from the image contrasts observed near the 

heterointerfaces in cross-sectional lattice images and the electron-beam diffraction patterns of 

MnAs NCs reported in Chapter 4. Significant difference between NCs V and IV we markedly 

observed was the crystallographic directions of heterointerfaces between MnAs and InAs. The 

NC shape may affect a lattice strain in the MnAs NCs. The possibility that a tensile strain is one 

of the factors for the decrease in Hc has not been excluded thus far. The shape anisotropy of NC 

V is also considered as a possible factor for the decrease in Hc. The shape of c-plane, magnetic 

easy plane, of NC V is possibly elliptic, i.e., the NC height along the magnetization direction of 

the MFM tip is larger than the width, as mentioned in the end of the structural characterization 

part in this section. On the other hand, the c-plane of NC IV has low shape anisotropy. It is possible 

that NC V was easily magnetized in the same direction as the magnetization direction of the MFM 

tip by the shape anisotropy. The possibility of intermixture of In and Mn in the NCs is also not 

excluded as a factor of the decrease in Hc. It was reported that MnAs precipitates in (Ga,Mn)As 

thin films enhanced their Hc and, on the other hand, that Hc of (Ga,Mn)As thin films without the 

MnAs precipitates was decreased with increasing Mn concentration [23, 24]. For InMnAs 

nanodots, the Hc was decreased with increasing Mn concentration [25]. We have not observed 

any granular structures or precipitates in the NCs IV and V. Since the NCs IV and V had no 

significant difference in brightness of the BSE image of Figure 5-3(a), they possibly have similar 

solid compositions. Therefore, if both NCs IV and V can be grown as a single crystal InMnAs 

NC without MnAs precipitates, and if NC V have higher Mn contents than NC IV, it possibly 

leads to the decrease in Hc of NC V. However, this hypothesis is less probable because we have 

never observed thus far such InMnAs NCs in the other comparable heterojunction NWs by TEM 
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and energy dispersive X-ray spectroscopy. Since it was quite difficult to examine the same 

MnAs/InAs heterojunction NW observed in this paper by TEM and/or Raman spectroscopy, we 

have no further information of a lattice strain and solid compositions in the MnAs NCs formed at 

the bending positions in the heterojunction NWs. Detailed experiments and observations are 

required before we can conclude. But, we obtain the perspectives of controlling the Hc of NCs in 

the heterojunction NWs by varying the shape anisotropy of NCs or by growing InMnAs NCs. 

The shape anisotropy of NCs can be controlled by the growth conditions, as indicated in Chapter 

4, and by the shape anisotropy in {111}B planes of the host InAs NWs, which depends on the 

shape of initial circular openings in SiO2-mask on GaAs (111)B substrates in our SA-MOVPE 

technique. In addition, it is possible that InMnAs NCs grow in the heterojunction NWs by 

supplying not only Mn source but also In (and As) source materials for the NC growth after the 

host InAs NW growth. The Mn content of InMnAs NCs, which affects the Hc, can be controlled 

by the growth conditions, such as partial pressures, temperature, and time. 

 

 

5.4 Conclusions 

 

 We reported on the magnetization and magnetic domain of ferromagnetic MnAs NCs in 

MnAs/InAs heterojunction NWs. MnAs NCs normally have marked single magnetic domains in 

the heterojunction NWs. Some of the MnAs NCs were magnetized along the applied external 

magnetic field which was perpendicular to the <111>B direction of the host InAs NWs. These 

results are consistent with the structural characterization results in Chapter 4 because the a-axes, 

i.e., magnetic easy axes of the hexagonal NiAs-type MnAs, is perpendicular to the <111>B 

direction of the host InAs NWs in the MnAs/InAs heterojunction NWs. The MnAs NC with a 

large aspect ratio were magnetized along the c-axis, i.e., magnetic hard axis, due to the magnetic 

shape anisotropy along the c-axis after the application of the external magnetic field nearly 

parallel to the c-axis. For the MnAs NC formed at the markedly bending position in the bended 

heterojunction NW, the magnetization was occasionally directed by the MFM tip magnetization 

possibly due to its small coercivity. We believe that the MnAs NCs in heterojunction NWs, whose 

magnetization can be controlled by growth conditions, plays a useful role in the development of 

NW spintronic technologies.  
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Chapter 6 

Magnetotransport Characterization of Single 

Nanowires 

 
 

 

 We report on the magnetotransport properties of single undoped-InAs and MnAs/InAs 

heterojunction nanowires grown by combing the catalyst-free selective-area metal-organic vapor 

phase epitaxy of InAs nanowires and the endotaxial nanoclustering of MnAs. The single InAs 

nanowires show universal conductance fluctuations, a negative magnetoresistance due to the 

suppression of weak localization at low temperature as well as an ordinary positive 

magnetoresistance. In contrast, MnAs/InAs heterojunction nanowires show a liner negative 

magnetoresistance owing to the formation of magnetic polarons in the host InAs nanowires. The 

magnetic polarons of the host InAs nanowires are probably caused by Mn-doping and/or thermal 

diffusion of Mn atoms from the MnAs nanoclusters during the endotaxial growth of MnAs 

nanoclusters. 

 

 

 

6.1 Introduction 

 

 The integration of vertical free-standing nanowires (NWs), which have tremendous potential for 

applications in next-generation electronic, photonic, biochemical sensing, and even spintronic 

devices, is currently of great interest [1-6]. For example, practical ways of installing vertical 

surrounding gate field-effect transistors (FETs) using NWs for current integrated circuits based 

on CMOS technologies have been demonstrated [7]. In recent semiconductor nanospintronics 

research fields, on the other hand, heteroepitaxial structures of ferromagnetic and III-V compound 

semiconductors have attracted much attention because of possible additional functionalities 

provided for current semiconducting devices and integrated circuits. Among them, granular 

hybrid structures containing ferromagnetic nanoclusters (NCs) embedded into semiconductor 
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layers are one of the most attractive candidates for future nanospintronic devices, because they 

exhibit huge magnetoresistance (MR) effects, a relatively long spin-relaxation time, and 

interesting magnetotransport properties [8-11]. As described in the previous chapter, we have 

developed a hybridization technique for the growth of ferromagnetic MnAs NCs and vertical free-

standing semiconducting InAs NW templates by catalyst-free selective-area metal-organic vapor 

phase epitaxy (SA-MOVPE) method in order to create novel magneto-nanoelectronic or 

nanospintronic devices, such as vertical spin-NW-transistors. To create devices using vertical 

free-standing semiconducting NW channels with our surrounding gate structures [3, 12], it is 

crucial to investigate transport properties of our NWs. Therefore, in this chapter, we report on the 

magetotransport properties of our single undoped-InAs and MnAs/InAs heterojunction NWs. 

 

 

6.2 Experimental procedure 

 

 We fabricated two types of vertical free-standing NWs, i.e., InAs and MnAs/InAs heterojunction 

NWs, on GaAs (111)B substrates by utilizing the SA-MOVPE process for InAs NW growth and 

the endotaxy of MnAs in InAs for the MnAs NC growth. The fabrication process for these NWs 

was mostly similar to that explained in chapter 4 and our previous study [13]. For the InAs NWs, 

the growth temperature and growth time were 560 oC and 30 min, respectively. On the other hand, 

for the MnAs/InAs heterojunction NWs, the host InAs NW templates were grown at 580 oC for 

30 min, and MnAs NCs were grown at 580 oC for 1min. For the magnetotransport measurements 

of single NWs, the vertical InAs and MnAs/InAs heterojunction NWs were detached from the 

GaAs (111)B substrates mechanically by ultrasonic vibration in isopropanol solution, and 

deposited on SiO2/Si substrates. Electrical contacts for two-terminal measurements were prepared 

on single NWs using electron-beam lithography followed by thermal evaporation of Ti/Au or 

Ti/Pd/Au thin layers. We fabricated three types of single NW samples in this study as listed in 

Table 1. Ti/Au (20 nm/200 nm), Ti/Au (20 nm/180 nm), and Ti/Pd/Au (20 nm/20 nm/60 nm) were 

used as electrical contacts for the samples NW15C, NW34B, and NW01B, respectively. Just 

before the metal evaporation, the electrical contact areas of NW15C and NW34B were treated 

with Semico Crean 23 solution and argon milling, respectively, to etch off the native oxide on the 

NW surface. The temperature dependence of the resistance as well as the MR was investigated at 

temperatures below 280 K using an Oxford VTI-cryostat. The sample was cooled with liquid 
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helium, embedded in a superconducting magnet system yielding external magnetic fields up to 

10 T. The activation energies EA were roughly estimated from the results of the temperature-

dependent measurements of the resistance in a temperature range from 200 to 280 K. The 

properties of each samples such as the NW length L between the electrical contacts, the NW 

diameter d and EA are summarized in Table 6-1. Structural characterizations to estimate the L and 

d were carried out by scanning electron microscopy (SEM) using a Hitachi SU8010. 

 

 

 

6.3 Results and discussion 

6.3.1 Mangetotransport properties of single InAs nanowires 

 

 First, temperature dependent resistance measurements without any application of an external 

magnetic field were conducted for the samples NW15C and 34B. Figures 6-1(a) and 6-1(b) show 

the temperature dependent resistance of NW15C and NW 34B, respectively. The insets show top 

view SEM images of each sample. As shown in Figures 6-1(a) and 6-1(b), both samples NW15C 

and NW34B show the typical semiconducting behavior with a decreasing resistance R with 

increasing temperature T. However, a markedly higher R and EA of NW34B is observed compared 

to that of NW15C. It seems that a large contact resistance in two-terminal measurements for 

NW34B is the main reason for the high R and EA, as different surface treatment methods were 

used to etch off the native oxide for NW15C and NW34B.  

Table 6-1. Properties of the different single NW samples investigated in this study. The NW length 

L between electrical contacts and the NW diameter d are roughly estimated from top view SEM 

images. The resistance R at 280 K and the activation energies EA are taken from the results of the 

temperature dependent measurements.  

 

Sample Name Materials L [m] d [nm] R at 280 K [] EA [meV] 

NW15C InAs 8.3 200 1.2 x 105 14 

NW34B InAs 1.9 70-90 9.0 x 105 105 

NW01B MnAs/InAs 3.4 200-250 3.0 x 109 7 
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 Subsequently, magnetotransport measurements were performed for the sample NW15C. Figure 

6-2(a) shows the temperature dependence of the magnetoresistance (MR) of NW15C. The MR is 

defined as MR = [𝑅(𝑩, 𝑇) − 𝑅(0, 𝑇)]/[𝑅(0, 𝑇)] , where 𝑅(𝑩, 𝑇)  is the resistance R at an 

external magnetic field B and at a temperature T. B was applied from 0 to 10 T perpendicular to 

the InAs NW axis as shown in the inset of Figure 6-2(a). We observe an ordinary positive MR at 

all of temperatures, which is caused by the deflection of the charge carriers due to the Lorentz-

force when a magnetic field B is applied. In addition, a negative MR and universal conductance 

fluctuations (UCFs) are observed at lower temperatures in the magnetic field range from 0 to 3 T, 

as shown in Figure 6-2(b). UCFs of InAs NWs at low temperature, which indicate electron phase 

coherence transport, are also reported elsewhere [14, 15]. The negative MR at low temperature 

arises due to the suppression of the weak localization (WL) by applying B. Although weak 

antilocalizaion (WAL), leading to positive MR, is generally observed in materials with strong 

spin-orbit interaction such as InAs, there are also reports of WL in InAs NWs [14, 16, 17]. It was 

reported that both WAL and WL are observed in the same InAs NW and that a crossover from 

 

 

Figure 6-1. Temperature dependence of the resistance R of the single NW samples (a) NW15C 

and (b) NW34B. The insets in (a) and (b) show top view SEM images of NW15C and NW34B, 

respectively. The activation energies EA are roughly estimated in the temperature range from 200 

to 280 K. A larger R and EA of NW34B compared to that of NW15C possibly arises from a larger 

contact resistance in the two-terminal measurements, caused by different surface treatments used 

to etch off the native oxide at the contact areas. 
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WAL to WL occurs as the carrier concentration is decreased by applying a gate voltage. Thus, the 

negative MR of NW15C caused by WL indicates a low carrier concentration in the NW due to 

the carrier compensation by unintentional Mn doping. In general, InAs grown without any 

intentional doping shows an n-type behavior mainly due to carbon impurities incorporated from 

the organometallic sources used for the growth, which act as donor in InAs [18]. In our previous 

study [3], InAs NWs also showed an n-type behavior similar to other reported InAs NWs [14, 19-

21]. On the other hand, MnAs NCs formed on GaInAs/InP layers [22] and hybrid GaAs NW with 

MnAs NCs [23] showed a p-type behavior due to thermal diffusion of Mn atoms into the host 

matrix during the endotaxial growth of MnAs NCs, where Mn act as an acceptor. The InAs NWs 

observed in this study were grown in the same reactor, where the Mn source had been supplied 

for the MnAs NCs growth before. Therefore, it is possible that a carrier compensation in InAs 

NWs occurred due to slightly unintentional Mn doping. In addition, the carrier compensation may 

also be responsible for the higher R of our NW samples. The presence of a WL effect indicates 

that the spin relaxation length is longer or equal in magnitude to the phase coherence length [14, 

16, 17]. Furthermore, <111>B-oriented InAs NW channels are a promising materials system in 

terms of enhanced spin lifetime [24]. Thus, our results suggest the potential application of our 

InAs NWs for nanospintronic devices requiring long spin coherence length.  

 

Figure 6-2. (a) Temperature dependence of the magnetoresistance (MR) of NW15C. The MR is 

defined as MR = [𝑅(𝑩, 𝑇) − 𝑅(0, 𝑇)]/[𝑅(0, 𝑇)] , where 𝑅(𝑩, 𝑇)  is the resistance R at an 

external magnetic field B and at a temperature T. B was applied from 0 to 10 T perpendicular to 

the InAs NW axis as represented by the white thick arrow in the inset of (a). (b) Magnification of 

(a) in the magnetic field range from 0 to 3 T. Universal conductance fluctuations and a negative 

MR due to weak localization are observed at lower T. 
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 Figure 6-3(a) shows the angle-dependent MR of NW34B at 120 K for different external 

magnetic fields B. The magnetic field strength B was varied from 2.5 to 10 T in this study. The 

angle-dependent MR is defined as MR = [𝑅(𝜃) − 𝑅(0)]/[𝑅(0)], where 𝑅(𝜃) is the resistance 

R at an angle  between B and the NW axis, as schematically illustrated in Figure 6-3(a), i.e.,  

is 90o when B is applied perpendicular to the NW axis. In principle, the largest (smallest) MR is 

observed when B is applied perpendicular (parallel) to the NW axis as the magnetic field forces 

the electrons on circular trajectories due to the Lorentz force resulting in additional scattering, as 

shown in the MR measurement results for B = 2.5 and 5T. However, for larger B = 9 and 10 T, a 

maximum MR is observed at a critical angle crit lower than 90o, for example, crit is approximately 

60o for 10T. The maximum MR indicate an additional backscattering contribution caused by 

diffuse boundary scattering [25]. When B is applied with an angle  between 0o and crit, the 

electrons which are forced on circular trajectories by the Lorentz force are additionally scattered 

at the NW boundaries resulting in an additional boundary scattering contribution and thus in a 

 

 

Figure 6-3. (a) Angle dependence of the magnetoresistance (MR) of NW34B at 120 K for different 

external magnetic fields B. The angle-dependent MR is defined as MR = [𝑅(𝜃) − 𝑅(0)]/[𝑅(0)], 

where 𝑅(𝜃)  is the resistance R at an angle  between B and the NW axis as schematically 

illustrated in the inset. The maximum MR at B = 10 T is observed at crit of approximately 60o. 

(b)-(d) Schematic illustrations of the electron trajectories, indicated by black arrows, with an 

additional diffusive boundary scattering contribution in the channel width W. The radius of the 

cyclotron orbits rcycl decreases with increasing  . (c) When rcycl ≈ 2W, the maximum 

backscattering led to a maximum in R and the MR [25]. 
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higher resistance. With increasing  the radius of the circular trajectories rcycl decreases as rcycl is 

inversely proportional to Bsin . As shown schematically in the illustration of Figure 6-3(b), 

which shows an example of the electron trajectories in the channel width W, the smaller electron 

circuits result in an increased backscattering contribution to the resistance. When rcycl reaches 2W 

at crit, the maximum backscattering led to a maximum MR [25] as schematically illustrated in 

Figure 6-3(c). For larger angles  ranging from crit to 90o, the rcycl becomes smaller than 2W as 

shown in Figure 6-3(d), resulting in a suppression of the boundary backscattering contribution 

and in a decrease in MR. Therefore, the maximum MR is observed at crit lower than 90o for large 

B = 9 and 10T. On the other hand, for B = 2.5 and 5 T, the magnetic field strength is not sufficient 

to force the electrons on trajectories with rcycl smaller than 2W, which led to a large backscattering 

contribution in the whole range of . Therefore, it is highly possible that the maximum MR 

appears at almost 90o for B = 2.5 and 5 T as shown in Figure 6-3.  

 

 

 

6.3.2 Mangetotransport properties of single MnAs/InAs nanowires 

 

 Finally, magnetotransport measurements were conducted for a single MnAs/InAs heterojunction 

NW of the sample NW01B. Figure 6-4(a) shows a top view SEM image of NW01B, which has 

at least two MnAs NCs located between the electrical contacts as marked by white circles. Figure 

6-4(b) shows the temperature-dependent MR of NW01B. The MR is defined as MR =

[𝑅(𝑩, 𝑇) − 𝑅(0, 𝑇)]/[𝑅(0, 𝑇)], as well as the case of NW15C. The external magnetic field B is 

applied from -10 to 10 T perpendicular to the NW axis as shown in Figure 6-4(a). The NW01B 

shows a linear negative MR at temperatures below 20 K in contrast to the single undoped-InAs 

NW samples NW15C and NW34B. Similar characteristic transport properties were reported for 

Mn-implanted GaAs NWs [26]. The negative MR is associated with spin-dependent hopping 

transport, which was explained by a theoretical model of magnetic polarons [27]. The magnetic 

polarons are formed by exchange interaction between localized holes and magnetic impurities 

due to the implanted Mn atoms. By applying B the magnetic moments of the polarons are aligned, 

which enhances spin-dependent hopping between the polarons, leading to a decrease in R and a 

negative MR. On the other hand, an increase in temperature causes the randomization of the 

orientation of the magnetic moments of the polarons, leading to a smaller negative MR effect. 



68   Chapter 6   Magnetotransport Characterization of Single Nanowires 

 

Thus, the negative MR effect becomes smaller with increasing temperature, and consequently, no 

marked MR is observed at 40 K as shown in Figure 6-4(b). Thus, the negative MR effect strongly 

supports the assumption of non-intentional Mn-doping and/or thermal diffusion of Mn atoms from 

MnAs NCs during the endotaxial growth of MnAs NCs in our MnAs/InAs heterojunction NWs.  

 

 

 

 

6.4 Conclusions 

 

 We demonstrated the magnetotransport properties of single undoped-InAs and MnAs/InAs 

heterojunction NWs. In the temperature-dependent magnetoresistance (MR) measurements for 

the single InAs NW, universal conductance fluctuations and a negative MR effect are observed at 

low temperature as well as an ordinary positive MR. The negative MR is due to the suppression 

of weak localization by applying an external magnetic field. The angle-dependent MR 

measurement results of the single InAs NW indicate an additional backscattering contribution 

 

 

Figure 6-4. (a) A top view SEM image of NW01B, which has at least two MnAs NCs between 

the electrical contacts as marked by white circles. (b) Temperature dependence of the 

magnetoresistance (MR) of NW01B. The MR is defined as MR = [𝑅(𝑩, 𝑇) − 𝑅(0, 𝑇)]/

[𝑅(0, 𝑇)], where 𝑅(𝑩, 𝑇) is the resistance R at an external magnetic field B and at a temperature 

T. B was applied from 0 to 10 T perpendicular to the NW axis as represented by the white thick 

arrow in (a). The liner negative MR at low T indicated the formation of magnetic polarons [26, 

27] by Mn-atoms in the host NW, due to non-intentional doping and/or thermal diffusion of Mn 

atoms from MnAs NCs during the endotaxial growth of MnAs NCs. 
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caused by diffusive boundary scattering which depends on the transport channel width and the 

radius of the electron cyclotron orbits, which are caused by the Lorentz force in the presence of 

an external magnetic field. The MnAs/InAs heterojunction NW shows a negative MR in contrast 

to the single InAs NWs. These results suggest that magnetic polarons are formed in the host InAs 

NWs due to non-intentional Mn-doping and/or thermal diffusion of Mn atoms from MnAs NCs 

during the endotaxial MnAs NC growth. 
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Chapter 7 

Conclusions 

 
 

 

 In this study, synthesis of vertical ferromagnetic MnAs/semiconducting InAs heterojunction 

nanowires (NWs) by combining the catalyst-free selective-are metal-organic vapor phase epitaxy 

(SA-MOVPE) of InAs NWs and the endotaxial nanoclustering of MnAs are demonstrated. A 

possible growth mechanism of MnAs nanoclusters (NCs) in the vertical MnAs/InAs 

heterojunction NWs is discussed on the basis of the detailed crystal structural characterization 

and the growth condition dependence results. In addition, we also report on their magnetization 

and magnetotransport characterizations results. We believe that our vertical MnAs/InAs 

heterojunction NWs in the current work have demonstrated new possibilities and versatility in the 

creation of future novel nanospintronic NW devices using vertical semiconducting NWs with 

vertical surrounding gate structures. Summary and conclusions are the following. 

 

 

 In chapter 4, we reported on the synthesis and structural characterizations of vertical MnAs/InAs 

heterojunction NWs by combining the SA-MOVPE of InAs NWs and the endotaxial 

nanoclustering of MnAs NCs. The c-axes, i.e., the <0001> directions, of the hexagonal NiAs-type 

MnAs NCs were approximately parallel to the <111>B directions of the host zinc-blende-type 

(ZB-type) InAs NWs in the heterojunction NWs with the atomically abrupt complete 

heterointerfaces. The detailed growth condition dependences revealed that the parameters of the 

growth temperature Tg and the distance between NWs, or the period a, are the key factors for the 

formation of MnAs NCs into InAs NWs. The diffusion coefficients of manganese atoms D the 

surface migration length of manganese adatoms on the host InAs NWs, and the desorption rates 

of indium and arsenic atoms in the NWs strongly depended on the growth temperature Tg. On the 

other hand, NW height changed according to the period of the host InAs NWs, a. At a relatively 

low Tg of 490 oC, the D, surface migration length, and desorption rate decreased. This led to a 

relatively large number of small MnAs NCs, which were shallowly formed into the host InAs 
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NWs from the {0-11} sidewalls. When Tg increased, on the other hand, the D, surface migration 

length, and desorption rate increased. This resulted in relatively large NCs that formed deeply 

into the host NWs and the decrease in the number of NCs. At a Tg of 580 oC, the MnAs NCs 

penetrated the host InAs NWs. This phenomenon successfully led to the formation of vertical 

MnAs/InAs heterojunction NWs with atomically abrupt heterointerfaces between MnAs and InAs 

layers. The results of growth time t dependence also successfully supported the possible growth 

mechanism, which suggested that the arsenic atoms in the host InAs NWs were consumed for the 

MnAs NC formation. The size of MnAs NCs increased with increasing t of MnAs NCs. In 

addition, the upper part of the host InAs NWs tended to be thinner and shorter compared to the 

lower part ones with increasing t. Therefore, it would be possible to control the size and shape of 

MnAs NCs in vertical MnAs/InAs heterojunction NWs by changing the parameter t as well as Tg.  

 

 

 In chapter 5, we reported on the magnetization and magnetic domain of ferromagnetic MnAs 

NCs in MnAs/InAs heterojunction NWs. MnAs NCs normally have marked single magnetic 

domains in the heterojunction NWs. Some of the MnAs NCs were magnetized along the applied 

external magnetic field which was perpendicular to the <111>B direction of the host InAs NWs. 

These results are consistent with the structural characterization results in Chapter 4 because the 

a-axes, i.e., magnetic easy axes of the hexagonal NiAs-type MnAs, is perpendicular to the <111>B 

direction of the host ZB-type InAs NWs in the MnAs/InAs heterojunction NWs. The MnAs NC 

with a large aspect ratio were magnetized along the c-axis, i.e., magnetic hard axis, due to the 

magnetic shape anisotropy along the c-axis after the application of the external magnetic field 

nearly parallel to the c-axis. For the MnAs NC formed at the markedly bending position in the 

bended heterojunction NW, the magnetization was occasionally directed by the MFM tip 

magnetization possibly due to its small coercivity. We believe that the MnAs NCs in 

heterojunction NWs, whose magnetization can be controlled by growth conditions, plays a useful 

role in the development of NW spintronic technologies. 

 

 

 In chapter 6, we demonstrated the magnetotransport properties of single undoped-InAs and 

MnAs/InAs heterojunction NWs. In the temperature-dependent magnetoresistance (MR) 
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measurements for single InAs NWs, universal conductance fluctuations and a negative MR effect 

are observed at low temperature as well as an ordinary positive MR. The negative MR is due to 

the suppression of weak localization by applying an external magnetic field. The angle-dependent 

MR measurement results of single InAs NW indicate an additional backscattering contribution 

caused by diffusive boundary scattering which depends on the transport channel width and the 

radius of the electron cyclotron orbits, which are caused by the Lorentz force in the presence of 

an external magnetic field. The MnAs/InAs heterojunction NW show a negative MR in contrast 

to the single InAs NWs. These results suggest that magnetic polarons are formed in the host InAs 

NWs due to non-intentional Mn-doping and/or thermal diffusion of Mn atoms from MnAs NCs 

during the endotaxial MnAs NC growth. 
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