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Chapter 1 

General Introduction 

                                                      

 

1.1 Spintronics 

Spintronics is an emerging research field which aims to create novel electronics by 

utilizing the charge and spin degrees of freedom of electrons in solid-state systems. This research 

field enabled us to observe a lot of interesting fundamental phenomena, such as giant 

magnetoresistance (GMR) [1,2], tunnel magnetoresistance (TMR) [3−9], spin filter effect [10−14], 

and spin Hall effect [15,16]. Recently, these excellent characteristics are received much attention 

from the aspects of practical applications in magnetic sensors, magnetic heads in hard disc drive 

(HDD), and magnetic random access memories (MRAMs) [17,18]. From such fundamental and 

practical perspectives, spintronics is expected as a next-generation electronics utilizing spin.  

In the field of spintronics, one of the most important phenomena is the TMR effect. This 

effect is observed in magnetic tunnel junctions (MTJs), which consist of two ferromagnetic (FM) 

layers separated by a thin insulator (Figure 1.1). When the thickness of the insulator is thin at a few 

nanometers, the tunnel current flows. In this situation, when the magnetizations of FM layers are 

parallel, the resistance is small, and when the magnetizations of FM layers are antiparallel, the 

resistance is large. Since the magnetization configuration can be controlled by magnetic field, the 

resistance can change depending on the magnetic field. The change of resistance in accordance with 

the relative orientation of two FM layers is called the TMR effect. The resistance changing ratio is 

defined by  
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where RP(AP) is a resistance of the parallel (antiparallel) configuration. The equation (1.1) is a figure 

of merit of magnetic sensitivity. According to the Julliere formula [19], the TMR ratio can be 

expressed by 
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where PFM1 and PFM2 are respectively spin polarization of FM1 and FM2 layers (Figure 1.2). Here, 

the spin polarization is given by 
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where   denotes the layer number of FM layer, and )( F,
ED

  and )( F,
ED

 are the density of 

states (DOS) of the   layer at the Fermi energy (EF) for majority-spin and minority-spin electrons, 

respectively. From the equations (1.2) and (1.3), it is found that a large TMR ratio can be obtained 

for a high spin polarization of two FM layers. 

Many researchers made a great effort to increase the TMR ratio based on Julliere’s theory. 

Since a TMR of 18% was discovered in MTJs using Al-oxide tunnel barrier in 1995 [3,4], a TMR 

increased up to 70% using Al-oxide-based MTJs. Then, in 2004, a giant TMR over 200% was 

observed in MTJs using crystalline MgO tunnel barrier [5,6]. According to the band calculation, a 

giant TMR was predicted in MgO-based MTJs due to the coherent tunneling, enabling a high spin 

polarization of tunneling current. Yuasa et al. and Parkin et al. demonstrated a giant TMR in such 

MgO-based MTJs. At present, a TMR reached up to 600% in MgO-based MTJs [9].  
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Figure 1.1 TMR effect in MTJs, which consist of two FM layers separated by a thin insulator. When 

the magnetizations of FM layers are parallel, the resistance is small, and when the magnetizations of 

FM layers are antiparallel, the resistance is large. 

 

 

Figure 1.2 Mechanism of TMR effect. 

 

1.2 Molecular spintronics 

Researches in organic semiconductors (OSCs) have progressed considerably over the past 

few decades [20]. The greatest success has been achieved in the field of optoelectronics. Display 

products using organic light-emitting diodes (OLEDs) have become available to consumers, and the 

field in organic photovoltaic devices is becoming as one of the challenging research topics toward 
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the commercial applications. Remarkable improvements have also been achieved in the field of 

organic field-effect transistors (OFETs), and fundamental works based on OFETs have progressed to 

realize organic electric memories for data storage applications.  

OSCs have recently paid the attention of researchers in spintronics, and significant efforts 

are being made towards the integration between OSCs and spintronics [21,22]. Xiong et al. achieved 

observation a large magentoresistance (MR) effect of 40% at 11 K in La0.67Sr0.33MnO3/ 

tris(8-hydroxy-quinolinato) aluminum (Alq3)/Co molecular spin valve devices (Figure 1.3 [23]). 

Subsequently, Santos et al. obtained an MR ratio of 7.5% at 4.2 K and 4.6% at room temperature in 

Co/Al2O3/Alq3/NiFe junctions (Figure 1.4) [24]. In other groups, a large MR effect has also been 

observed in La0.7Sr0.3MnO3/Alq3/Al2O3/Co [25], Co/4,4’-bis99-(ethyl-3-carbazovinylene)-1,1’- 

biphenyl (CVB)/La0.67 Sr0.33MnO3 [26], and La0.67Sr0.33MnO3/tetraphenyl porphyry (TPP)/Co [27]. In 

addition to this feature, the increase of a spin-relaxation time has also been one of the most attractive 

aspects for OSCs. This enhancement is attributed to the low spin-orbit coupling in OSCs.  

 

Figure 1.3 La0.67Sr0.33MnO3/Alq3/Co molecular spin valve devices (Ref. 23). (a) Schematic device 

structure. (b) Cross-sectional SEM image of stacked structure. (c) Energy diagram of 

La0.67Sr0.33MnO3/Alq3/Co. (d) MR effect of device. 
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The spin–orbit interaction 𝐻𝑠𝑜 is given by 
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where 𝜇0 is the magnetic permeability of vacuum, 𝜀0 is the permittivity of vacuum, Z is the atomic 

number, e is the electric charge, 𝑚 is the mass of electrons, ℏ is the Planck constant divided by 2, 

a0 is the Bohr radius, n is the principal quantum number, 𝑙 is the orbital angular momentum, and 

𝑠 is the spin angular momentum. According to the equation (1.4), the spin-orbit interaction strength 

is proportional to Z
4
. Carbon has a low atomic number (Z), indicating a weak spin-orbit interaction. 

Such weak interaction achieves a long spin-relaxation time in excess of 10 μs [28,29]. A long 

spin-diffusion length has also been observed. Representative results on spin-relaxation times and 

spin-diffusion length are shown in Table 1.1. 

 

1.3 Nanoscale junctions 

Recent progress of metal- and molecule-based nanoscale junctions has led to the 

observation of fascinating physical/chemical phenomena, such as conductance quantization [39,40], 

electrical switching/rectification [41,42], enhanced thermoelectric effect [43], and extremely large 

MR [44] (Figure 1.5). For example, the conductance in metal nanoscale junctions is quantized by the 

integer times of 2e
2
/h, where e is the electron charge and h is the Planck’s constant, and that in 

magnetic nanoscale junctions is characterized by the half-integer times of 2e
2
/h. Electrical switching 

or rectification properties are also observed in metal/self-assembled monolayer (SAM)/metal 

nanoscale junctions due to the movement of molecules or redox reaction [41]. In another study, the 

enhancement of Seebeck coefficient has been measured at room temperature in 

metal/molecule/metal nanoscale junctions, consisting of 1,4-benzenedithiol, 4,4’-dibenzenedithiol, 

or 4,4’’-tribenzenedithiol molecules bridged between two gold electrodes [45]. Moreover, a large 

MR effect of 300% has been reported at 2 K in Co/Alq3/La0.7Sr0.3MnO3 nanoscale junctions [44]. 
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Figure 1.4 Co/Al2O3/Alq3/NiFe junctions (Ref. 24). (a) MR effect of junction at 4.2, 77, and 300 K. 

Inset shows junction resistance as a function of temperature. (b) Voltage dependence of TMR ratio at 

4.2 and 300 K. Inset shows cross-sectional TEM image of stacked structure [24].  

 

Table 1.1 Spin–diffusion length and time in molecular spintronic devices. 

 

 

Various nanofabrication methods have been proposed to realize nano-junctions, i.e., optical or 

electron-beam (EB) lithography, integrated bottom-up and top-down processing, and break junction 

technique [46–52] (Figure 1.6). Immersion lithography performed at 193-nm wavelength has 

enabled the creation of a 22-nm line-width technology featuring 3-D tri-gate transistors
 
and also 

demonstrated a 14-nm technology including the second generation Fin Field Effect Transistor 

architecture [46]. EB lithography with high-contrast development was also found to be capable of 

producing 10-nm features with sub-20 nm pitches at an acceleration voltage of 10 kV. 
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Figure 1.5 Various phenomena in metal- and molecule-based nanoscale junctions. (a) Quantization 

of conductance in Au nanoscale junctions (Ref. 39), (b) molecular switching in metal/self-assembled 

monolayer (SAM)/metal junctions (Ref. 41), (c) quantization of spin conductance in Ni junctions 

(Ref. 40), and (d) large MR effect of Co/Alq3/La0.7Sr0.3MnO3 junctions (Ref. 44). 

 

a 

b 

c 

d 
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Figure 1.6 Nanostructures fabricated using various methods; (a) immersion lithography (Ref. 46), (b) 

break junction technique (Ref. 51), and (c) integrated bottom-up and top-down processing (Ref. 52). 

 

Directed self-assembly (DSA) of block copolymer (BCP) thin films, in which the obtained nanoscale 

line/pitch features are defined by the spacer/width of the aligned BCPs fabricated using EB 

lithography combined with DSA, was used to produce long range ordered Si nanofins with 10-nm 

sizes and 32-nm pitches [52]. The superlattice nanowire pattern transfer method, which is based on 

the stamp formation due to the selective etching of superlattice template layers, has also enabled the 

production of Pt and Si nanowires with sub-10-nm widths and sub-15-nm pitches [50].  

Recently, our group have proposed a new method to fabricate nanoscale junctions utilizing 

thin-film edges, in which molecules are sandwiched between crossed edges of two metal thin films, 

where the junction area is determined by the precisely controlled film thickness (Figure 1.7). Namely, 

the films with thicknesses of 120 nm could produce nanoscale junctions with 
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Figure 1.7 Schematic of metal/molecule/metal nanoscale junction containing metal thin-film edges. 

Nanoscale junction consists of molecules sandwiched between crossed edges of two metal thin films. 

Junction area is determined by film thickness; thus, 1−20-nm thick films could produce 1×1–

20×20-nm
2
 nanoscale junctions. 

 

areas of 1×1–20×20 nm
2
. This geometrical structure also enables a strict junction resistance 

measurement, i. e., the resistance of molecules, using four probe method. Moreover, the electrode 

resistance fabricated from metal thin films can be reduced to several 10–100  due to high aspect 

ratios of electrode (typically over 10
5
:1). Such a reduction in resistance is characterized by the 

following advantages: i) high-speed operation due to small time constant value proportional to 

electrode resistance; and ii) low energy consumption due to the suppression of heat generation 

originated from large magnitude of electrode resistance. Furthermore, a large MR effect is expected 

from the nanostructures of magnetic thin film electrode. In particular, such nanojunctions utilizing 

magnetic thin films are called as spin quantum cross (SQC) devices.  
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Figure 1.8 (a) Ohmic characteristics of Ni/Ni junctions [54], (b) nanoscale tunnelling observed for 

Ni/NiO/Ni junctions [55], and (c) ballistic regime of nanoscale molecules in Ni/P3HT:PCBM/Ni 

nanoscale junctions [56]. 

 

Previously, our research group have fabricated Ni-based nanoscale junctions utilizing 

thin-film edges and investigated the related nanoscale phenomena [53–56]. The obtained results 

include ohmic characteristics of Ni/Ni junctions, nanoscale tunnelling observed for Ni/NiO/Ni 

junctions, and the ballistic regime of nanoscale molecules in Ni/poly-3-hexylthiophene:6, 6-phenyl 

C61-butyric acid methyl ester (P3HT:PCBM)/Ni nanoscale junctions (Figure 1.8). To fabricate such 

nanoscale junctions, poly(ethylene naphthalate) (PEN) organic films were used as substrates. 

However, these films limit the process flexibility due to their low glass transition temperature (Tg) as 

high as 120°C. Namely, it was difficult to anneal the nanoscale junctions at higher than 120°C for 

surface/interface engineering and crystal structure optimization. In addition, PEN films are 
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impractical for typical manufacturing process, such as a CMOSLSI one requiring thermal treatment. 

Moreover, the magnetic measurement revealed a small coercive force and a low squareness of 

hysteresis loop for the magnetic thin films grown on PEN films.  

 

1.4 Aim of this study 

This study proposes a new fabrication technique utilizing thin-film edges toward the 

creation of molecular spintronic nanoscale junctions. In particular, I attempted to use 

low-softening-point (LSP) glasses as substrates with excellent thermal processability instead of 

conventional PEN films. A thermal pressing technique was used for the formation of 

LSP-glass/magnetic-thin-film/LSP-glass sandwiched structures. Structural, electrical, and magnetic 

properties were investigated for magnetic thin films on LSP glasses and in the sandwiched structures. 

Nanoscale junctions were fabricated, in where molecules were sandwiched between crossed edges of 

two magnetic thin films. Their current-voltage characteristics were investigated. Finally, the carrier 

transport properties of the junctions were discussed within the areas ranging from nanometer to 

micrometer scale.  

This thesis consists of five chapters. Chapter 1 presents a review of the background and 

describes the significance and objectives of this study. 

In chapter 2, the formation of Co thin films sandwiched between LSP glasses was 

demonstrated using a thermal pressing process. Structural and magnetic properties were investigated 

for Co thin-film electrodes on LSP glasses and Co thin films sandwiched between the glasses. 

In chapter 3, structural and magnetic properties were investigated for Ni78Fe22 thin films 

on LSP glasses and Ni78Fe22 thin films sandwiched between the glasses. The influence of thermal 

pressing process on the characteristics of Ni78Fe22 thin films sandwiched between LSP glasses was 

revealed. The stray magnetic field generated between the two edges of Ni78Fe22 thin-film electrodes 
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in nanoscale junctions was calculated using a micromagnetic simulation. Finally the applicability to 

spin-filter devices was discussed. 

In chapter 4, the formation of nanoscale junctions, consisting of Alq3 molecules 

sandwiched between crossed edges of two Ni78Fe22 thin films, was demonstrated. This technique 

enabled the fabrication of Ni78Fe22/Alq3/Ni78Fe22 junctions with an area of 11×11 nm
2
, which is the 

smallest value ever reported junctions utilizing thin-film edges. Area dependence of electrical 

properties of Ni78Fe22/Alq3/Ni78Fe22 junctions was investigated from nanometer to micrometer scale. 

Consequently, a bridging area was found out between the quantum state and classical configuration.  

Finally, all the results and achievements of this study are summarized in chapter 5. 

The result of this study is expected to open the window for the discovery of various 

physical/chemical phenomena in nano-to-micro-scale materials, and offer new opportunities for the 

creation of next-generation innovative nanodevices. 
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Chapter 2 

Structural and magnetic properties of Co thin films 

sandwiched between glasses and their application  

in spin-filter devices 

                                                      

 

2.1 Introduction 

Nanoscale junctions can be realized by crossed edges of two ferromagnetic-thin-film 

electrodes which are formed between glass substrates using a thermal pressing technique. Therefore, 

the structural and magnetic properties of ferromagnetic-thin-film electrodes are significant to discuss 

the characteristics of SQC devices such as junction areas, electrical conductivity and stray field. 

Although there have been many reports on the properties of ferromagnetic thin films deposited on 

various substrates [1–6], their properties are widely different depending on the kind and/or the purity 

of substrates. Among them, there is little or no report on the properties of ferromagnetic thin films 

deposited on B2O3-based LSP glasses. In this chapter, it was investigated the structural and magnetic 

characteristics of the Co thin films on LSP glasses and the films sandwiched between LSP glasses. 

The stray field between crossed edges of two Co thin-film electrodes was also calculated using a 

micromagnetic simulation for the SQC device application. 
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2.2 Experimental 

2.2.1 Fabrication of Co film on glass substrate 

Figure 2.1 shows the fabrication method of the glass/Co/glass structure. A B2O3-based LSP 

glass (ISUZU GLASS CO., LTD.) was used for the substrate. The LSP glass composition was 

SiO2B2O3Al2O3Na2OCaO. The LSP glass deformation temperature was 503°C. The LSP 

glasses were cut to 10×10×2 mm3 and polished to a shape with chamfered edges as shown in 

Figure 2.1(a). The LSP glasses were cleaned in an ultrasonic bath with acetone and ethanol for 10 

min, respectively. Afterwards, Co thin films with the thickness of 5–25 nm were deposited on the 

LSP glasses using an electron beam evaporation (Figure 2.1(b)). During film deposition, the 

magnetic field of 400 Oe was applied in the in-plane transverse direction of the Co thin films for the 

induced magnetic anisotropy formation. The base pressure before deposition was 2.5−4.0×10−
4
 Pa. 

The deposition rate of Co thin films was 0.15 nm/s at an evaporation power of 200 W (4.0 kV and 50 

mA). For comparison, the Co thin films were also fabricated on the PEN organic film substrates 

(Teonex Q65, Teijin DuPont). Co was deposited on the PEN of 10 mm×2 mm×25 µm using the 

electron beam evaporation under a magnetic field in a high vacuum chamber at a base pressure of 

~10
–6

 Pa. The thickness of Co film was 6.1–19.7 nm. The pressure during the evaporation was ~10
–3

 

Pa. The deposition rate was 1.5–2.5 nm/min at an evaporation power of 400–450 W. The magnetic 

field was 380 Oe, which was applied in the in-plane transverse direction of the Co thin films for the 

induced magnetic anisotropy formation.  

 

 

Figure 2.1 Fabrication of Co/glass structure. (a) Chamfered edges formation and (b) Co thin film 

deposition. 

LSP glass
Co(a) (b)
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2.2.2 Fabrication of glass/Co/glass structure 

Co thin film sandwiched between the LSP glasses was fabricated using a thermal pressing 

technique. A glass-molding machine (Toshiba Machine Co. Ltd., GMP–00504 V) was used for the 

pressing. The LSP glass coated with the Co thin film was placed on the sample stage inside the 

machine. Another LSP glass was stacked on the Co/LSP-glass sample. The stacked sample was 

heated up to 513°C (10°C higher than the glass deformation temperature) at 2.5°C/s in N2 

atmosphere, kept for 30 s, and then pressed at 0.25 MPa for 5 min (Figure 2.2(a)). After the pressing 

operation, the pressure was released and cooled down to room temperature at 1°C/s. Subsequently, 

obtained samples were cut in half (Figure 2.2(b)). The cross-sectional surfaces of 

LSP-glass/Co/LSP-glass were polished by one-step mechanical polishing (MP) method and two-step 

chemical mechanical polishing (CMP) method using a polishing machine (Nano Factor Co. LTD., 

FACT-200) under a rotation speed of 75 rpm at room temperature (Figure 2.2(c)). The MP process 

was performed on a cast-iron plate (Imahashi MFG. Co., FAC-8IRS) using Al2O3-based emeries 

(FUJIMI INCORPORATED, FO) in the following sequence of particle diameters: 93 (#240), 64 

(#400), 46 (#600) and 18 m (#1200). Thereafter, the first CMP process was performed using a 

polishing cloth (LAM PLAN, LAM 410) with CeO2 slurries (Nano Factor Co. LTD.) of a particle 

diameter of 1 m in sequence. The second CMP process was performed using a polishing cloth 

(LAM PLAN, LAM 410) with Al2O3 slurries (Baikowski, Baikalox CR30) of a particle diameter of 

100 nm.  

 

 

Figure 2.2 Fabrication of glass/Co/glass structure; (a) thermal pressing, (b) cutting, and (c) 

polishing of stacked glasses cross-section. 

Press(a) (b) (c)

Cut

Polish
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2.2.3 Characterization of sample 

Co thin film thickness was measured using a Lambert-Beer method, which was performed 

utilizing a diode pumped solid state (DPSS) laser and a photodiode detector. Morphology and 

roughness of sample was analysed using an atomic force microscopy (AFM; SII Nano Technology 

Inc., Nanocute) in air. The polished LSP-glass/Co/LSP-glass cross-sectional microstructure was 

evaluated using a scanning electron microscopy (SEM; JSM- 6700FT, JEOL) operating at 5 kV. 

Magnetization curves of Co thin films on LSP glasses were measured using a focused 

magneto-optical Kerr effect (MOKE; NEOARK, BH-PI920-HU) with a laser spot diameter of 6 µm 

under a magnetic field between −1 kOe and +1 kOe at room temperature. Magnetization curves of 

the samples were also measured using a magnetic property measurement system (MPMS; Quantum 

Design, Inc.) under between −10 kOe and +10 kOe at room temperature. Stray field generating from 

the Co thin film edges were observed using a magnetic force microscopy (MFM; SII Nano 

Technology Inc., Nanocute), in which a CoCrPt-coated cantilever was used.  

The local magnetic fields generated between the edges of two Co thin-film electrodes in 

SQC devices were calculated using a micromagnetic simulation. The calculation region has 

semi-infinite space corresponding to SQC devices. The region was divided into 0.1 nm×0.1 nm×0.1 

nm cubic mesh. The stray field computation was carried out using demagnetization tensor and 

numerical integration. Fortunately, the demagnetization coefficient of SQC was approximately zero. 

Since the magnetization in SQC almost orients to the x-direction, the stray field was obtained from 

the most contribution due to magnetic charges at the SQC edges. 
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2.3 Results and Discussion 

2.3.1 Co thin film on LSP glass 

2.3.1.1 Surface roughness of LSP glass and Co thin film on LSP glass  

Figure 2.3 shows the schematic view of SQC device. Nanoscale junction is obtained by 

crossing two film edges. Therefore, the junction area is determined by the multiplication of two film 

thicknesses. Such small junction area is influenced by the film surface roughness. Therefore, I 

investigated the surface roughnesses of bare LSP glass and the Co thin films on LSP glasses. Figure 

2.4(a) shows the root mean square surface roughness (Rq) as a function of the Co thin film thickness 

on LSP glasses. For comparison, the surface roughness of Co thin films on PENs is also shown. The 

PEN and Co/PEN samples were examined as a magnetic thin-film electrode of SQC device in our 

previous study [7]. Insets show AFM surface images of LSP glass and Co/LSP-glass. Scanning area 

is 500×500 nm
2
. Here, Rq is defined by 𝑅𝑞 = √1/𝐿𝑥𝐿𝑦 ∫ ∫ |ℎ (𝑥, 𝑦)|2𝑑𝑥𝑑𝑦

𝐿𝑦

0

𝐿𝑥

0
, where h (x, y) is 

the height profile as a function of x and y, and Lx(y) is the scanning size along the x (y) direction. The 

surface roughness of Co on LSP glass is as small as 0.87–1.20 nm. From Figure 2.4(a), the Rq value 

is 1.23–1.50 nm, which is smaller than that of Co thin film on PEN. Such smoothness is attributed 

not only to the LSP glass surface but also a low deposition rate of Co thin films. The vaporized Co 

atoms can move easily and freely along the in-plane direction on LSP glass surface. The low 

deposition rate of 0.15 nm/s provides an adequate time to the Co atoms to diffuse on the surface. 

Such Co atom diffusion contributes the formation of smooth surface with low surface energy. Figure 

2.4(b) shows the scaling properties of the Rq for the bare LSP glass and Co thin films on LSP glasses. 

As shown in Figure 2.4(b), the Rq of Co thin films (t = 9–21 nm) on the LSP glasses are as small as 

0.06–0.30 nm at the same scanning scale as their film thicknesses, which are corresponding to less 

than a few atomic layers. These results indicate that the Rq of the Co film on LSP glass has little or 

no influence on the nanoscale junction area in the SQC device. 
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Figure 2.3 Schematic image of junction area.  

t ± Rq

t ± Rq
Co

Range where Rq

affects junction area
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Figure 2.4 (a) Surface roughness as function of Co thickness in Co/LSP-glass and Co/PEN, 

(b) scaling properties of the surface roughness for LSP glass, Co(9 nm)/LSP, Co(16 

nm)/LSP and Co(21 nm)/LSP. 
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2.3.1.2 Growth mode of Co thin film on LSP glass 

In this section, the growth mode of Co films on LSP glasses is discussed from the scaling 

properties of surface roughness (Rq). The surface roughness shown in Figure 2.4 (b) follows a 

scaling law, 𝑅q = 𝑤(𝐿) ∝ 𝐿𝛼 , where 𝑤(𝐿)  is the interface width, which corresponds to the 

standard deviation of surface height; L is the system size and 𝛼 is the growth scaling exponent. The 

values of 𝛼 remain almost constant at 0.77−0.84 for the Co thin films on LSP glasses, as indicated 

by the similar roughness slope for each sample. This means that the surface morphologies of Co thin 

films on LSP glasses are independent of the film thickness. I also note that the surface can be 

described by a self-affine structure due to 𝛼 ≠ 𝛽, where 𝛽 is the dynamical exponent in the scaling 

law 𝑅𝑞 = 𝑤(𝑡) ∝ 𝑡𝛽. Here, 𝑡 is the film thickness. As can be seen in Figure 2.4(a), the dynamical 

exponent 𝛽 of Co thin films on LSP glasses is nearly equal to zero because Rq is almost the same at 

each Co thickness. This results in 𝛼 ≠ 𝛽, indicating a self-affine growth regime, which can also be 

observed in Cu films deposited on glasses [8]. 

 

2.3.1.3 Magnetic property of Co thin film on LSP glass 

Figure 2.5(a) shows the magnetization curves of Co thin films on LSP glasses obtained by 

the MOKE measurements. The film thicknesses are 8.5, 11, 15.9, and 17.5 nm, respectively. 

Magnetic field was applied in the magnetic easy-axis direction during the measurement. The 

coercivities of a Co thin films on LSP glasses is 20–30 Oe, which is almost the same as the values 

reported for Co films on Si(001) wafer [9]. On the other hand, the magnetization curve of the Co(21 

nm)/LSP-glass sample was measured using MPMS. The result is shown in Figure 2.5(b). The 

influence of LSP glasses as the diamagnetic material was eliminated in advance. As shown in Figure 

2.5(b), the shape of the magnetization curve with coercivity of 25 Oe was almost the same as the 

results obtained by the MOKE technique (Figure 2.5(a)). The magnetization M of Co thin films can 
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be calculated as M = m/V, where V is the Co thin film’s volume and m is the saturation magnetic 

moment obtained from MPMS measurement. Using this equation, the magnetization M is calculated 

to be 830 emu/cc, when V = 21 nm×4.03 mm×8.00 mm and m = 0.000562 emu. The magnetization 

is low compared to that of a bulk Co (M = 1424 emu/cc) [10]. It is thought that the magnetism of the 

Co film is lost to several nanometers from the interface with LSP glass [11].  

Next, I discuss the squareness of the hysteresis loop of Co thin film deposited on LSP glass 

and PEN. The squareness of the hysteresis loop is defined with Mr/Ms, where Mr and Ms are 

remanent and saturation magnetization, respectively. The squareness as a function of Co thin film 

thickness is shown in Figure 2.6. The squareness of the hysteresis loop of Co thin films on LSP 

glasses is as large as 0.96–1.0, which is greater than that of Co thin films on PEN of 0.32–0.84. This 

large squareness causes a high stray field to be generated from the edges of Co thin-film electrodes 

in SQC devices.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Magnetization curves of Co thin films on LSP glasses measured using (a) MOKE 

and (b) MPMS. 

 

 

 

 

 

 

 

 

 

-100 0 100
-0.001

0

0.001

M
a
g
n
e
ti
c
 m

o
m

e
n
t 

(e
m

u
)

Magnetic field (Oe)

Hc=25 Oe

t = 21 nm

(b)

-100 0 100

17.5 nm

-100 0 100
-20

-10

0

10

20
15.9 nm

11 nm

-20

-10

0

10

20
t =8.5 nm

K
e

rr
 r

o
ta

ti
o

n
 (

m
 d

e
g
.)

Magnetic field (Oe)

(a)



26 

 

 

 

Next, I discuss the magnetic domain structure of Co film deposited on LSP glass. Figure 

2.7(a) shows the magnetization curves for Co film (t = 21 nm) using the MOKE technique. These 

curves were obtained in the external magnetic field applied at an angle of 2, 42 and 79 degrees from 

the magnetic easy-axis direction. The coercivity of magnetization curves gradually decreased with 

increasing the angle between the magnetic-field and the easy-axis directions. The coercivity was 

minimized when the magnetic field is applied in the hard-axis direction. These results indicate that a 

magnetic anisotropy was induced in the Co thin films. Figure 2.7(b) shows the Co film coercivities 

as a function of the angles between the magnetic-field and the easy-axis directions. The coercivity at 

each angle was normalized using the value at θ = 42°. The experimental values were consistent with 

the calculated result using Stoner-Wohlfarth model which can be applied to single magnetic domain 

structure. Therefore, the Co films on LSP glasses were thought to have single domain structure. 

 

 

 

 

 

Figure 2.6 Mr/Ms values as function of Co thicknesses in deposited on LSP glasses and PENs, 

respectively. 
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2.3.2 Co thin film sandwiched between LSP glasses 

 2.3.2.1 Polished cross-sectional surface of glass/Co/glass  

After the thermal pressing process, highly smooth LSP-glass/Co/LSP-glass cross-sectional 

surface is obtained using the MP and CMP methods. The MP process is performed using 

Al2O3-based emeries with different particle diameters: 93, 64, 46, 18, and 13 µm. Next, the 

cross-sectional surface was polished using the first CMP process with CeO2 slurries of a particle 

diameter of 1 µm, and then with Al2O3 slurries of a particle diameter of 0.1 µm. Figure 2.8 shows the 

polished surfaces roughnesses of Co thin-film edges sandwiched between LSP glasses as a function 

of the particle diameters dMP (the MP process) and dCMP (the CMP process). It is evident that the 

surface roughness decreases depending on the dMP and dCMP. 

Figure 2.9(a) shows the SEM image of the polished cross-sectional surface of 

LSP-glass/Co/LSP-glass. The Co thin film thickness is 14 nm. Clear edge was confirmed in the SEM 

photograph. The contrast enhancement of the edge is attributed to the high conductivity of Co. 

Figure 2.9(b) shows the AFM view in the vicinity of Co edge. The polished surfaces roughness is as 

small as 0.29–1.2 nm in a scanning area of 1×1–30×30 µm
2
.  

 

Figure 2.7 (a) Magnetization curves of Co thin film on LSP glass measured using MOKE. The 

magnetic field is applied at angle of 2, 42 and 79 degrees taking from magnetic easy-axis 

direction. (b) Coercivities of Co thin film on LSP glass as function of measuring angle, and 

calculation value by Stoner-Wohlfarth model. 
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Figure 2.8 Surface roughness of polished LSP-glass/Co/LSP-glass observed using the 

AFM as function of diameter dMP/CMP of Al2O3-based emeries (dMP > 10 µm) or CeO2 

slurries (dCMP = 1 µm).  

 

Figure 2.9 Polished cross-sectional surface of LSP-glass/Co/LSP-glass images; (a) SEM 

and (b) AFM.  

Co

Co

(a) (b)
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The flat LSP-glass/Co/LSP-glass cross-sectional surface enables the MFM measurement 

of stray field from the Co edge. Figure 2.10 shows MFM images of the polished surfaces of Co thin 

film sandwiched between LSP glasses. The Co thin films thicknesses are 8.5, 11, and 15 nm, 

respectively. Blue colored bars in the MFM images indicate that the stray field is generated along the 

out-of-plane direction of the samples. As can be seen from Figure 2.10, a strong stray field is 

generated along the out-of-plane direction from the Co edges. This behavior is consistent with the 

results obtained by the MOKE measurements, indicating that the squareness of the hysteresis loop is 

as large as 0.96–1.0, as shown in Figure 2.6. Here, I note that the stray field width is about 0.5–1 µm, 

which is much larger than the Co thickness. This is attributed to a long spacing distance (~50 nm) 

between the Co thin-film edge and the CoCrPt-coated cantilever probe of the MFM setup. The 

distance prevents the magnetization reversal of the CoCrPt-coated cantilever probe.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 MFM images of polished LSP-glass/Co/LSP-glass surfaces; Co thicknesses are 

(a) 8.5, (b) 11, and (c) 15 nm, respectively. 

(a) t = 8.5 nm (b) t = 11 nm (c) t = 15 nm
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2.3.2.2 Calculation of stray magnetic field between crossed edges of two Co thin films 

I successfully established the fabrication method of ultra-flat LSP-glass/Co/LSP-glass 

cross-sectional surface. If two Co thin film edges are crossed with an adequate distance, an SQC 

device will be fabricated. Then, in this section, the stray magnetic field generated between the 

crossed edges of two Co thin-film electrodes in the SQC device (Figure 2.11(a)) is calculated. The 

calculated results are shown in Figure 2.11(b). The insets show the distribution of the stray field for 

varying Co thicknesses t and distances between the two edges of Co thin-film electrodes d; 

specifically, t = 5 nm, d = 20 nm; t = 5 nm, d = 5 nm; and t = 20 nm, d = 5 nm. The points x and y are 

the positions along the in-plane and out-of-plane directions of the Co films, respectively, between the 

two edges of Co thin-film electrodes. The position x = y = 0 nm is the center of the junction between 

the two edges of Co thin-film electrodes. At t = 5 nm and d = 20 nm, the stray field is less than 2 

kOe, and a uniform distribution is not obtained. At t = 5 nm and d = 5 nm, although the stray field is 

beyond 4 kOe, a uniform distribution is still not obtained. At t = 20 nm and d = 5 nm, the stray field 

measures as high as 7 kOe, and a uniform distribution is successfully obtained. From the calculation 

plots of Figure 2.11(b), it is found that a high stray field beyond 6 kOe is generated when the Co 

thickness is larger than 10 nm and the distance between the two edges of Co thin-film electrodes is 5 

nm. This high magnetic field produces a large Zeeman effect in the sandwiched materials between 

the two edges of magnetic thin-film electrodes. These experimental and calculation results conclude 

that SQC devices with Co thin-film electrodes sandwiched between LSP glasses (Co thickness t = 

10–20 nm) can be used as spin-filter devices. 
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2.4 Conclusion 

In this chapter, I demonstrated the formation of Co thin films on LSP glasses and between 

LSP glasses. Their morphologies and magnetic properties were investigated in detail. The surface 

roughness of a Co thin film (t = 21 nm) on an LSP glass is less than 0.30 nm at the same scanning 

scale as the Co film thickness. The smooth Co thin films were attributed not only to the use of LSP 

glasses with a smooth surface but also a low deposition rate of Co thin films. The magnetization 

curves of Co thin films (t ≤ 21 nm) deposited on LSP glasses showed the coercivity of 20–30 Oe. 

Furthermore, the squareness of their hysteresis loop was shown to be as large as 0.96–1.0. Next, 

characteristics of Co thin-film electrodes sandwiched between the LSP glasses were investigated. As 

a result of the establishment of polishing techniques for Co thin-film electrodes, the formation of 

smooth LSP-glass/Co/LSP-glass cross-sectional surface was successfully demonstrated. 

 

Figure 2.11 (a) Structure of an SQC device for calculation of stray field and (b) calculation 

results of Co thickness dependence of stray magnetic field between two edges of Co thin-film 

electrodes in SQC devices. The insets show stray field distribution; t = 5 nm and d = 20 nm, t 

= 5 nm and d = 5 nm, and t = 20 nm and d = 5 nm, respectively. 
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Subsequently, the generation of stray magnetic fields from the Co edge was confirmed by the MFM 

measurement. Theoretical calculation exhibited that a high stray field beyond 6 kOe is generated 

between the two edges of Co thin-film electrodes when the Co thickness is larger than 10 nm at a 

junction gap distance of 5 nm. These results indicate that the Co thin films on LSP glasses are good 

candidates for the magnetic thin-film electrodes in SQC devices. 
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Chapter 3 

Structural and magnetic properties of Ni78Fe22 thin films 

sandwiched between glasses and their application  

in spin-filter devices 

                                                      

 

3.1 Introduction 

In chapter 2, I successfully demonstrated the formation of smooth LSP-glass/Co/LSP-glass 

cross-sectional surfaces using the thermal pressing technique and polishing methods. Furthermore, 

the generation of the stray magnetic fields from the Co edge was confirmed. These results promise 

that the LSP-glass/Co/LSP-glass structure can be used for the electrodes of SQC devices. Other 

ferromagnetic materials, such as Fe and Ni, will also be used for the electrode. Particularly, NiFe 

alloy is an excellent electrode material for spintronic devices or magnetic soft/hard materials due to 

its large magnetization, high controllability of spin transports, and long-term stability in air [1−5]. In 

this chapter, I investigate the properties of Ni78Fe22 (parmalloy, Py in the following) thin films on the 

LSP glasses and the films sandwiched between LSP glasses. I also reveal the influence of the 

thermal pressing process on the properties of the Py thin films sandwiched between LSP glasses. 

Moreover, the stray magnetic field generated between crossed edges of two Py thin films in SQC 

devices is calculated using a micromagnetic simulation. Finally, the applicability of SQC structures 

to spin-filter devices is discussed.  
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3.2 Experimental 

3.2.1 Fabrication of Py thin film on glass substrate 

As shown in Figure 3.1(a), The LSP glass substrates with dimensions of 10×10×2 mm3 

were prepared and chamfered on both sides. The LSP glasses were cleaned in an ultrasonic bath with 

acetone and ethanol for 10 min, respectively. Afterwards, Py thin films with thicknesses of 10–100 

nm were deposited on the LSP glasses using an ion-beam sputtering method under an in-plane 

magnetic field of 400 Oe. (Figure 3.1(b)). The base pressure before sputtering was 1.05.0×10
5

 Pa. 

The deposition rate of Py thin films was 3 nm/min at a sputtering power of 60 W (1.0 kV and 60 

mA) under an Ar pressure of 3.0−4.5×10
−2

 Pa.  

 

 

3.2.2 Fabrication of glass/Py/glass structure 

To reveal the influence of pressure in thermal pressing process, Py thin films sandwiched 

between the LSP glasses was fabricated using a thermal pressing machine (Toshiba Machine Co. 

Ltd., GMP–00504V) at a pressure of 0.25–1.0 MPa. Other thermal pressing conditions were same as 

described in chapter 2. 

 

 

 

 

Figure 3.1 Fabrication of Py/LSP glass structure: (a) chamfered edges formation and (b) Py thin 

film deposition. 

LSP glass Py
(a) (b)
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After the pressing operation, the pressure was released and cooled down to room temperature at 

1°C/s. Subsequently, obtained samples were cut in half (Figure 3.2(b)). The cross-sectional surfaces 

of LSP-glass/Py/LSP-glass were polished using following two methods; one-step mechanical 

polishing (MP) method and two-step chemical mechanical polishing (CMP) method (Figure 3.2(c)). 

The MP process was performed in the same manner as described in chapter 2. Thereafter, the first 

CMP process was performed using a polishing cloth (Struers, DP-DUR) with diamond pastes 

(Struers, DP-paste) of a particle diameter of 3 and 1 m in sequence. The second CMP process was 

performed using a polishing cloth (Struers, DP-Chem) with colloidal SiO2 slurries (Struers, OP-S) of 

a particle diameter of 40 nm. These CMP processes were carried out using a polishing machine 

(Nano Factor Co. LTD., FACT-200) under a rotation speed of 75 rpm at room temperature. 

 

3.2.3 Characterization of sample 

The cross-sectional microstructure and interfacial features of the samples were examined 

using a transmission electron microscopy (TEM; JEOL, JEMARM200F), a transmission electron 

diffraction (TED), and a TEMenergy dispersive X-ray spectroscopy (EDS) operating at 200 kV. 

TED patterns of the samples were obtained with a beam size of 100 nm. TEM specimens were 

prepared by a focused ion beam (FIB; Hitachi High-Tech. Corp., FB-2100) system. The thickness of 

Py thin films was estimated both by a TEM observation and a Lambert-Beer method using a 

diode-pumped solid-state (DPSS) laser and a photodiode detector. Py thin film thickness was also 

 

Figure 3.2 Fabrication of glass/Py/glass structure; (a) thermal pressing of two glasses, (b) cutting, 

and (c) polishing of stacked glass cross-section. 

Press(a) (b) (c)

Cut

Polish
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measured using a stylus surface profiler (Kosaka Laboratory Ltd., ET200). 

Average crystal grain size in Py thin films was determined using an X-ray diffraction 

(XRD; Rigaku, SmartLab). The magnetization curves of Py thin films on LSP glasses and Py thin 

films sandwiched between LSP glasses were measured using a MOKE and/or MPMS. The surface 

morphology and roughness of the sample were analysed using an AFM in air. The stray field 

originating from the edge of Py thin film was measured using an MFM. A stray field generating from 

the Py thin film edge was observed using the MFM, in which a CoCrPt-coated cantilever was used.  

The local magnetic fields generated between the two edges of Py thin-film electrodes in 

SQC devices were calculated using a micromagnetic simulation. (Refer to chapter 2.2.3 for the 

calculation technique.) 

 

3.3 Results and Discussion 

3.3.1 Py thin film on LSP glass 

3.3.1.1 Cross-sectional structure of Py thin film on LSP glass 

Figure 3.3 shows the cross-sectional bright-field TEM images of Py thin films with a 

thickness of 17 nm and 86 nm deposited on LSP glasses, which are denoted by Py17 and Py86, 

respectively (integer numbers are the Py layer thicknesses in nm). Carbon layers were deposited on 

the Py thin films for protection. There was no diffusion of Ni and Fe atoms into the LSP glass, 

resulting in the clear interface between Py thin films and LSP glasses.  



38 

 

 

The clear interface was also confirmed by the cross-sectional TEM-EDS mapping images of Py86 as 

shown in Figure 3.4. Some researchers have pointed out that metal atoms diffuse into the materials, 

which have a low softening point, in the process of deposition. [6,7]. For example, a cross-sectional 

TEM observation of the interface between Au and polymethyl methacrylate (PMMA) prepared by a 

dip-coating demonstrated that the thickness of interfacial region ranges from 2 to 4 nm, which 

suggests the Au atom diffusion into PMMA layer [6]. In another study, radio-tracer measurements in 

conjunction with an ion-beam depth profiling of Ag/trimethylcyclohexane polycarbonate (TMC-PC) 

revealed that the traces of Ag atoms can be detected at 400 nm depth from the TMC-PC surface [7]. 

In contrast, such diffusion did not occur at the Py/LSP-glass interface. This result means that Py thin 

films on B2O3-based LSP glasses are good candidates for electrodes of SQC devices. 

 

 

Figure 3.3 Cross-sectional TEM images of (a) Py17 and (b) Py86. (c) and (d) are 

high-resolution images of (a) and (b), respectively. 
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3.3.1.2 Surface roughness and growth mode of Py thin film on LSP glass 

Figure 3.5 shows the dependence of the surface roughness Rq on the thickness of Py thin 

films on LSP glass. The definition of surface roughness Rq was described in chapter 2. The Rq values 

of Py thin film on PEN, which have been already examined as the magnetic thin-film electrodes of 

SQC devices [8], are also plotted. The insets show the surface AFM images of an LSP glass, Py17, 

and Py86, respectively. The scanning area was 500×500 nm
2
. The Rq values were investigated in 

randomly selected 10 areas at each Py with different thickness. The average value in these areas is 

plotted in Figure 3.5. As can be seen in this figure, the Rq values of Py thin films on LSP glasses 

(0.73−0.88 nm) are smaller than those of Py thin films on PEN (1.65−1.68 nm). The Rq values are 

also almost similar to or slightly smaller than those of Co/LSP-glass (0.87−1.2 nm) [9]. The smooth 

surfaces of the Py thin films on LSP glasses are consistent with the TEM results shown in Figure 3.3.  

 

 

Figure 3.4 (a) Cross-sectional TEM image of Py 86, and EDS mapping images for (b) Si, (c) 

Ni, and (d) Fe, respectively. 
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Figure 3.6 shows the scaling properties of surface roughness Rq for an LSP glass and Py thin film on 

LSP glass. As described in chapter 2, The Rq obeys a scaling law, 𝑅q = 𝑤(𝐿) ∝ 𝐿𝛼, where 𝑤(𝐿) is 

the interface width, which corresponds to the standard deviation of the surface height; L is the 

system size; and 𝛼 is the growth scaling exponent. The 𝛼 values remain almost constant between 

0.59−0.61 for LSP glass and Py thin films on LSP glasses. As shown in Figure 3.5, the dynamical 

exponent 𝛽 of Py thin films on LSP glasses in the scaling law 𝑅𝑞 = 𝑤(𝑡) ∝ 𝑡𝛽 is nearly equal to 

zero. Here, 𝑡 is the film thickness. These scaling laws result in 𝛼 ≠ 𝛽, indicating a self-affine 

growth regime which can also be observed in the deposited Py thin films on PEN substrates [8].  

Here, I discuss the application of Py thin films to SQC devices from the viewpoint of 

surface roughness. As described in chapter 2, the junction area of an SQC device is determined by 

the film thickness. Therefore, the surface roughness must be sufficiently small at a scanning scale 

equal to the film thickness. As shown in Figure 3.6, the Rq of the Py9 and the LSP glass are as small 

as 0.11 and 0.07 nm at a scanning scale of 9 nm, respectively, corresponding to a few atomic layers.  

The surface roughness of Py86 is less than 0.5 nm at a scanning scale equal to the Py thickness. 

These results indicate that Py thin films on LSP glasses are useful as electrodes for SQC devices 

from the perspective of surface morphologies as well as interfacial structures. 

 

Figure 3.5 Surface roughness as a function of film thickness for Py thin films on LSP glasses. 
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Figure 3.6 Scaling properties of surface roughness for LSP glass, Py9, Py17, Py25, Py47, and 

Py86. 
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3.3.1.3 Magnetic property of Py thin film on LSP glass 

Figure 3.7 shows the magnetization curves for Py17 and Py86 measured using a MOKE 

technique. The magnetic field was applied in the x and z directions, as shown in the inset of Figure 

3.7(a), which correspond to the directions of magnetic easy-axis and hard-axis, respectively. The 

magnetic anisotropy was induced in both of the Py thin films, which were similar to the magnetic 

properties of Co thin films shown in chapter 2. The coercivity of Py17 was as low as 0.9 Oe (Figure 

3.7(a)), which is almost the same as the typical value for Py films [5]. The squareness of the 

hysteresis loop Mr/Ms was as large as 0.99. Here, Mr and Ms are the remanent and saturation 

magnetizations, respectively. The similar magnetic behavior was observed in Py86, in which the 

coercivity was 1.1 Oe and the squareness was 0.98, respectively.  

 

3.3.2 Ni78Fe22 thin film sandwiched between LSP glasses 

3.3.2.1 Cross sectional observation of Py thin film 

Figure 3.8(a) and (b) show the cross-sectional TEM images of two kinds of Py thin films 

sandwiched between LSP glasses after thermal pressing at 1.0 MPa. The thicknesses of the Py thin 

films before thermal pressing were 17 and 86 nm, respectively. These specimens are denoted as 

s-Py17 and s-Py86, respectively, in the following. The TEM images indicated that the thicknesses of 

Py layer decreased to 13 nm for the s-Py17 and 78 nm for the s-Py86, respectively, after thermal 

 

Figure 3.7 Magnetization curves of (a) Py17 and (b) Py86 measured using MOKE technique. 
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pressing. It is evident that the smooth and clear interface was formed for both the s-Py17 and the 

s-Py86. There was no diffusion of Fe and Ni atoms into the LSP glasses. The formation of nanolines 

and flat edge surfaces is an indispensable requirement for leading to the creation of nanoscale 

junctions in SQC devices. Next, I focus on the thickness change of the Py thin films after thermal 

pressing. The volume of Py film in the s-Py17 was changed from 8.28 mm×9.99 mm×17 nm to 8.64 

mm×11.05 mm×13 nm after the thermal pressing. This corresponds to a 12% decrease in volume. 

On the other hand, the volume of Py film in the s-Py86 changed from 8.38 mm×10.18 mm×86 nm to 

8.54 mm×10.98 mm×78 nm, corresponding to a 0.3% decrease in volume. These results indicate that 

the volume change of thinner films is more likely to be affected by the thermal pressing than that of 

thick films. These volume changes are attributed to the crystallinity in Py films.  

Figure 3.8(c) and (d) show the high-resolution cross-sectional TEM images of the s-Py17 

and the s-Py86, respectively. In comparison with Figure 3.3(c) and (d), it is apparent that the crystal 

grain size in the Py films increased after the thermal pressing process. The s-Py17 exhibited a highly 

oriented crystalline structure. On the other hand, a polycrystalline structure with a grain size of ~10 

nm was observed in the s-Py86. The increase of the grain size means the reduction of the grain 

boundary area, contributing to the decrease in volume. I also note that the films elongate in the 

direction perpendicular to the pressing axis. The elongation of the films is considered to give an 

influence on the interfacial region; the shear can be applied to the Py films near the Py/LSP 

interfacial region by elongating the Py film. Such shear stress gives an influence on the crystal 

growth of Py near the interfacial region. This is consistent with the result that there was a significant 

volume change for thinner samples. 
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3.3.2.2 Magnetic property of Py thin film sandwiched between LSP glasses 

Figures 3.9(a) and (b) show the magnetization curves of the s-Py17 and the s-Py86 

measured using a MOKE technique. These are the same specimens shown in Figure 3.8. The 

magnetic field was applied in the x and z directions, as shown in the inset of Figure 3.9(a). The 

magnetization curves of thermal pressing samples drastically changed compared to those of Py films 

before thermal pressing (Figure 3.7). The magnetic anisotropy vanished, and the coercivity increased 

in the thermal pressing samples. In paticular, the coercivity was enhanced from 0.9 to 103 Oe for the 

s-Py17 and from 1.1 to 24 Oe for the s-Py86. Figure 3.9(c) and (d) show the magnetization curves of 

the s-Py17 and the s-Py86 after pressing at 0.50 MPa. Figure 3.9(e) and (f) show the magnetization 

curves of the s-Py17 and the s-Py86 after pressing at 0.25 MPa. As can be seen from the s-Py17 in 

Figure 3.9(a), (c) and (e), the magnetic properties of the s-Py17 are obviously influenced by the 

pressure. The similar behavior was also observed for the s-Py86 (see Figure 3.9(b), (d) and (f)). 

Figure 3.10 shows the magnetization curves for the s-Py17 and the s-Py86 prepared by the thermal 

pressing at 1.0 MPa. The changes in the magnetization curve of Py films after thermal pressing 

process were also observed using a MPMS measurement. 

 

Figure 3.8 Cross-sectional TEM images of (a) s-Py17 and (b) s-Py86 under thermal pressing at P 

= 1.0 MPa. High-resolution cross-sectional TEM images of (c) s-Py17 and (d) s-Py86, 

respectively. 
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Figure 3.9 Magnetization curves of LSP-glass/Py/LSP-glass; (a) s-Py17 and (b) s-Py86 after 1.0 

MPa, (c) s-Py17 and (d) s-Py86 after 0.5 MPa, (e) s-Py17 and (f) s-Py86 after 0.25 MPa. 
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Figure 3.11 shows the pressure dependence of the coercivity of three kinds of s-Py samples. 

The Py thin films thicknesses before thermal pressing were 17, 42, and 86 nm. The coercivity 

increased proportionally with the applied pressure for each sample. The remarkable increase in 

coercivity was observed in the thinner Py films. The coercivity for the Py films was also influenced 

by temperature. Figure 3.12 shows the temperature dependence of the coercivity for Py thin films on 

LSP glasses. The samples were heated up to the predetermined temperature at 2.5°C/s in N2 

atmosphere, and kept for 5 min for 30 s. After that, the samples were cooled down to room 

temperature at 1°C/s. There is no difference in coercivity for each Py film below 313°C. In contrast, 

the coercivity increases proportionally with the temperatures higher than 313°C. A remarkable 

enhancement in coercivity was also observed in the thinner samples, which tendency is consistent 

with the results of the pressure dependence of the coercivity shown in Figure 3.11. 

 

 

Figure 3.10 Magnetization curves of (a) s-Py17 and (b) s-Py80 before and after pressing at 1.0 

MPa observed using MPMS measurement. 
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Figure 3.11 Pressure dependence of coercivity of Py thin films with thicknesses of 17, 42, and 

86 nm sandwiched between LSP glasses after thermal pressing process. 
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Figure 3.12 Temperature dependence of coercivity of Py thin films on LSP glasses. 
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3.3.2.3 Mechanism of coercivity enhancement after thermal pressing process 

As described in the previous section, it was found that the magnetic properties of s-Py 

samples were strongly dependent on the thermal pressing condition. In order to clarify the origin of 

the coercivity enhancement, I investigated the structural properties of the Py thin films before and 

after the thermal pressing. Figure 3.13(a) and (b) show the TED patterns for the Py17 and the Py86. 

The TED patterns of both samples exhibit the ring shapes. These ring patterns indicate the 

polycrystalline structures with fine grains. The result is consistent with the TEM images shown in 

Figure 3.3(c) and (d). Figure 3.13(c) and (d) show the TED patterns for the s-Py17 and the s-Py86, 

respectively. The TED patterns of both samples show clear spots, indicating the decrease of grains 

number (i.e., the increase of crystal grain size). Since the ring patterns were not observed in the 

probing area (~100 nm) for s-Py17, I concluded that the crystal grain size increased to ~100 nm in 

this sample after a thermal pressing. This is consistent with the highly oriented crystalline structures 

observed in Figure 3.8(c).  

 

 

Figure 3.13 Diffraction patterns of (a) Py17, (b) Py86, (c) s-Py17, and (d) s-Py86. 
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To obtain a quantitative understanding of the grain size, I carried out an XRD 

measurements of Py thin films. Because the diffraction intensity of the Py17 was so weak, the 

measurement was carried out for Py86. Figure 3.14 shows the XRD spectra of Py86 before and after 

thermal pressing at 1.0 MPa. The average crystal grain size in Py thin films can be estimated using 

Scherrer’s equation from the full width at half maximum of the peak in the XRD spectrum. Table 3.1 

shows the average crystal grain sizes in the (111), (200), and (220) planes estimated by Scherrer’s 

equation. The average crystal grain size increased by 2.13.4 times in each plane after thermal 

pressing. This finding is consistent with the TEM images in Figure 3.3(d) and Figure 3.8(d) and the 

TED patterns in Figure 3.13(b) and (d). 

 

 

 

 

Figure 3.14 XRD spectra of Py86 before and after thermal pressing at 1.0 MPa. 
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Now, I discuss the relationship between the grain size and the coercivity in Py thin films. 

The grain size dependence of coercivity in magnetic bulk materials with nanocrystalline structures 

can be explained by the theoretical calculation based on the three-dimensional (3D) random 

anisotropy model shown in Figure 3.15 [10, 11]. This model can be extended to the case of magnetic 

thin films with nanocrystalline structures. In the model, the nanosized grains with magnetocrystalline 

anisotropies K1, which are randomly oriented, are ferromagnetically coupled in the two-dimensional 

(2D) magnetic system. The ferromagnetic exchange length Lex of this system is given by  

 

𝐿ex = (
𝐴

〈𝐾〉
)

1

2
,                  (3.1) 

 

where A is the exchange stiffness constant, and 〈𝐾〉 is the anisotropy energy density. Since 〈𝐾〉 

indicates the mean fluctuation amplitude of the anisotropy energy of 𝑁 (= (𝐿𝑒𝑥/𝑙𝑔)2) grains, 

where 𝑙𝑔  is the crystal grain size, 〈𝐾〉 can be expressed by  

 

〈𝐾〉 =
𝐾1

√𝑁
=

𝐾1𝑙𝑔

𝐿ex
.                        (3.2) 

 

Substituting the equation (3.1) in the equation (3.2) yields 〈𝐾〉 = 𝐾1
2𝑙𝑔

2/𝐴. Therefore, the coercivity 

is represented by 

 

𝐻c =
2𝐾1

2𝑙𝑔
2

𝑀s𝐴
,             (3.3) 

 

where Ms is the saturated magnetization. The equation (3.3) indicates that the coercivity increases 

proportionally with 𝑙𝑔
2
. As shown in Figure 3.7(a) and 3.9(a), the coercivity of Py17 was enhanced 
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from 0.9 to 103 Oe after a thermal pressing. Based on the above-mentioned XRD and TED result, 

the grain size in this sample was considered to have increased from 8.5 to ~100 nm after a thermal 

pressing. This change corresponds to a coercivity enhancement of two orders of magnitude for a 

grain size enhancement of one order of magnitude, which is consistent with the equation (3.3) (i.e., 

𝐻c ∝ 𝑙𝑔
2
). Same interpretation can be applied to the case of Py86. As shown in Figure 3.7(b) and 

3.9(b), the coercivity of Py86 was enhanced from 1 to 24 Oe after a thermal pressing. 

Simultaneously the grain size increased from 8.5 to 17.8 nm (Table 3.1). Therefore, the relationship 

between the coercivity and the grain size was represented by 𝐻c ∝ 𝑙𝑔
4.3

. According to the 3D 

random anisotropy model, the coercivity in magnetic bulk materials is given by 𝐻c ∝ 𝑙𝑔
6
. Because 

the 86-nm-thick films are regarded as materials between 2D and 3D systems, it is reasonable that the 

exponential value  in 𝐻c ∝ 𝑙𝑔
𝛾is 4.3 because 2 < 𝛾 < 6. In summary, these results suggest that 

the enhancement in coercivity after thermal pressing can be attributed to the increase in crystal grain 

size with random magnetic anisotropy. 

 

 

 

Figure 3.15 Relation between grain size and coercivity for various soft magnetic metallic alloys 

(Ref. 11). 

G. Herzer: IEEE Trans. Magn. 26, 1397 (1990)
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Figure 3.16(a) and (b) show the AFM images of polished cross-sectional surfaces of 

s-Py17 and s-Py86. Py thin-film edges can be confirmed at the centers of the scanning areas. The 

roughnesses in the 500×500 nm
2
 area of the polished surfaces were as small as 0.42 and 1.2 nm for 

s-Py17 and s-Py86, respectively. The Rq of the polished surface of s-Py17, which was estimated as 

0.42 nm, is almost the same as that of s-Co14 (0.44 nm) [9]. Although the Py thin-film edges are 

convex upward for a few nm, this edge structure enables a good contact between the Py edges and 

the sandwiched materials in the junction of SQC devices. Figure 3.16(c) and (d) show the MFM 

images of the same specimens shown in (a) and (b), respectively. The stray magnetic field was 

generated along the out-of-plane direction from the Py thin-film edges. The stray field makes it 

possible to generate a local field between the two film edges in SQC devices. These results indicate 

that Py thin films sandwiched between LSP glasses can be used for electrodes of SQC devices from 

the viewpoint of structural and magnetic properties. 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 AFM images of polished cross-sectional surfaces of (a) s-Py17 and (b) s-Py86 and 

their MFM images of (c) s-Py17 and (d) s-Py86. The pressure during thermal pressing is 1.0 

MPa. 

(b)

Glass

Py edge 

Rq = 1.2 nm

(a)

Glass

Glass

Rq = 0.42 nm

Py edge

(c)

Stray field from 

Py edge

(d)

Stray field from 

Py edge

Glass



53 

 

Here, I discuss the influence of CMP method on the structural and magnetic properties for 

a prospective use of SQC devices. There is a possibility for the polishing in air (atmospheric 

pressure) to oxidize the Py edge surfaces. Such oxidation can provide a significant influence on the 

structural and magnetic properties in SQC devices. The oxidation of Ni to NiO is expected to 

proceed on the edge surface. The oxidations of Fe to -Fe2O3, -Fe2O3 and Fe3O4 are also possible. 

Since NiO and -Fe2O3 are antiferromagnetic and -Fe2O3 and Fe3O4 are ferrimagnetic at room 

temperature, these formations cause the reduction of magnetization of Py edges. Weaker stray field 

generated from the edges degrades the spin filter effect in SQC devices. From a perspective of such 

structural and magnetic properties, the investigation of Py edge surface is of great importance to 

obtain a large spin filter effect. If a perfect Py edge surface was not obtained in the wet process, a 

dry process, such as ion etching in vacuum, could be useful for the removal of oxide layer as a final 

process of edge treatment, which leads to the achievement of a large spin filter effect. 

 

3.3.2.4 Calculation of stray magnetic field between crossed edges of two Py thin films 

Finally, I show the calculation results of the stray field generated between two edges of Py 

electrodes in SQC devices and discuss the applicability of Py thin films in spin-filter devices. Figure 

3.17(a) shows the structure of an SQC device for calculating the stray field generated between 

crossed edges of two Py electrodes. The magnetization of Py was set to 859 emu/cc. The Py 

thickness ty(z) was 520 nm, and the distance between the two Py electrode edges d was 5–20 nm. 

The origin of (x, y, z) coordinates was chosen in the center of junction. Figure 3.17(b)–(d) shows the 

calculation results of stray field at z = 0 nm. For ty(z) = 5 and 20 nm at d = 20 nm, showing in Figure 

3.17(b) and (c), the stray field was low (24 kOe), and a uniform distribution was not obtained. In 

contrast, as shown in Figure 3.17(d), the stray field measured as high as 5 kOe. A uniform 
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distribution was successfully obtained for ty(z) = 20 nm and d = 5 nm. Figure 3.17(e) shows the stray 

field in the center of the junction as a function of Py thickness. This figure indicates that a high stray 

field of around 5 kOe was generated when the distance between two Py electrode edges was less 

than 5 nm. The Py thickness was greater than 20 nm. This high magnetic field produces a large 

Zeeman effect in the sandwiched materials between two edges of the magnetic thin-film electrodes. 

The Zeeman splitting energy EH can be expressed by 2gBSH, where g is the g-factor of electrons, 

B is the Bohr magneton (58 eV/T), S is the spin quantum number, and H is the magnetic field. 

Here, g is almost equal to 2.0 and H is 5 kOe, as obtained by the above calculation. Because a large 

spin S of the order of a few hundred to a thousand has been reported in QDs such as MnAs 

nanoparticles in a GaAs matrix [12], EH was estimated to be a few 10–100 meV. This large 

Zeeman splitting produces a large spin-filter effect. Although the stray field in Py-based SQC 

devices (5 kOe) is almost similar to or slightly smaller than that in Co-based SQC devices (6 kOe) 

[12], the above estimation reveals that a stray field of 5 kOe is enoughly high to obtain a large spin 

filter effect. These experimental and calculated results suggest that Py thin film around 20 nm 

thickness sandwiched between LSP glasses can be used as an electrode in SQC device, providing a 

spin-filter effect. The proposed techniques utilizing magnetic thin-film edges will also open up new 

opportunities for the creation of high performance spin devices, such as large magnetoresistance 

devices and nanoscale spin injectors. 
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Figure 3.17 (a) SQC device structure for stray field calculation between two edges of Py 

thin-film electrodes. Results of stray field calculation for the junction of SQC devices with (b) 

ty(z) = 5 nm and d = 20 nm, (c) ty(z) = 20 nm and d = 20 nm, and (d) ty(z) = 20 nm and d = 5 nm. (e) 

Stray field in center of junction as a function of Py thickness. 

(a) (b) ty(z) = 5 nm, d = 20 nm 

(c) ty(z) = 20 nm, d = 20 nm 

(d) ty(z) = 20 nm, d = 5 nm 

(e)
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3.4 Conclusion  

In this chapter, I investigated the structural and magnetic properties of Py thin films 

sandwiched between LSP glasses, which can be used in SQC devices. I was successfully fabricated 

LSP-glass/Py/LSP-glass structures with smooth and clear interfaces. The coercivity of Py thin films 

was drastically enhanced from 0.9 to 103 Oe after thermal pressing. According to a TEM and TED 

observations, XRD measurements, and theoretical calculations based on the random anisotropy 

model, this coercivity enhancement can be explained by the increase in crystal grain size with 

random magnetic anisotropy. A uniform stray magnetic field was also observed from the Py 

thin-film edge in the direction perpendicular to the cross section of the LSP-glass/Py/LSP-glass 

structures. The micromagnetic simulation results indicated that a high stray field of around 5 kOe 

was generated when the distance between the two Py thin-film electrode edges was less than 5 nm, 

and the Py thickness was larger than 20 nm. These experimental and calculated results promise that 

Py thin films sandwiched between LSP glasses are useful as the electrodes of SQC devices, which 

serve as spin-filter devices. 
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Chapter 4 

Fabrication and characterization of nanoscale junctions 

utilizing thin-film edges 

                                                     

 

4.1 Introduction 

In the previous chapters, I successfully established the fabrication method of ultra-flat 

LSP-glass/Py/LSP-glass cross-sectional structure. Based on this finding, the molecular nanoscale 

junction devices, which consist of molecules sandwiched at the orthogonal cross-point between two 

metal thin films, are fabricated in this chapter. The schematic illustration of a metal/molecule/metal 

nanoscale junction has been already shown in Figure 1.7.  

In previous studies, established measurement techniques, such as mechanically 

controllable break junction (MCBJ) [1−4] or scanning tunnelling microscopy break junction 

(STMBJ) techniques [5], have been mainly used for nanoscale junctions consisting of 

metal/molecule/metal structures. However, such techniques were difficult to use for the investigation 

of device properties depending on their junction area ranging from nanometer to micrometer scale.  

In this chapter, I fabricate nanoscale junctions consisting of Alq3 molecules sandwiched at 

the orthogonal cross-point between two Py thin film edges. The structural and electrical properties of 

Py/Alq3/Py nanoscale junctions were investigated. Especially, I focused on their carrier transport 

properties of Alq3 at the cross-point, depending on a junction area ranging from nanometer to 

micrometer scale, leading to the observation of bridging area between quantum states and classical 

configurations.  
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4.2 Experimental 

4.2.1 Fabrication of nanoscale junction 

The fabrication procedure of nanoscale junctions is described in Figure 4.1. First, the LSP 

glass substrates with dimensions of 10×10×2 mm3 were prepared and chamfered on both sides 

(Figure 4.1(a)). Py thin films with thicknesses of 5–250 nm were deposited on the LSP glasses by an 

ion-beam sputtering method (Figure 4.1(b)) under the same conditions as described in chapter 3. 

Afterwards, Au thin films with thickness of 14 nm were deposited only on the chamfered glass edges 

(Figure 4.1(c)). Py thin films sandwiched between the LSP glasses were fabricated using a thermal 

pressing machine (Toshiba Machine Co. Ltd., GMP–00504V) under the pressure of 0.25 

MPa(Figure 4.1(d)). Other thermal pressing conditions were same as described in chapter 2. The 

bonded LSP-glass/Py/LSP-glass were cut in half, and their cross-sectional surfaces of were polished 

(Figure 4.1(e)−(f)). The conditions of cutting and polishing process were described in chapter 3. An 

Alq3 film with a thickness of 20 nm was spin-coated on the polished LSP-glass/Py/LSP-glass 

substrate at a rotation speed of 8000 rpm and processing time of 60 s (Figure 4.1(g)). The Alq3 

solution for spin-coating was prepared by dissolving the Alq3 powder(Sigma Aldrich; 99.995% pure) 

in chloroform to form a 1 mg/mL solution. Finally, the polished LSP-glass/Py/LSP-glass surface 

was stacked on the Alq3 film at a pressure of 0.14 MPa. The fabricated nanoscale junction is 

depicted in Figure 4.1(h). 
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4.2.2 Characterization of specimen 

The microstructures and interfacial features of the prepared LSP-glass/Py/LSP-glass 

substrates were examined using TEM, TED, and EDS techniques in the same manner as described in 

chapter 3. Also, the Py thin film thicknesses were estimated from the TEM views ,a stylus surface 

profiles and the transmittance estimated using a Lambert-Beer method. The detail estimation 

methods are described in chapter 3. 

Surface morphologies and roughnesses of the polished LSP-glass/Py/LSP-glass structures 

were analysed using an AFM (SII Nano Technology Inc., Nanocute). The electrical properties of Py 

thin film edges with and without Alq3 were evaluated using a conductive-AFM (cAFM) instrument 

equipped with an Rh-coated cantilever (SiDF3R). The structure of Alq3 was determined using a 

Fourier-transform infrared spectroscopy (FTIR) (JASCO Corporation, FT/IR6300V) and a 

photoluminescence spectroscopy (PL) (Hamamatsu Photonics K.K., QuantaurusQY). Molecular 

orbital energies of Alq3 molecule were calculated using a density functional theory (DFT) 

calculations based on the B3LYP/6-31+G(d) method, the Gaussian 09 software. The resistance of Py 

 

Figure 4.1 Fabrication of Py/Alq3/Py nanoscale junction; (a) formation of chamfered edges, (b) 

ion-beam sputtering of Py thin films, (c) sputtering of Au films on chamfered edges (d) thermal 

pressing of two glasses, (e) cutting, (f) polishing of cross-sectional surface, (g) spin coating of 

Alq3 films on polished glass/Py/glass surface, (h) stacking of another glass/Py/glass 

cross-sectional surface on Alq3 coated surface. 
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electrodes in the fabricated Py/Alq3/Py nanoscale junctions was measured using a two-probe method 

at room temperature. The currentvoltage (IV) characteristics of the junctions were evaluated using 

a four-probe method at room temperature. 

 

4.3 Results and Discussion 

4.3.1 Characterization of Py thin-film edge used in nanoscale junction 

Figure 4.2(a) shows the cross-sectional bright-field TEM images and TED pattern obtained 

for an 11-nm thick Py film sandwiched between the LSP glasses. The film with smooth and clear 

interfaces can be successfully formed over areas exceeding 1 m. The TED patterns of Py film in a 

probing area of around 100 nm in diameter show clear spots, indicating a highly oriented crystalline 

structure. The formation of 11-nm thick Py film is of great importance because the film thickness 

directly determines the junction area. Namely, the orthogonal cross-point of 11-nm thick film edges 

can produce nanoscale junctions of 11×11 nm
2
. Figure 4.2(b) shows the TEMEDS mapping images 

of an 86-nm thick Py film sandwiched between the glasses. This particular film thickness was 

selected because the EDS intensity obtained for 11-nm thick Py films is typically low. The cross 

section exhibited smooth and clear interfaces without any diffusion of Ni and Fe atoms into the bulk 

glass. It should be noted that in some cases, metal atoms diffuse into LSP materials after deposition 

[6−10]. For example, Au deposited on a pentacene thin film diffused inside and accumulate on the 

interface surface; a low Au deposition rate of around 0.1 Å/s led to the formation of a broad 

interface between Au and pentacene layers, which was indicated by the cross-sectional SEM studies 

[6,7]. In another work, high-resolution TEM observations revealed that the interfacial region was 

observed between deposited Al thin film and P3HT:PCBM blend regardless of the thermal treatment 

[8, 9]. In contrast to the results presented above, such metal diffusion into the bulk of LSP materials 

did not occur at the interface between Py and LSP glass in this study. 
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The same behavior was also observed for a 220 nm thick Py film described in Figure 4.3. Figure 

4.3(a) shows the cross-sectional bright-field TEM images of the 220 nm thick Py film sandwiched 

between two LSP glasses. Smooth and clear Py/LSP-glass interfaces can be successfully formed 

without any diffusion of Ni and Fe atoms into the LSP glass. Figure 4.3(b) shows the TED pattern 

obtained for a probing area of around 100 nm for the same specimen. The TED pattern shows clear 

spots, suggesting that the sample possesses a highly oriented crystalline structure. The obtained TEM 

and TED results revealed the formation of grains with relatively large sizes of around 50 nm in 

diameter, which were consistent with the results depicted in Figure 4.2(a). In addition, it is also 

emphasized that the orthogonal cross-point of 220-nm thick Py film edges forms the junction area of 

220×220 nm
2
. These results indicate that the Py thin films sandwiched between LSP glasses can be 

used as electrodes not only the nanoscale junctions, but also of the sub-micron ones led to the 

observation. 

 

 

Figure 4.2 TEM, TED, and EDS studies LSP-glass/Py/LSP-glass structure. (a) Cross-sectional 

TEM images and TED pattern obtained for 11 nm thick Py film sandwiched between 

LSP-glasses. (b) TEM and EDS mapping images of 86 nm thick Py film sandwiched between 

LSP-glasses. 
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Figure 4.4(a) shows the AFM images of the polished cross-sectional surfaces of the glass/ 

Py (15 nm)/glass. The upper image depicts the AB line profile of corresponding 2D image, which 

confirmed at the center of Py thin-film edge. The polished surface roughness measured over the 

scanning area of 500×500 nm
2
 was less than 0.42 nm. The observed Py thin-film edge exhibited a 

convex shape with a height of around 5.3 nm. The convex shape ensures a good contact between 

orthogonally crossed Py edges and the sandwiched material, that is Alq3 in this study, in nanoscale 

junctions. The projected edge height can be controlled during the second step of the CMP process 

using SiO2 slurries. Figure 4.4(b) shows the 2D- and 3D-cAFM images of the same specimen, 

indicating the uniform electrical conduction along the Py edges. Figure 4.4(c) shows the IV 

characteristics obtained at an arbitrary position of the Py edges before and after the optimization of 

polishing conditions. Before the optimization, the tunnelling behavior was observed, indicating the 

presence of an oxide layer on the Py edge surface. According to Simmons’ equation [11], the current 

density J in metal/insulator/metal tunnel junctions can be expressed by 

 

 

 

 

Figure 4.3 TEM and TED images of LSP-glass/Py/LSP-glass structure. (a) Cross-sectional 

TEM image of 220 nm thick Py thin film sandwiched between LSP glasses. (b) TED pattern 

obtained in the center portion of Py film. 
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      (4.1) 

 

where t is the barrier thickness,  is the barrier height, e is the charge of an electron, h is Planck’s 

constant, V is the applied voltage, and m is the electron mass. When an oxide layer is present on the 

Py edge surface, the IV characteristics obey the equation (4.1). After the fitting procedure, it was 

found that t = 1.3 nm and  = 0.96 eV, indicating that an oxide layer with a thickness of 1.3 nm 

could be formed on the Py edge before the optimization of polishing conditions. In contrast, ohmic 

characteristics were observed after the optimization, suggesting that the oxidized layer was not 

remained.  

 

 

Figure 4.4 AFM and cAFM images of polished LSP-glass/Py/LSP-glass cross-sectional surface. 

(a) AFM images of polished surfaces  (b) 2D- and 3D-cAFM images obtained for LSP-glass/ 

Py(15 nm)/LSP-glass substrate. (c) IV characteristics of Py edge obtained before (left) and after 

(right) optimization of polishing conditions.  
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In my previous study described in the chapter 2, the contrast enhancement of Co edge, which was 

attributed to its high conductivity, was observed for SEM images of LSP-glass/Co (14 

nm)/LSP-glass [12]. However, uniform electrical conduction as well as ohmic behavior was not 

observed during cAFM studies of Co samples, suggesting the formation of a thin oxide layer on the 

Co edge surface. The obtained results indicate that Py exhibits better long-term stability and 

oxidation resistance properties than those of Co. 

 

4.3.2 Characterization of Alq3 film 

Figure 4.5(a) shows the FT-IR spectra recorded for a 20 nm thick Alq3 film. The spectrum 

was obtained using a reflection absorption spectroscopy. In order to obtain an intense IR absorption, 

the Alq3 film was spin-coated onto a 200 nm thick Ni film, which had been previously evaporated 

onto a glass substrate. The measured FT-IR intensities were in good agreement with the reference 

data for Alq3 [13], indicating the formation of high-quality Alq3 thin films. In order to determine the 

Alq3 structure (mer-Alq3 or fac-Alq3 [14] one), PL spectra were measured for a 20 nm thick Alq3 

film. The PL peak depicted in Figure 4.5(b) was detected at a wavelength of 525 nm, corresponding 

to green emission, which suggested that the structure of Alq3 was identified as the meridional type. 

The obtained experimental results have also supported confirmed by the DFT calculations conducted 

using a B3LYP/6-31+G(d) method. Then, the mer-Alq3 thin film was spin-coated on the polished 

glass/Py (17 nm)/glass surface, after which the cAFM technique was used to investigate its local 

conductivity. As shown in Figure 4.5(c), a uniform electrical conduction through the Alq3 film was 

observed along the Py edges. The Py edge width was 17 nm, which was equal to the Py thickness 

estimated by the cross-sectional TEM observations. 
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4.3.3 Electrical property of Py/Alq3/Py nanoscale junction 

Using the described techniques, Py/Alq3/Py nanoscale junctions have been fabricated by 

sandwiching Alq3 films between two polished LSP-glass/Py/LSP-glass substrates. The electrical 

properties of the nanoscale junctions, such as the Py electrode resistance and IV characteristics, 

 

 

Figure 4.5 Characteristics and cAFM images of Alq3 film deposited on LSP-glass/Py/LSP-glass 

cross-sectional surface. (a) FTIR and (b) PL spectra of 20 nm thick Alq3 film. (c) 2D-cAFM 

image of spin-coated Alq3 film on LSP-glass/Py(17 nm)/LSP-glass cross-sectional surface. 
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were investigated. Figure 4.6 shows the electrode resistance plotted as a function of linewidth L, 

which corresponds to the film thickness in the proposed nanoscale junctions. The electrode 

resistance for conventional cross-bar devices is also shown for comparison purposes. The black solid, 

dashed, and dotted lines represent the Py electrode resistances estimated for conventional cross-bar 

devices with electrode aspect ratios of 1:1, 5:1, and 10:1, which were larger than the values of 37, 

7.3, and 3.7 M respectively, obtained at L < 20 nm for Ni80Fe20 thin films on glass substrates [15]. 

In contrast, the electrode resistance values obtained for the proposed nanoscale junctions were 

relatively small: 0.3−2 k for Ni/PEN samples (see ref. [16]) and 0.04−0.34 k for LSP-glass/Py (or 

Co)/LSP-glass specimens. Such extremely low resistance values are attributed to their high aspect 

ratios of over 10
5
:1 and low resistivity of Py (or Co) films deposited on LSP glass substrates. The 

reduction in resistance observed for Py electrodes allows precise detection of the resistance of Alq3 

molecules sandwiched between the two edges of Py thin films.  

 

 

Figure 4.6 Linewidth dependence of electrode resistance in nanoscale junctions.  
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Figure 4.7 shows the IV characteristics of the Py/Alq3/Py junctions with various junction 

areas, ranging from nanometer to submicron scales. This figure also contains the IV curve for the 

Co/Alq3/Co junction with an area of S = 200×200 m
2
, which was fabricated using a thermal 

evaporation method with mask. The utilized slit width was 200 m, and the measured thicknesses of 

top and bottom Co electrodes were 26 and 15 nm, respectively. The thickness of the Alq3 layer, 

which was fabricated by spin coating, was 100 nm. Here, it should be noted that the Co/Alq3/Co 

junction was selected to investigate the IV characteristics because of the diffusion of Ni and Fe 

atoms into the Alq3 layers observed after Py deposition.  

In Figure 4.7(a), the ohmic characteristic was observed inside the region with a low bias 

(|V | ≤ 2.2 V). On the other hand, the dependence I ∝ V 2 characterized the region with a high bias 

(|V | > 2.2 V). According to Child’s law, the transport carriers injected from a metal layer into the 

trap-free organic layer can exhibit two different regimes: ohmic conductivity at low voltages and the 

square law dependence at higher voltages, which corresponds to the space-charge-limited current 

(SCLC) [17,18]. As shown in Figure 4.7(a), this theoretical description is in good agreement with 

the obtained experimental results. In addition, the current density J corresponding to the SCLC 

magnitude can be generally expressed as J = 9ϵrϵ0μV 2/8d
 3

, where ϵr is the relative permittivity, ϵ0 

is the permittivity of the vacuum, μ is the carrier mobility, and d is the layer thickness. Fitting the 

obtained curve (I ∝ V 2) with the SCLC formula using ϵr = 3.0 for Alq3 [19] and d = 100 nm yields 

the carrier mobility μ = 1.6×10−5 cm2/Vs, which agrees well with the reported value for bulk Alq3 

(~10−5cm2/Vs) [20]. The obtained results indicate the successful formation of a high-quality 

trap-free Alq3 layer with high conductivity. 
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Figure 4.7(b) shows the IV characteristics obtained for the Py/Alq3/Py junctions, which 

were fabricated utilizing the Py thin-film edges. The thickness of the Py films were 220 nm; 

therefore, the junction area was equal to S = 220×220 nm2. Ohmic characteristic was observed for 

these junctions at low voltages (|V | ≤ 0.1 V), and the I ∝V 2.01 dependence at higher voltages 

(|V | > 0.1 V). A similar behavior was also observed for the junctions with S = 74×81 nm2, which 

exhibited the ohmic characteristic at low voltages (|V | ≤ 0.26 V) and the I ∝V 2.28 dependence at 

 

Figure 4.7 IV characteristics of metal/Alq3/metal junctions. (a) Co/Alq3/Co junction with area 

of 200×200 µm
2
. Py/Alq3/Py nanoscale junctions with junction area of (b) 220×220 nm

2
, (c) 

74×81 nm
2
, (d) 11×11 nm

2
 and (e) 16×17 nm

2
.  
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higher voltages (|V | > 0.26 V) (Figure 4.7(c)). The voltage exponents in the relations obtained at 

higher voltages were 2.01 and 2.28, which were close to the value of 2.0, indicating that nearly 

trap-free carrier transport, described by SCLC, can be achieved for Alq3 layers. 

Figure 4.7(d) shows the IV characteristics of the Py/Alq3/Py junctions with 

S = 11×11 nm2, which correspond to the ohmic behavior with a junction resistance of 1 k. The 

measured resistance was much smaller than the estimated value of around 10
13

 , which was 

obtained from the Ohm’s law; the resistivity ρ of bulk Alq3 estimated from the slope of the IV 

curve at low voltages (see Figure 4.7(a)) was assumed to be 1.0×105 m. The observed significant 

difference in resistance can be attributed to the quantization of conductance. It is well known that the 

conductance of metal/molecules/metal nanoscale junctions can be quantized in units of G0( = 2e2/h), 

which is equal to (12.9 k


, where e is the charge of an electron, and h is Planck’s constant [1−5].  

In previous studies, the quantized conductance has been observed for various kinds of 

molecular junctions by established conduction measurement methods, such as STMBJ techniques. 

For example, quantized conductance was systematically investigated via STMBJ for thiol-, amine-, 

and carboxylic acid-terminated molecules sandwiched between Au electrodes; the obtained results 

showed the conductance increase from 10
–5

 to 10
–3 

G0 in the order of Au−COOH < Au−NH2 < 

Au−S [5]. In another work, a high conductance magnitude (typically 0.7G0) was observed via 

MCBJ for metal-carbon coupled materials, such as C60, benzene, and -stacked benzene deposited 

on Pt [1], Ag [2], and Au [3] electrodes. From the conductance channel perspective, multiple 

conductance channels as well as a high conductance of more than 0.1G0 were detected by MCBJ for 

the terthiophenedithiol or terthiophenediselenol species bridged between Au contacts [25].  

The experimental results obtained in this study can be explained by the formation of 

multiple conductance channels. The dimensions of the mer-Alq3 unit cell shown in Figure 4.5(b) are 

a = 0.626 nm, b = 1.291 nm, and c = 1.473 nm. Assuming that the ab plane of mer-Alq3 is in contact 
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with the Py edges, the number of conductance channels can be expressed as S/ab, which is equal to 

approximately 150 channels for S = 11×11 nm2. According to Landauer’s equation, the quantized 

conductance G can be generally written as G = G0 ∑ Ti
N
i , where i is the channel index, Ti is the 

transmission probability for the i–th channel, and N is the ultimate number of the channels [21, 22]. 

Assuming that the value of Ti is equal to T (channel-independent), the quantized conductance can 

be simply expressed as G = NTG0. Therefore, the conductance of one channel, G/N, can be 

approximated as 0.086G0, which corresponds to a relatively high value with a small resistance. A 

similar behavior was also observed at S = 16×17 nm2, which exhibited ohmic characteristics with a 

small resistance of 291  (see Figure 4.7(e)). Since the number of conductance channels N in the 

junction was 336, the calculated conductance of one channel was equal to 0.13G0, which also 

corresponded to a small resistance. As mentioned above, high conductances of 0.7G0 and 0.9G0 

have been observed for Pt/C60/Pt and Pt/ethylene (or acetylene)/Pt junctions, respectively [1,23], due 

to the effective hybridization between Pt and molecular orbitals ( and/or di-) as well as the large 

local density of states (DOS) at the Fermi level (EF) of Pt. Since the local DOS at EF of NiFe alloy is 

as large as that of Pt [24], it satisfies one of the conditions for high conductance of PyAlq3 systems. 

The other condition, that is, the effective hybridization between NiFe alloy and Alq3 molecular 

orbitals has not been clarified yet. To discuss the origin of the observed high conductance in more 

detail, further theoretical and experimental studies must be conducted. 

Based on the obtained IV characteristics, a phase diagram has been mapped out for the 

plot of the resistance versus junction area (RS plot). Figure 4.8 depicts the RS plot for 

metal/Alq3/metal junctions, in which the solid circles represent the data obtained in this work, and 

the squares denote the results reported by other groups [25, 26]. All plotted values were converted 

into resistance at d = 20 nm assuming that linear IV curves, corresponding to the formula 

I = enηV/dS, where n was the carrier density, were observed at low bias voltages. Interestingly, the 
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obtained RS plot contained the following three parts: i) a ballistic regime (blue, S < 20×20 nm2), ii) 

a transition region between the ballistic regime and a diffusive scheme (green, 

20×20 nm2≤ S < 1×1 μm2), and iii) the diffusive scheme (red, S ≥ 1×1 μm2). In the ballistic regime, 

the resistance R (= 1/G) is inversely proportional to the junction area S (∝ the channel number N), 

as indicated by the formula G = NTG0. The figure includes the RS lines plotted at different values 

of T between 0.001 and 1.0. In the diffusive scheme, the RS line obeys Ohm’s law, which is 

expressed by the formula R = ρd/S.  

Finally, the transition region is described by a characteristic line, which connects the 

ballistic regime and the diffusive scheme together. This region can be considered a bridging area 

between the quantum states and the classical configurations, which is observed for the first time for 

molecular systems. Thus, investigating RS phase diagrams can lead to new insights on transport 

phenomena in the range between the nano- and the micrometre regions. It should also be emphasized 

that the formation of nanoscale junctions with S = 11×11 nm2, which is the smallest value ever 

reported for junctions utilizing thin-film edges, can be successfully demonstrated without using 

conventional lithographic techniques, such as EB or optical lithography. The proposed method can 

open new venues in the field of nanotechnology, which would lead to further development of the 

fundamental laws of physics and chemistry as well as next-generation electronic applications, such 

as high-density memory devices and high-performance logic circuits. 
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4.4 Conclusion 

I have successfully demonstrated the formation of Py/Alq3/Py nanoscale junctions with 

areas of 11×11 nm
2
 utilizing thin-film edges without using conventional lithography. The obtained 

junction area is the smallest value ever reported for such junctions. The IV curves obtained for 

these nanoscale junctions exhibited the ohmic behavior, which suggested the formation of multiple 

quantized conductance channels in the ballistic regime. On the other hand, SCLC was observed in 

the diffusive scheme for micrometer-size junctions. In addition, the transition region between the 

ballistic regime and the diffusive scheme was observed for the RS plot, in which the characteristic 

line connecting these areas exhibited a linear correlation. This region can be considered a bridging 

area between the quantum states and the classical configuration. Such behaviour was observed for 

the first time in molecular systems.  

 

Figure 4.8 Phase diagram containing the plot of resistance versus junction area (RS plot) for 

metal/Alq3(d = 20 nm)/metal junctions.  
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Chapter 5 

General Conclusion 

                                                      

 

In this thesis, I developed the new fabrication technique for metal/molecule/metal 

nanoscale junctions utilizing metal-thin-film edges. In particular, it was found that Ni78Fe22 thin 

films sandwiched between low-softening-point (LSP) glasses were useful as electrodes for my 

proposed nanoscale junctions. The main results are summarized as follows. 

First, Co thin films sandwiched between LSP glasses were fabricated using a thermal 

pressing technique and a multi-step polishing method. Their structural and magnetic properties were 

investigated (Chapter 2). As a result, it was successfully demonstrated that the structures with 

smooth Co thin films and flat Co edges were fabricated. The stray magnetic fields were generated 

from Co edges. This technique can also be applied to other ferromagnetic materials such as Fe and 

Ni. Particularly, NiFe alloy is an excellent material for magnetic electrodes of spintronic devices or 

magnetic soft/hard materials due to its large magnetization, high controllability of spin transports, 

and long-term stability in air. From such perspective, Ni78Fe22 thin films sandwiched between LSP 

glasses were fabricated using the above technique, and their structural and magnetic properties were 

investigated (Chapter 3). As a result, LSP-glass/Ni78Fe22/LSP-glass structures with smooth and clear 

interfaces were successfully fabricated. The coercivity of Ni78Fe22 thin films was drastically 

enhanced from 0.9 to 103 Oe after thermal pressing at 1.0 MPa. According to the TEM and TED 

observations, XRD measurements, and theoretical calculations based on the random anisotropy 

model, this coercivity enhancement was explained by the increase in crystal grain size with random 

magnetic anisotropy. A uniform stray magnetic field was also observed at the Ni78Fe22 thin-film edge 

in the direction perpendicular to the cross section of the LSP-glass/Ni78Fe22/LSP-glass structures. 
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Next, Ni78Fe22/Alq3/Ni78Fe22 nanoscale junctions were fabricated, and their electrical 

properties, such as the Ni78Fe22 electrode resistance and IV characteristics, were investigated 

(Chapter 4). As a result, the formation of Ni78Fe22/Alq3/Ni78Fe22 nanoscale junctions with areas of 

S = 11×11 nm
2
 was successfully demonstrated. The IV curves obtained for these nanoscale 

junctions exhibited the ohmic behavior, which suggested the formation of multiple quantized 

conductance channels under the ballistic regime. On the other hand, The IV curves obtained for the 

microscale junctions exhibited the SCLC under the diffusive scheme. In addition, the transition 

region between the ballistic regime and the diffusive scheme was observed for the obtained RS plot, 

in which the characteristic line connecting these areas exhibited a linear correlation. This region can 

be considered a bridging area between the quantum states and classical configurations. Such 

behaviour was observed for molecular systems for the first time in this study. 

In conclusion, the new developed fabrication technique to realize the molecular 

nanojunction utilizing thin-film edges can potentially open up opportunities not only for discovering 

new physical and/or chemical phenomena in nanoscale and microscale systems but also for the 

creation of next-generation nanodevices, including novel spin devices. 
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