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Chapter 1  

 

Introduction 

 

 

 

 

1.1 Background 

1.1.1 Nuclear spins for implementing quantum bits 

Spintronics, which utilizes the spin degree of freedom of electrons, has attracted much 

attention as a way to create innovative devices. Magnetic random access memory 

(MRAM) is a promising candidate for a universal memory device because MRAM features 

high density, high-speed operation, low-power consumption, non-volatility, and high 

read/write endurance.
1,2

 Each cell of the MRAM is made from a transistor and a magnetic 

tunnel junction, which consists of two ferromagnetic electrodes sandwiching a thin tunnel 

barrier. Therefore, development of magnetic tunnel junctions (MTJs) will enable 

development of high-performance MRAM. Although spintronics devices based on 

ferromagnet metals have been partially commercialized, the degree of freedom of electrons 

in semiconductors, which plays in important role in electronics such as logic and 

communication suction is not fully utilized. Development of semiconductor-based 

spintronics devices such as spin transistors and nuclear spin quantum bits is thus an 

important step towards spin based logic and communication function. 

Nuclear spins in semiconductors are an ideal system for implementing quantum bits 

because of their extremely long coherence time.
3
 A quantum algorithm using the 

liquid-state nuclear spins of 
1
H and 

13
C atoms in a chloroform molecule was 
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experimentally demonstrated using standard nuclear magnetic resonance (NMR) 

techniques.
4
 However, development of quantum bits using a solid-state device and efficient 

polarization of nuclear spins for a high signal-to-noise ratio are required for achieving a 

scalable quantum computer. A hyperfine interaction transfers the angular momentum from 

the polarized electrons to the nuclei, leading to effective polarization of the nuclear spins. 

This is, referred to as “dynamic nuclear polarization (DNP).” For example, with a 

magnetic field of 0.1 T and a temperature of 4.2 K, the nuclear spin polarization of 
69

Ga is 

of the order of 10
–6

. However, in DNP, the nuclear spin polarization is typically 3–4 orders 

of magnitude larger than that without DNP under the same conditions. Highly efficient 

DNP has been achieved in bulk GaAs,
5
 GaAs/AlGaAs quantum wells,

6
 and InAlAs 

quantum dots
7
 using optical methods.  

Machida et al. recently demonstrated coherent control of nuclear spins using pulsed 

NMR techniques for a quantum-Hall device fabricated on a GaAs/AlGaAs single 

heterostructure.
8
 The initial state of the nuclear spins was set by using polarized electron 

spins on the edge channel in the device. Application of a pulsed rf-magnetic field caused 

the nuclear spin-state to evolve coherently. The final state of nuclear spins was derived 

from the edge-channel conductance. However, quantum Hall devices work only in 

quantum Hall states with an extremely large magnetic field (> 5 T) and low temperature (< 

1 K).  

Sanada et al. demonstrated coherent control of nuclear spins in GaAs/AlGaAs(110) 

quantum wells.
9
 They set the initial state of nuclear spins by using optically excited 

electron spins. The nuclear spin state was controlled by application of a pulsed rf-magnetic 

field, and the final state of the nuclear spins was derived from the Kerr rotation signal. 

They estimated the intrinsic phase coherence time T2 of the constituent nuclei by optically 

detecting the spin echo and found that T2 depended on the orientation of the static 

magnetic field with respect to the crystalline axis, as expected from nearest neighbor 

dipole-dipole interaction. However, the device size for optical polarization and detection of 

nuclear spins is limited to a few ten μm due to the incident light diameter. 

Injection of spin-polarized electrons from a ferromagnetic electrode into a 

semiconductor creates spin-polarized electronic states in a nanoscale semiconductor region. 

In 2007, Lou et al. first demonstrated electrical detection of spin injection into GaAs using 

a lateral spin transport device with Fe electrodes.
10

 So far, several groups have 

demonstrated spin injection into GaAs, Si, Ge, or graphene as possible candidates for spin 
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transistors.
10-15

 NMR along with DNP was recently demonstrated in spin injection devices 

with Fe/GaAs
16,17

 or GaMnAs/GaAs
18

 structures. However, coherent control of nuclear 

spins using spin injection devices has not been demonstrated because the spin injection 

efficiency in most of these devices is of the order of a few percent. Thus, a highly 

polarized spin source is indispensable achieving a semiconductor-based quantum bit as 

well as other spintronics devices such as spin transistors.  

1.1.2 Highly polarized spin source 

Co-based Heusler alloys are a promising candidate for a highly polarized spin source 

because of the half-metallic ferromagnetic nature theoretically predicted for many of these 

alloys.
19, 20

 Liu et al. demonstrated a giant tunneling magnetoresistance (TMR) ratio of 

nearly 2000% using Mn-rich Co2MnSi-based MTJs,
21

 and the effects of non-stoichiometry 

on the half-metallic characteristic of Heusler alloys Co2MnSi and Co2MnGe have been 

investigated.
22,23

 Although there have been several reports on spin injection into 

semiconductors using spin LEDs with Co-based Heusler alloy electrodes,
24, 25

 the reported 

spin-injection efficiency of these devices was less than that of those with Fe electrodes. 

Moreover, there has been no report on the electrical detection of spin injection using a spin 

injection device with Heusler alloy electrodes. Thus, the applicability of Co-based Heusler 

alloys to spin injection has not been fully clarified. 

Another possible approach to achieving efficient spin injection is to introduce an 

epitaxial MgO barrier. Butler et al. theoretically predicted large magnetoresistance in an 

Fe/MgO/Fe epitaxial MTJ.
26

 They pointed out that the tunneling conductance strongly 

depends on the symmetry of the Bloch states in the electrodes and on the evanescent states 

in the barrier layer. In an epitaxial MgO barrier, the decay of Δ1 evanescent states is slower 

than that of the other evanescent states, resulting in the conductance being dominated by 

the Δ1 Bloch state. Moreover, the Δ1 Bloch state of Fe electrodes appears in only the 

majority-spin band, leading to a high tunneling magnetoresistance ratio. Yuasa et al., 

fabricated fully epitaxial Fe/MgO/Fe MTJs and demonstrated a higher TMR ratio, which 

was attributed to the coherent tunneling effect,
27 

than that of MTJs with an AlOx 

amorphous tunnel barrier. For spin injection into a semiconductor, Wang et al. achieved 

relatively high spin injection efficiency even at room temperature for a CoFe/MgO/GaAs 

spin-LED.
28
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1.1.3 Spin-dependent transport properties of semiconductors 

 

Along with efficient spin injection and detection, understanding the spin-dependent 

transport properties such as hyperfine interaction and spin-orbit interaction (SOI) in 

semiconductor channels is important for achieving semiconductor-based spintronics 

devices. As described in section 1.1.1, the interplay between electron spins and nuclear 

spins due to the hyperfine interaction has been studied extensively for application to 

quantum information devices based on nuclear spins as well as for understanding the 

transport properties of electron spins in semiconductors. 

The SOI plays a key role in the operation of the spin transistor proposed by Datta and 

Das.
29

 The Datta-Das type spin transistor has a structure similar to that of general 

transistors except that the source and drain contacts are replaced with ferromagnetic 

electrodes. Electron spins are injected from a ferromagnetic source contact into a 

semiconductor channel. The direction of electron spins is controlled using 

gate-controllable SOI because the spin-orbit interaction works as an effective magnetic 

field for electron spins without an external magnetic field. Finally, the injected electron 

spins are detected by a ferromagnetic drain contact. In III–V semiconductors such as GaAs 

and InAs ones, Rashba-type SOI
30

 originating from structural inversion asymmetry and 

Dresselhaus-type SOI
31

 originating from bulk inversion asymmetry affect electron spins. 

Of particular importance is that Rashba-type SOI can be controlled by adjusting the gate 

 

Figure 1.1. Schematic images of spin transistor proposed by Datta and Das. 

Electron spins are injected from ferromagnet source(S) contact and are detected at 

ferromagnet drain(D) contact. Polarized spins are controlled by a gate controllable 

spin-orbit-interaction.  
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voltage. Thus, III-V semiconductors are promising materials for achieving a Datta-Das 

spin transistor.  

The effects of SOI on the spin-dependent transport properties of InGaAs/InAlAs 

quantum wells
 
were investigated using electrical methods,

32,33
 and the effects on those of 

GaAs/AlGaAs quantum wells were investigated using optical methods.
34,35

 Strain due to 

pseudomorphic growth also induces SOI. Kato et al., recently investigated the effect of 

SOI on the spin transport properties of strained InGaAs channels and found that effective 

SOI fields were obtained even in bulk semiconductors.
36

 Investigation of the 

spin-dependent transport properties of semiconductor channels in which SOI strongly 

affects the electron spins is important for achieving a Datta-Dass spin transistor. 

1.2 Purpose 

  The broad purpose of this research is to develop key technologies for the creation of 

semiconductor-based spintronic devices such as nuclear spin quantum bits and spin 

transistors. The purpose of the work reported in this dissertation is to achieve highly 

efficient spin injection and detection, to clarify spin-dependent transport properties of 

semiconductors in which spin orbit interaction strongly affects electron spins, and to 

demonstrate coherent control of nuclear spins in GaAs. Following five points in particular 

are focused on here. 

 

1. The effect of MgO barrier insertion on electrical spin injection in CoFe/n-GaAs 

heterojunctions 

2. The effect of a Heusler alloy Co2MnSi as a spin source on electrical spin injection in 

Co2MnSi/CoFe/n-GaAs heterojunctions 

3. The spin-dependent transport properties of strained InGaAs channels using 

all-electrical spin injection and detection 

4. The electrical detection of dynamically polarized nuclear spins in transient states using 

Co2MnSi/CoFe/n-GaAs heterojunctions 

5. The electrical detection of nuclear magnetic resonance and coherent control of nuclear 

spins using Co2MnSi/CoFe/n-GaAs heterojunctions for nuclear spin quantum bits 
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This dissertation is organized as follows. In chapter 1, the background and purpose of 

this study are described.  

In chapter 2, principles of electrical detection of electron spins and dynamically 

polarized nuclear spins using ferromagnet/semiconductor heterojunctions are explained.  

In chapter 3, the effects of inserting an MgO barrier and of using a Co2MnSi spin source 

on the spin injection properties are described. Introducing an MgO tunnel barrier produced 

a larger spin signal than that in a sample without MgO. Also described is the first reported 

demonstration of the electrical detection of spin injection into a semiconductor using a 

Heusler alloy as a Co2MnSi spin source via an ultrathin CoFe insertion layer,
37

 which 

resulted in much higher spin injection efficiency than for a sample with a CoFe spin 

source.
38

 These results indicate that the use of an MgO tunnel barrier and of a Heusler 

alloy are promising for achieving efficient spin injection into a semiconductor. 

In chapter 4, the investigation of the spin-dependent transport properties of strained 

InGaAs channels is described. Experiments showed that the spin lifetime in strained 

InGaAs channels is much shorter than that in GaAs channels. A strain-induced SOI model 

revealed that the reduction in spin lifetime may have been due to the effective magnetic 

field created by spin orbit interaction originating from strain. 

In chapter 5, the coherent control of nuclear spins in a semiconductor for nuclear spin 

quantum bits is described, and a novel NMR system using spin injection devices is 

proposed for quantum bit applications. Figure 1.2 shows a schematic image of a nuclear 

spin quantum bit device using spin injection techniques. The device works as follows. (1) 

Electron spins are injected from a ferromagnetic electrode into GaAs, (2) the nuclear spins 

are polarized using DNP, (3) the nuclear spin quantum bits are controlled using NMR, and 

(4) the nuclear spin state is derived by detecting the nuclear field acting on the electron 

spins. The development of such a device requires the development of technologies for 

efficient polarization, control, and detection of nuclear spin states. Investigation of the 

transient behavior of nuclear spins using oblique Hanle measurements revealed a way to 

initialize the nuclear spins. We electrically detected dynamically polarized nuclear spins, 

nuclear magnetic resonance by applying an rf-magnetic field, and achieved coherent 

oscillation of the nuclear spin states. These results correspond to initialization, control, and 

detection of the spin states for quantum bits.  

In chapter 6, the main results of this dissertation are summarized.  
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Figure 1.2. Novel NMR system using spin injection device for quantum bit 

applications. (1) Electron spin injection from Co2MnSi into GaAs, (2) nuclear spin 

polarization using DNP, (3) quantum control of nuclear spin quantum bits using 

NMR, and (4) finally, determination of nuclear spin state by detecting nuclear field 

acting on electron spins. 
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Chapter 2 

 

Principle of spin injection/detection 

of electron spins and nuclear spins 

 
 

 

In this chapter, principles of detection for polarized electron spins and nuclear spins in 

semiconductors are briefly described. First, the conductivity mismatch problem which 

prohibits spin injection from a ferromagnet into a semiconductor is briefly derived. To 

solve the conductivity mismatch problem, an insertion of a tunnel barrier is effective. 

Second, a nonlocal geometry which is widely used for the electrical detection of spin 

injection is described comparing with other measurement configuration. Then, expected 

spin signals of spin-valve effect and Hanle effect observed in the nonlocal geometry are 

explained. Explanation of these two is meaningful to read this dissertation, because 

experimentally obtained both signals are investigated throughout this dissertation. Spin 

orbit interaction which affects to electron spins as an effective magnetic field is also briefly 

described. Finally, an electrical detection method of nuclear magnetic field due to 

polarized nuclear spins and nuclear magnetic resonance are described.  
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2.1 Conductance mismatch problem  

Schmidt et al., pointed out that the fundamental obstacle to spin injection across a 

ferromagnetic metal and a semiconductor interface is their conductivity mismatch.
1
 Figure 

2.1 shows a resistor model with an up-spin channel and a down-spin channel in a parallel 

magnetization configuration. Conductance for the ferromagnet layers is given by 

σ𝐹𝑀↑(↓) =  
σ𝐹𝑀(1 ± 𝛽)

2
                                                           (2.1) 

where σ𝐹𝑀↑(↓) is the conductance for the up (down) spin path of a ferromagnetic layer, 

σ𝐹𝑀 is the total conductance of the ferromagnet layer, the + (–) sign refers to the up 

(down) spin path on the ferromagnet layer, and β  is the spin polarization of the 

ferromagnetic layer. The same parameter values are assumed for the two ferromagnet 

layers. Both spin channels exhibit half the total conductivity of the semiconductor layer: 

σ𝑆𝐶↑

2
=

σ𝑆𝐶↓

2
= σ𝑆𝐶                                                               (2.2) 

Spin polarization (α) of the circuit is obtained using an equivalent circuit model, as shown 

in figure 2.1.  

α =  
𝑗↑ − 𝑗↓

𝑗↑ + 𝑗↓
=  

2(𝑅𝐹𝑀↓ − 𝑅𝐹𝑀↑)

2(𝑅𝐹𝑀↓ + 𝑅𝐹𝑀↑) + 𝑅𝑆𝐶
                                (2.3) 

where j↑(↓) is the current density for the up (down) spin path, 𝑅𝐹𝑀↑(↓) is the resistance of 

the ferromagnet layers for the up (down) spin path, and 𝑅𝑆𝐶 is the resistance of the 

semiconductor layer. Using Eq. (2.1), (2.2), and (2.3), one can obtain α. 

α =  
2𝛽(σ𝑆𝐶/σ𝐹𝑀)

2(σ𝑆𝐶/σ𝐹𝑀) + 1 − 𝛽2
                                             (2.4) 

According to Eq. 2.4, the value of α under typical conditions (β = 60%, and σ𝐹𝑀 = 

10
4σ𝑆𝐶) is 0.007%. Thus, the difference in resistance between parallel and antiparallel 

magnetization of the contacts is impossible to detect. To solve this conductivity mismatch 

problem, Rashba,
2
 and Fert and Jaffres

3
 proposed introducing of a tunneling barrier 

between the ferromagnetic metal and the semiconductor.
 
The introduction of a tunneling 

barrier corresponds to effectively enhancing of RFM.  

In 2007, Lou et al., first demonstrated electrical detection of spin injection into GaAs 
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using a lateral spin transport device with Fe electrodes.
4
 To introduce a tunnel barrier, a 

heavily doped GaAs layer between the Fe electrodes and GaAs channel was prepared, 

thereby forming a Schottky tunnel barrier. They measured spin signals in a nonlocal 

geometry
5
 into which spin-polarized currents were injected from an Fe electrode and 

detected spin currents by using another Fe electrode located a few μm from the other ones.  

2.2 Nonlocal, local, and three-terminal geometry 

  Figure 2.2(a) shows a schematic nonlocal geometry. In the nonlocal geometry, injected 

electron spins diffuse a distance, 𝑙𝑠𝑓 =  √𝐷𝜏, where D is the electron diffusion constant, 

and before losing memory of their initial polarization via spin relaxation event 

characterized by the time 𝜏. The population of polarized spins is detected by a nonlocal 

contact-3 as a voltage. In this geometry, the amplitude of spin signal as a function of 

distance between the injector and detector contacts (d) gives the direct information of 𝑙𝑠𝑓. 

For GaAs, around 3~5 μm of 𝑙𝑠𝑓 was reported.
4,6,7 

For the detection of spin signals in  

the nonlocal geometry, micro-fabrication techniques are necessary to prepare narrow 

junctions within a few μm space. Fabrication procedures for spin injection devices with 

electron beam lithography is usually complicated, however, this method is applicable for 

all conducting materials including metals and semiconductors.
 

 

Figure 2.1. Simplified resistor model for device consisting of semiconductor with two 

ferromagnetic contacts. Two independent spin paths are represented by resistors. 
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Electrical detection of polarized electrons in a local geometry as shown in figure 2.2(b) 

is important for the device application of spin transistors,
8,9

 because the injector and 

detector contacts can be recognized as source and drain contacts of spin transistor. 

However, magnetoresistance characteristics in the local geometry may contain the 

influence of (local) Hall effects and tunneling anisotropic magnetoresistance (TAMR) 

effects.
10

 These MR effects are not originating from transported electron spins, but 

magnetization switching of the single ferromagnet/semiconductor heterojunctions. For the 

evidence of spin injection, observation of spin-valve signal and Hanle signal in the 

nonlocal geometry are rigorous. 

  Figure 2.2(c) shows a circuit configuration of three-terminal geometry or DC four probe 

method. In this geometry, one can measure I-V characteristics for junctions and TAMR 

characteristics. In the TAMR effect, the tunneling resistance depends on the magnetization 

direction. Therefore, from the observation of TAMR signal, one can obtain the 

magnetization characteristics such as easy (hard) magnetization direction and a coercive 

 

Figure 2.2. Circuit configurations of (a) a four-terminal nonlocal geometry, (b) a 

local geometry, and (c) three-terminal geometry. 
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force.  

S. P. Dash reported Hanle-like MR signal in the three-terminal geometry by applying 

magnetic field perpendicular to the sample plane in Ferromagnet/tunnel barrier/Si 

structures.
11

 However, based on a standard model described in the next section, spin 

polarization for the Ferromagnet/tunnel barrier/Si junctions were beyond 100%. Moreover, 

we reported Hanle-like MR signals in the three-terminal geometry proportional to the 

junction resistance,
12

 although the spin signals are not proportional to the junction 

resistance in the standard model. Thus, Hanle-like MR signals in the three-terminal 

geometry should be carefully treated.  

2.3 Spin signals 

2.3.1 Spin-valve effect 

  To obtain spin-valve signals, applying an injection current between the contact-1 and -2, 

measure nonlocal voltage between the contact-3 and -4 (nonlocal geometry) and sweep 

in-plane magnetic field (B||). Consider a ferromagnet electrode on a nonmagnetic material 

at x = 0 and injected electron spins diffuse along x direction. Figure 2.3(a) shows a splitting 

of electro chemical potential for up and down spins. Due to diffusion currents, electron 

spins flow to the right side direction (x > 0). In a parallel magnetization configuration for 

the detector and injector contact, the detector contact sense the down-spin state. On the 

other hand, in the anti-parallel configuration, the detector contact senses the up-spin state. 

Therefore, by applying in-plane magnetic field and switching magnetization configuration, 

the level of nonlocal voltage changes. That is spin-valve effect. Figure 2.3(b) shows a 

schematic spin-valve signal. P and AP in the Fig. 2.3(b) represent the parallel and 

anti-parallel configuration. The amplitude of spin-valve signal is given by, 

Δ𝑉𝑁𝐿 = 𝑃𝑖𝑛𝑗𝑃𝑑𝑒𝑡

𝜌𝑙𝑠𝑓

𝐴
exp (−

𝑑

𝑙𝑠𝑓
) 𝐼                                   (2.5) 

where, Pinj(det) is spin polarization of the injector (detector) contact, 𝜌 is resistivity of the 

channel, A is the area of the channel cross-section, and d is the distance between injector 

and detector contacts. From the amplitude of spin signals, one can estimate values of spin 

polarization.  
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2.3.1 Hanle effect 

  Injected electron spins from a ferromagnetic electrode into semiconductor channels 

precess when out-of-plane magnetic field (Bz) is applied as shown in Fig. 2.4(a). That is 

Hanle effect. Hanle effect is described using a drift-diffusion model given by,
13

 

∂𝑺

∂t
= 𝑺 × 𝜔 + 𝐷∇2𝑺 − 𝜇𝑬∇𝑺 −

𝑺

𝜏
,                             (2.6) 


ZB

L

Bg
  ,                          (2.7) 

where S is a density of injected electron spins, μ is a mobility of electron, E is an electric 

field, ωL is the Larmor frequency, g is an electron g factor (–0.44 for GaAs,) μB is the Bohr 

magneton, and ħ is the reduced Planck’s constant. The first term on the right-hand side 

describes spin precession, while the rest describe spin diffusion, spin drift, and spin 

 

Figure 2.3. (a) Splitting of electro chemical potential for up and down spins. Due to 

diffusion currents, electron spins flow to the right side direction. (b) Schematic 

spin-valve signal. P and AP indicate parallel and anti-parallel magnetization 

configuration for the injector and detector contact. 
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relaxation, respectively. Figure 2.4(b) shows a schematic Hanle signal using steady state 

solution of Eq. 2.6 with different the magnetization configuration of the parallel and 

antiparallel, respectively. These behaviors are explained as follows. In the parallel 

(antiparallel) configuration, the detector contact sense the down (up) spin state. By 

applying Bz, electron spins start precessing. In that case, the number of down (up) spin 

decreases (increases) as Bz increased. Thus, VNL for the parallel and antiparallel 

configuration become same for large Bz. Note that the difference between parallel and 

antiparallel configuration with Bz = 0 condition is the same amplitude with the Δ𝑉𝑁𝐿 of 

spin valve signal. Importantly, one can obtain spin parameters such as τ, lsf and Pinj(det). 

These parameters are important factors for characterization of spin injection, detection and 

transport properties. 

 

 

 

 

Figure 2.4. (a) Splitting of electro chemical potential for up and down spins. Due to 

out-of-plane magnetic field, electron spins precess, resulting in reduction of the 

splitting. (b) Schematic Hanle signals with parallel, antiparallel. 
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 2.4 Spin orbit interaction 

The Hamiltonian for Rashba-type SOI
14

 originating from structural inversion asymmetry 

and Dresselhaus-type SOI
15

 originating from bulk inversion asymmetry are given by  

 

𝐻𝑅 = α(𝑘𝑦𝜎𝑥 − 𝑘𝑥𝜎𝑦),     (2.8) 

𝐻𝐷 = 𝛽(𝑘𝑥𝜎𝑥 − 𝑘𝑦𝜎𝑦),             (2.9) 

respectively, where α and β are the effective Rashba and Dresselhaus parameters, σx and σy 

are Pauli spin matrices, and kx and ky are the electron wave vectors. Figure 2.5 shows 

schematics of the Rashba and Dresselhaus spin-orbit magnetic field in the k-space. Arrows 

in the figure corresponds to the direction and magnitude of effective SOI fields. These SOI 

fields are known to a spin relaxation mechanism. For example, in the Rashba SOI, electron 

spins with a k = kx (ky) affects to a SOI field parallel to the ky (kx) direction. In a 

semiconductor channel, electrons move to random direction. Thus, each electron with a 

different k feel random effective magnetic field, resulting in the spin relaxation. Strain due 

to pseudomorphic growth also induces SOI given by
16

 

𝐻𝑆𝐼𝐴 =
1

2
𝐶3𝜀𝑥𝑦(𝑘𝑦𝜎𝑥 − 𝑘𝑥𝜎𝑦),     (2.10) 

𝐻𝐵𝐼𝐴 = 𝐷(𝜀𝑧𝑧 − 𝜀𝑥𝑥)(𝑘𝑥𝜎𝑥 − 𝑘𝑦𝜎𝑦),    (2.11) 

where, εij, (i, j = x, y, z) are the components of the strain tensor, HSIA and HBIA are 

Hamiltonian of structural-inversion-asymmetry (SIA) type strain-induced SOI and that of 

bulk-inversion-asymmetry (BIA) type strain-induced SOI, respectively. C3 and D are 

material constants. HSIA and HBIA have the same form with the HR and HD for the k and σ, 

respectively. 
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SOI also affects to electron spins during the tunneling in a GaAs Schottky tunnel barrier. 

According to the WKB approximation, the tunneling probability T for electrons having 

Fermi energy EF is given by 
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2
)(

2
2exp yxF kkEV

m
tT nw


,         (2.12) 

where t is tunneling barrier width, m is electron mass, V is an effective barrier height of the 

tunneling barrier, and n is the unit vector of spin direction. w = (αky+βkx, − αkx−βky, 0) is 

the effective magnetic field induced by both Rashba SOI and Dresselhaus SOI. By 

expanding Eq. 2.11 as a perturbative series of w·n, and integrating over k||, the anisotropic 

tunnel resistance given by
10

 

R(θ) = (R1-10 − R110)sin
2
θ + R110,               (2.13) 

is obtained. Where θ is the angle of the magnetization direction of ferromagnetic electrode 

with respect to the [110] direction, and R110 and R1-10 are tunnel resistances for 

magnetization parallel to [110] and [1-10] direction, respectively.  

 

Figure 2.5. Schematics of the effective magnetic field (a) Rashba SOI and (b) 

Dresselhaus SOI. Thin arrows represent a vector plot of the spin orbit effective 

field. 
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2.5 Electrical detection of nuclear magnetic field 

2.5.1 Oblique Hanle effect 

To evaluate Overhauser field, oblique Hanle effect measurements are widely used. 

Overhauser field in the steady state is given by
17

 

B
B

SB
B

2n 21

l

n
B

bf



 ,                      (2.14) 

where f1 (≤ 1) is the leakage factor, bn is the effective field due to the polarization of 

nuclear spins, which takes the negative value of –17 T in GaAs for the theoretical ideal 

case, S is the average electron spin (|S| = 1/2 corresponds to PGaAs = 100%), B is the 

external magnetic field, Bl is the local dipolar field experienced by the nuclei, and ξ is a 

numerical coefficient on the order of unity. Since electron spins experience the total 

magnetic fields of B + Bn, the condition to induce spin precession is given by (B + Bn)  S 

≠ 0. If the B‧S = 0 is satisfied, Bn = 0, resulting in a conventional Hanle curve. Figure 

2.6(b) shows a schematic steady-state oblique Hanle signal. S is set to S = (S, 0, 0) and 

applied magnetic field is set to B = (Bsinφ, 0, Bcosφ), here, φ is an oblique angle with 

respect to the spin direction S. Compared to the conventional Hanle signal, an additional 

side peak appears. The origin of the side peak is cancellation of external and Overhauser 

fields; i.e., at B > 0, B and Bn are antiparallel, and electron spins experience a smaller 

effective magnetic field than |B|. When Bn and B cancel each other, precession of electron 

spins suppress and the nonlocal voltage shows a satellite peak. At B <0, on the other hand, 

no satellite peak appears, because Bn and B are parallel, and no cancelation occurs. The 

time evolution of Overhauser field is given by  

Bn(t) = [Bn() – Bn(0)]exp(−t/TC) + Bn(),            (2.15) 

where Bn() is a steady-state Overhauser field, which is given by Eq. 2.14, Since the 

characteristics time of TC is several seconds or more, very slow sweeping of the external 

magnetic field is necessary for the steady-state oblique Hanle effect measurement.  

In the transient state, the behavior of nuclear spins is different from the steady state. 

Figure 2.7(a) shows a schematic transient-state oblique Hanle signal. Conditions of B‧S > 

0 for the initial state and a sweep of the magnetic field from the positive to negative 
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with a faster sweep rate than the time scale of TC are assumed. Compared to the 

steady-state one, an additional side peak appears. This feature is explained as follows. 

Considering a two-level nuclear spin system due to the Zeeman splitting as shown in 

figure 2.7(b), the majority of nuclear spins is parallel to the electron spin direction due to 

DNP (initial state). In this case, nuclear magnetic field is antiparallel to the applied 

magnetic field because of negative bn. When the sign of external magnetic field is changed, 

nuclear magnetic moments change their direction by 180 degree. However, the number of 

nuclear spins for upper and lower Zeeman energy state is unchanged immediately after the 

sign change of the external magnetic field (transient state). This is because the nuclear spin 

system has long spin-lattice relaxation time (~100 sec).
18

 After that, nuclear spins become 

parallel to the electron spin direction due to DNP again (steady state). 

 

Figure 2.6. Schematics of (a) the measurement configuration for the oblique Hanle 

effect (b) an steady-state oblique Hanle signal. At the side peak, total magnetic field 

for electron is zero, resulting in no spin precession. 



22 

 

 

2.5.2 NMR induced oblique Hanle effect 

When a Zeeman energy of nuclear spins due to a static magnetic field and an energy of 

irradiated rf-magnetic field are equivalent, nuclear magnetic resonance (NMR) occur. This 

condition is described as 

γB = ω.                          (2.16) 

Here, B is a static magnetic field, and γ is a gyromagnetic ratio of nuclei and ω is an 

angular frequency of the irradiated rf-magnetic field. In GaAs, there are three kinds of 

nuclei 
69

Ga, 
71

Ga, and 
75

As, corresponding γ values of 6.45. 8.19, and 4.60 × 10
7
 [rad/T·

sec], respectively.
18

 When NMR occurs, energies are absorbed and emitted between the 

nuclear spin system and the applied rf magnetic field. Then, reach to the thermal 

equilibrium state, indicating the nuclear spin polarization decreases. Figure 2.8(a) and (b) 

shows schematic steady-state and transient-state oblique Hanle signals with an rf magnetic 

field. In the case of the steady state, shape of the oblique Hanle signal is the same with the 

case without rf magnetic field, however, three sharp dips originating from 
69

Ga, 
71

Ga, and 

75
As appear. This is because nuclear spin polarization and Overhauser field are decreased 

due to NMR. In the case of the transient state, three dips also appear, and the left side peak 

 

Figure 2.7. Schematic of (a) a transient-state oblique Hanle signal and (b) diagram 

of nuclear spin moments. 
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disappears. Similar to the steady state, the origin of the three dips is due to NMR of 
69

Ga, 

71
Ga, and 

75
As. The disappearance of the left side peak is also reduction of nuclear 

polarization due to NMR. Compare to the steady state, the effect of NMR on the 

transient-state oblique Hanle signal clearly can be seen. 

 

 

 

  

 

Figure 2.8. Schematics of NMR induced oblique Hanle signals (a) transient state 

and (b) steady state. 
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Chapter 3 

 

Spin injection into GaAs and 

development of a highly polarized 

spin source 

 

 

 

 

 

 

 

 

 

 

 

Effective spin injection from a ferromagnetic electrode into a semiconductor channel is 

important issues for developing semiconductor-based spintronics devices such as spin 

transistors and nuclear spin quantum bits. In this chapter, effect of an insertion of a MgO 

tunnel barrier and effect of a Heusler alloy Co2MnSi spin source on spin injection 

properties were investigated to demonstrate efficient spin injection. In both cases, spin 

injection efficiency increased compared to reference samples. In addition, tunneling 

anisotropic magnetoresistance (TAMR) effect on a single ferromagnet/semiconductor 

heterojunction was investigated, because the magnetoresistance produced by the TAMR 

effect might affect the spin-valve effect. A highly polarized spin source demonstrated in 

this chapter enables an efficient polarization of nuclear spins.   
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3.1 Introduction 

Effective spin injection from a ferromagnet (F) into a semiconductor (SC) is of great 

importance for creating viable semiconductor-based spintronics devices.
1,2

 The 

fundamental obstacle to spin injection across an F/SC interface is the conductivity 

mismatch
3
 between a ferromagnetic metal and a SC. To solve the conductivity mismatch 

problem, introduction of a tunneling barrier between the F and SC has been proposed.
4, 5

 

One approach to introducing a tunneling barrier is to form a Schottky tunnel barrier 

between F and heavily doped SC. Spin injection from Fe or CoFe into GaAs through a 

Schottky tunnel barrier has been demonstrated using both optical
6-8

 and electrical 

detection.
9-12

 Lou et al., demonstrated electrical spin injection in Fe/GaAs Schottky tunnel 

junctions through the observation of spin-valve signals and Hanle signals in a non-local 

configuration.
9
 The observation of both signals provides direct evidence of spin injection 

and transport. Salis et al., investigated the temperature dependence of the spin signal in 

Fe/GaAs, and reported spin injection at room temperature.
10

 We also achieved spin 

injection in Co50Fe50 (CoFe)/n-GaAs Schottky tunnel junctions with an improved 

temperature dependence.
12

  

Highly spin polarized ferromagnetic material is indispensable for creating highly spin 

polarized states in semiconductors. Co-based Heusler alloys are one candidate for a 

highly-polarized spin source because of the half-metallic ferromagnetic nature 

theoretically predicted for many of these alloys,
13, 14

 and because of their high Curie 

temperatures, which are well above room temperature. There have been several reports on 

spin injection through spin light emitting diodes (LEDs) with Co-based Heusler alloy 

electrodes.
15, 16

 The reported spin injection efficiency of these devices, however, has been 

less than that with an Fe electrode. Moreover, there has been no report on the electrical 

detection of spin injection using a lateral spin transport device with a Heusler alloy 

electrode. Thus, the applicability of the Co-based Heusler alloy to spin injection has not 

been fully clarified.  

Another approach to introducing a tunnel barrier is insertion of a thin insulator, such as 

AlOx, GaOx, or MgO, between the F and SC
17-24

. In particular, a MgO barrier is promising 

because of the coherent tunneling effect.
25, 26

 Wang et al. achieved relatively high spin 

injection efficiency even at RT in a CoFe/MgO/GaAs spin-LED.
24

 Although there are 
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several reports on spin injection using F/MgO/SC tunnel junctions,
21-24

 no systematic 

investigation on the effect of inserting a MgO barrier by comparing identically fabricated 

junctions with or without a MgO barrier has been done.  

The purpose of this study is to demonstrate effective spin injection into GaAs. For that 

purpose, first, the effect of an insertion of an epitaxial MgO tunnel barrier between a 

ferromagnetic layer and a semiconductor, i.e., we investigated the spin dependent injection 

properties of CoFe/MgO/n-GaAs junctions. Second, spin injection properties with a 

Heusler alloy Co2MnSi in Co2MnSi/CoFe/n-GaAs junctions. This chapter is organized as 

follows. Section 3.2 describes experimental method. Section 3.3 describes investigation of 

the effect of MgO barrier insertion on the non-local spin-valve effect for CoFe/n-GaAs 

samples with and without MgO barrier for the same semiconductor structures. In addition 

to the non-local spin-valve effect, we investigated the tunneling anisotropic 

magnetoresistance (TAMR) effect,
27,28

 because the magnetoresistance produced by the 

TAMR effect might affect the spin-valve effect. In section 3.4, we discuss the effect of 

MgO barrier insertion on spin-valve signals and TAMR signal. In section 3.5, using a 

Heusler alloy Co2MnSi spin source, we demonstrate all electrical injection and detection of 

spin-polarized electrons through the observation of spin-valve signals and Hanle signals in 

a four-terminal nonlocal geometry. In Section 3.6, we discuss the spin-injection efficiency 

of the Co2MnSi electrode from a comparison of the bias voltage-dependent spin 

polarization between Co2MnSi/CoFe/n-GaAs and CoFe/n-GaAs samples. In Section 3.7, 

the summary of this chapter is described.  

3.2 Experimental methods 

Layer structures consisting of (from the substrate side) a 250-nm-thick undoped GaAs 

buffer layer, a 2500-nm-thick n
−
-GaAs channel layer, a 15-nm-thick n

−
→n

+
-GaAs 

transition layer, and a 15-nm-thick n
+
-GaAs layer were grown by molecular beam epitaxy 

at 590 °C on GaAs (001) substrates. The doping concentration of the n
−
-GaAs channel was 

chosen to be 3×10
16

 cm
−3

, and the doping concentration of the n
+
-GaAs was 5×10

18
 cm

−3
 

to form a narrow Schottky barrier. The samples were then capped with an arsenic 

protective layer and transported in air to an ultrahigh vacuum chamber capable of 

combined magnetron sputtering and electron beam evaporation with a base pressure of 
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about 6 × 10
−8

 Pa. The arsenic cap was removed by heating the samples to 300–400°C in a 

preparation chamber. Four different kinds of spin source layers were deposited on the 

GaAs samples as shown in figure 3.1(a) and (b). First, a 0.8-nm-thick MgO layer was 

grown by electron-beam evaporation at 350°C with a deposition rate of 0.01 nm/s. Then, a 

5-nm-thick CoFe layer was deposited by magnetron sputtering at RT. No post-deposition 

annealing was carried out. Second, a 1.1-nm-thick CoFe layer and a 5-nm-thick Co2MnSi 

layer were deposited on the GaAs substrate by magnetron sputtering at room temperature 

and successively annealed in situ at 350C. The film composition of the Co2MnSi film was 

chosen to be Co2Mn1.3Si0.9 to suppress harmful CoMn antisites.
29, 30

 Third and fourth, 

samples with a 5-nm-thick CoFe single layer were prepared as a reference. The third 

sample was not annealed for the comparison with the CoFe/MgO/n-GaAs sample, and the 

fourth sample was annealed in situ at 350°C for the comparison with the 

Co2MnSi/CoFe/n-GaAs sample. 

Using electron beam (EB) lithography and Ar ion milling techniques, lateral spin 

transport devices as shown in Fig. 3.1(c) were fabricated. The size of the injector contact 

(contact-2) and detector contact (contact-3) were 0.5 × 10 μm and 1.0 × 10 μm, 

respectively, and the spacing (d) between them was 0.5 or 4.0 μm. We defined the longer 

(shorter) direction of the junction as the y-axis which (x-axis) direction. The bias voltage 

was defined with respect to the n-GaAs.  
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Fig. 3.1. (a) Sample layer structures and (b) Layer structure of spin source. GaAs 

layers were grown by MBE at 580-600 °C. Four kinds of spin sources were 

deposited on the same semiconductor structures. (1) CoFe/MgO/n-GaAs without 

annealing, (2) Co2MnSi/CoFe/n-GaAs annealed at 350 °C, (3) CoFe/n-GaAs 

without annealing to compare with (1), and CoFe/n-GaAs annealed at 350 °C to 

compare with (2). (c) Schematic device structure of a four-terminal lateral 

spin-transport device and circuit configuration for nonlocal measurements. (d) 

Circuit configuration for measuring the TAMR effect. 

 

(a)

(c)

(b)

(d)
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3.3 Experimental results  

3.3.1 Structural properties of CoFe/MgO/n-GaAs 

 
Figures 3.2(a)-(d) show reflection high-energy electron diffraction (RHEED) patterns of 

the CoFe layers along two different azimuths [110]GaAs and [100]GaAs for CoFe/n-GaAs and 

CoFe/MgO/n-GaAs. The streak RHEED patterns indicate that the CoFe layers grew 

epitaxially on the n-GaAs or on the MgO/n-GaAs, although slightly spotty patterns which 

indicate a three-dimensional growth were observed for the CoFe layer on the MgO/n-GaAs. 

Note that the RHEED patterns shown in Figs. 3.2(a) and (d) are identical to that observed 

for CoFe along an azimuth of [110]CoFe, and those shown in Figs. 3.2(b) and (c) are 

identical to that along an azimuth of [100]CoFe. Thus, the crystallographic relationship was 

CoFe(001)[110] || GaAs(001)[110] (CoFe and GaAs were cube-on-cube) for CoFe/n-GaAs, 

and CoFe(001)[110] || MgO(001)[100] || GaAs(001)[100] (the CoFe film was rotated by 45° 

in the (001) plane with respect to GaAs and MgO) for CoFe/MgO/n-GaAs.  

 

Fig. 3.2. RHEED patterns along the azimuths of [110]GaAs and [100]GaAs for 

CoFe/GaAs and CoFe /MgO/GaAs. (a) CoFe/GaAs with EB||[110]GaAs, (b) CoFe/GaAs 

with EB||[100]GaAs, (c) CoFe/MgO/GaAs with EB||[110]GaAs, and (d) CoFe/MgO/GaAs 

with EB||[100]GaAs. 
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3.3.2 Effect of MgO barrier insertion on junction resistance and 

TAMR characteristics 

 

Figure 3.3(a) shows the I-V characteristics for CoFe/n-GaAs single junctions measured 

at 4.2 K with and without a MgO barrier. The curves for both samples exhibited non-linear 

characteristics and were almost symmetric with respect to the bias polarity due to the 

tunneling of electrons through a Schottky barrier for the CoFe/n-GaAs (Fig. 3.3(b)) and 

through a MgO barrier for CoFe/MgO/n-GaAs samples (Fig. 3.3(c)). The junction 

resistance of the CoFe/MgO/n-GaAs was more than one order of magnitude larger than 

that of the CoFe/n-GaAs sample.  

 

Fig. 3.3. (a) I–V characteristics measured at 4.2K for CoFe/n-GaAs single 

junctions with and without a MgO barrier. Both curves show non-linear and 

almost symmetric behavior with respect to the bias voltage polarity due to electron 

tunneling through a Schottky barrier for the CoFe/n-GaAs and a MgO barrier for 

the CoFe/MgO/n-GaAs junction. (b), (c) Schematic band diagrams for (b) 

CoFe/n-GaAs Schottky tunnel junction and (c) CoFe/MgO/n-GaAs tunnel 

junction. 
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Figures 3.4(a) and 3.4(b) show magnetoresistance (MR) curves measured at 4.2 K for 

CoFe/n-GaAs single junctions with and without a MgO barrier (MgO-inserted 

CoFe/MgO/n-GaAs junction and CoFe/n-GaAs junction). The voltage drop across the 

junction was –0.15 V, and the in-plane magnetic field (B) was applied along the [110]GaAs 

and [1–10]GaAs directions for CoFe/n-GaAs (Fig. 3.4(a)), and along the [110]GaAs, [100]GaAs, 

and [1–10]GaAs directions for CoFe/MgO/n-GaAs (Fig. 3.4(b)). The curve for [1–10]GaAs 

has an offset of –320 Ω in Fig. 3.4(a) and curves for [110]GaAs and [1–10]GaAs have offsets 

of 2 and –2 kΩ in Fig. 3.4(b), respectively. The samples without a MgO barrier showed 

clear MR when B was swept along the [110]GaAs direction, which corresponds to the hard 

axis direction for the shape anisotropy. We previously observed a TAMR effect in 

CoFe/n-GaAs
31, 32

 and Co2MnSi/n-GaAs
33

 Schottky tunnel junctions, and found that the 

TAMR effect produced a resistance difference between R110 and R1–10, where R110 and R1–

10 stand for the tunnel resistances when the magnetization (M) of CoFe is oriented along 

[110]GaAs and [1–10], respectively. The angular dependence of the tunnel resistance was 

given by
31-33

 

 

Fig. 3.4. MR curves measured at 4.2K for CoFe/n-GaAs single junctions (a) 

without a MgO barrier and (b) with a MgO barrier. An in-plane magnetic field was 

applied along (a) [110]GaAs and  [1–10]GaAs, and (b) [110]GaAs, [100]GaAs, and [1–

10]GaAs, respectively. The curve for [1–10]GaAs has an offset of –320 Ω in (a) and 

curves for [110]GaAs and [1–10]GaAs have offsets of 2 and –2 kΩ in (b), 

respectively.  
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where θ is the angle of the magnetization direction of the CoFe electrode with respect to 

the [110]GaAs direction. The MR curves shown in Fig. 3.5(a) can be explained with the 

TAMR effect as follows. For B || [110]GaAs, the magnetization (M) of CoFe would have 

oriented to the [1–10]GaAs direction at small |B| since the [110]GaAs direction corresponds to 

the hard axis direction for the shape anisotropy of the junction, resulting in the junction 

resistance of R1–10; however, it would have oriented to the [110]GaAs direction at large |B|, 

resulting in the junction resistance of R110. For B || [1–10]GaAs, on the other hand, since the 

[1–10]GaAs direction is an easy axis, there was no state for M || [110] when the magnetic 

field was swept along the [1–10] direction, resulting in almost constant junction resistance 

corresponding to R1–10 for all values of B investigated. This anisotropic tunnel resistance 

produced a spin-valve-like MR, as shown in Fig. 3.5(a), even in a single junction. Thus, 

TAMR may affect the electrical detection of spin injection when F/SC heterojunctions are 

used.  

In the case of CoFe/MgO/n-GaAs, no significant MR was observed for any of the three 

directions ([110], [100], and [1–10]) of the magnetic field. This result indicates that the 

insertion of a MgO barrier between CoFe and GaAs suppressed the TAMR effect. A 

possible mechanism of the suppression will be discussed in section 3.4.1. 

 

3.3.3 Effect of MgO barrier insertion on non-local spin valve 

effect 

Figure 3.5 plots non-local voltage (VNL) measured at 4.2 K as a function of the magnetic 

field along the [1–10] direction in a four-terminal device consisting of (a) CoFe/n-GaAs 

Schottky tunnel junctions and (b) CoFe/MgO/n-GaAs tunnel junctions. The non-local 

voltage was measured between contact-3 and contact-4, while constant current (I) of –30 

μA (Fig. 3.5(a)) or –1 μA (Fig. 3.5(b)) was supplied between contact-1 and contact-2. 

Under this bias condition, electrons tunnel from CoFe into GaAs. The voltage drop across 

the junction under injector contact-2 was –0.44 V for both samples. Both samples showed 
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a clear spin-valve-like signal. As shown in Figs. 3.4(a) and (b), no significant MR was 

observed for a CoFe/n-GaAs single junction or a CoFe/MgO/n-GaAs single junction when 

the magnetic field was swept along the [1–10] direction. Thus, the observed non-local 

spin-valve-like signal was due to the parallel (P)/anti-parallel (AP) switching in 

magnetization configuration between the injector contact and the detector contact, 

indicating the injection, transport, and detection of spin-polarized electrons for both 

samples. 

The non-local voltage change (ΔVNL) was approximately 8 μV for CoFe/n-GaAs and –

10 μV for CoFe/MgO/n-GaAs. Here, ΔVNL was defined by VNL
AP

 – VNL
P
, where VNL

AP
 and 

VNL
P
 are non-local voltages for AP and P configurations, respectively, between injector 

contact-2 and detector contact-3. Interestingly, the magnitude of ΔVNL/I for 

CoFe/MgO/n-GaAs increased by a factor of 38 compared with that of CoFe/n-GaAs. 

Moreover, the sign of the ΔVNL was opposite between the samples with and without a MgO 

barrier.  

  

 

Fig. 3.5. Plots of non-local voltage at 4.2 K as a function of the in-plane magnetic field 

(B||[1-10]) (a) CoFe/n-GaAs Schottky tunnel junctions and (b) CoFe/MgO/n-GaAs 

tunnel junctions. 

 



35 

 

3.4. Discussion 

3.4.1 Effect of MgO barrier insertion on TAMR characteristics 

We will first discuss suppression of the TAMR effect through the insertion of a MgO 

barrier. Recently, Matos and Fabian proposed a theoretical model
34

 based on the 

Rashba-type spin orbit interaction (SOI) at the F/SC heterointerface and the 

Dresselhaus-type SOI inside the GaAs Schottky tunnel barrier to explain the effect of 

TAMR observed in Fe/i-GaAs/Au.
28

 Our previous experimental results on the bias voltage 

dependence and the influence of the GaAs surface structure on TAMR observed in 

CoFe/n-GaAs and Co2MnSi/n-GaAs Schottky tunnel junctions support their SOI-based 

model.
31-33

 We will briefly summarize the consequences of Rashba and Dresselhaus terms 

on the tunneling probability at a ferromagnet/n-GaAs junction. The Hamiltonian for both 

Rashba and Dresselhaus SOIs is given by 

HSO = α(σxky –σykx) + β(σxkx –σyky) ≡ w(k||)·σ,     (3.2) 

where α and β are the effective Rashba and Dresselhaus parameters, σ = (σx, σy, σz) is the 

Pauli spin matrix, k|| = (kx, ky) is the in-plane wave vector, and w is the SOI-induced 

effective magnetic field. Here, the x-axis and y-axis are respectively set to the [100] and 

[010] directions, and the z-axis is set to the tunneling direction. Rashba-type SOI results 

from the structural inversion asymmetry at the interface,
35

 and Dresselhaus-type SOI 

results from the bulk inversion asymmetry in GaAs.
36

 For simplicity, we approximate the 

Schottky barrier formed at the ferromagnet/n-GaAs interface as a single tunneling barrier 

with an effective barrier height of V0. Then, according to the WKB approximation the 

tunneling probability for electrons having Fermi energy (EF) is given by 

,)()(
2

2exp 22

02 







 yxF kkEV

m
tT nw


       (3.3) 

where t is tunneling barrier thickness, m is electron mass,  is the Plank constant divided 

by 2π, and n is the unit vector of spin direction. Because of the anisotropy of w in the (kx, 

ky) space, the tunneling probability of an electron depends on its initial spin orientation, n. 

By expanding Eq. (3.3) as a perturbative series of w · n, and integrating over k|| to get the 

tunnel resistance, the anisotropic tunnel resistance given by Eq. (3.1) is obtained. Since 
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R110 – R1-10 is proportional to the product of α and β, the TAMR is eliminated when either 

 or  becomes zero. In the case of the CoFe/n-GaAs junction, the Schottky barrier is 

formed because of Fermi level pinning at the interface, and electrons tunnel through the 

Schottky barrier of GaAs, as shown in Fig. 3.3(b). These electrons feel both Rashba-type 

and Dresselhaus-type SOI fields during tunneling, resulting in the appearance of TAMR. 

In the case of a CoFe/MgO/n-GaAs junction, on the other hand, the GaAs Schottky barrier 

height would be lowered due to depinning of the Fermi level,
37

 and electrons do not tunnel 

through the Schottky barrier of GaAs, but tunnel through only the MgO barrier, as shown 

in Fig. 3.3(c). Since the effective Dresselhaus parameter of β becomes zero inside a MgO 

barrier, the TMAR would be suppressed. This Fermi level depinning model is supported 

by our previous experimental findings on the MgO thickness dependence of the junction 

resistance in Co2MnSi/MgO/n-GaAs.
38 

 

3.4.2 Effect of MgO barrier insertion on non-local spin-valve 

effect 

In the section 3.3.3, we experimentally observed the enhancement and sign reversal of 

ΔVNL/I when a MgO barrier was inserted. The theoretical expression of ΔVNL/I in the case 

of tunnel contact is given by
39
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where Pinj(det) is spin polarization of the injector (detector) contact, ρ is resistivity of the 

GaAs channel, S is the area of the channel cross-section, lsf is the spin-diffusion length, and 

d is the distance between contact-2 and contact-3. Since the channel structure of GaAs was 

the same for both samples, ρ, S, lsf, and d were the same. Therefore, the difference in 

ΔVNL/I between CoFe/n-GaAs and CoFe/MgO/n-GaAs samples comes from the difference 

in Pinj∙Pdet. 

First, we will discuss the sign change of Pinj∙Pdet when a MgO barrier was inserted. The 

sign of Pinj ∙Pdet was positive for CoFe/n-GaAs samples and negative for 

CoFe/MgO/n-GaAs samples at Vinj = –0.44 V for both samples, where Vinj is the voltage 
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drop across the injector contact. Recently, change in the sign of Pinj∙Pdet depending on the 

bias voltage was reported for Fe/n-GaAs
9, 10

 and CoFe/n-GaAs junctions.
11, 12

 To explain 

the negative spin polarization observed in Fe/n-GaAs junctions, several models have been 

proposed: Dery and Sham suggested that the reversal of spin polarization is due to 

localized states in the semiconductor formed by inhomogeneous doping.
40

 Chantis et al. 

predicted by first-principle calculations that negative polarization under the spin extraction 

mode could be explained by enhancement of the transmission coefficient of a 

minority-spin state through a resonant state at the Fe/GaAs interface.
41

 Furthermore, 

Honda et al. theoretically investigated the influence of the Schottky barrier height on spin 

polarization of an Fe/n-GaAs interface, and showed that the spin polarization can be 

negative for a wide bias voltage range, depending on the Schottky barrier height.
42

 We 

observed the sign change of Pinj∙Pdet in spite that the bias voltage condition was the same 

for both samples. This indicates that the spin-dependent electronic states for 

CoFe/MgO/n-GaAs samples were quite different from those for CoFe/n-GaAs samples. 

The spin polarization at the CoFe/MgO interface in CoFe/MgO/n-GaAs heterojunctions 

should be positive when we take into account the tunnel magnetoresistance characteristics 

of CoFe/MgO/CoFe magnetic tunnel junctions.
43

 Thus, the spin polarization at the 

MgO/n-GaAs interface in CoFe/MgO/n-GaAs heterojunctions probably plays a critical 

role for determining the sign of Pinj∙Pdet. 

Next, we will discuss the enhancement of |ΔVNL/I| or Pinj∙Pdet by a factor of 38 upon 

MgO barrier insertion. There are several possibilities regarding spin polarization 

enhancement. One is an increase in the junction resistance compared with CoFe/n-GaAs. 

Fert and Jaffrès showed that the junction resistance (Rb) should be much higher than ρlsf/S 

to solve the conductivity-mismatch problem.
5
 However, this condition was satisfied even 

for the CoFe/n-GaAs sample.
12

 Thus, the increase in Rb cannot explain the enhancement of 

ΔVNL/I. 

A second possibility is the effect of coherent tunneling.
26, 27

 In this model, highly spin 

polarized Δ1 band electrons selectively tunnel through a MgO barrier. A third possibility is 

that enhancement of the spin signal is due to tunneling through a localized state formed in 

the vicinity of the MgO/GaAs interface. Tran et al. observed an increase in the spin 

accumulation signal, well above theoretical predictions, using Co/Al2O3/GaAs junctions in 

a three-terminal Hanle geometry, and proposed a two-step tunneling model in which a 

sequential tunneling process via localized states located in the vicinity of the Al2O3/GaAs 
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interface enhanced the spin accumulation.
19

 A similar mechanism might appear in 

CoFe/MgO/n-GaAs samples. However, both the coherent tunneling model and the 

two-step tunneling model cannot explain the negative spin polarization. To clarify the 

origin of the sign change and enhanced spin polarization consistently, further experimental 

and theoretical investigations are therefore necessary. 
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3.5 Experimental results for Co2MnSi/CoFe/n-GaAs 

3.5.1 Structural properties of Co2MnSi/CoFe/n-GaAs 

 

Figures 3.6(a)-(d) shows reflection high energy electron diffraction (RHEED) patterns 

observed in situ for each layer during preparation indicated that both a 1.1-nm-thick CoFe 

and a 5-nm-thick Co2MnSi layers grew on GaAs. Sharp streak patterns dependent on the 

electron injection direction, parallel to [110]GaAs or [100]GaAs, were obtained for each 

successive layer. Furthermore, the spacing of the observed streak patterns of the Co2MnSi 

and CoFe layers agreed well with each other, indicating that the Co2MnSi and CoFe layers 

grew epitaxially on GaAs. The crystallographic relationship was Co2MnSi(001)[110] || 

 

Fig. 3.6. RHEED patterns along the azimuths of [110]GaAs and [100]GaAs for the 

Co2MnSi layer and the CoFe insertion layer. (a) Co2MnSi with EB||[110]GaAs, (b) 

Co2MnSi with EB||[100]GaAs, (c) CoFe with EB||[110]GaAs, and (d) CoFe with 

EB||[100]GaAs. 
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CoFe(001)[110] || GaAs(001)[110] (Co2MnSi, CoFe and GaAs were cube-on-cube) for 

relation.  

3.5.2 TAMR effect for Co2MnSi/CoFe/n-GaAs 

Figure 3.7 shows results of TAMR effect for the Co2MnSi/CoFe/GaAs injector contact. 

We found that the easy axis of the magnetization of the Co2MnSi/CoFe bilayer was along 

the shorter direction of the junction (the x-axis direction or [110]GaAs). This is because 

strong uniaxial-type magnetocrystalline anisotropy along the x-axis direction and relatively 

weak shape anisotropy along the y-axis direction were induced in the Co2MnSi/CoFe 

bilayer. There have been several reports that ferromagnetic thin films, including Co-based 

Heusler alloys, epitaxially grown on GaAs(001) substrates have an uniaxial-type 

anisotropy with an easy axis of either the [110]GaAs or [1–10]GaAs direction and whose 

strength and direction depend on the surface reconstruction superstructures of GaAs and/or 

ferromagnet materials.
44, 45

 In this study, the fabricated Co2MnSi/CoFe/n-GaAs junction 

had an easy axis of the [110]GaAs direction, which corresponded to the x-axis direction. On 

the other hand, the annealed CoFe/n-GaAs junction of the reference sample had an easy 

axis of the [1–10]GaAs direction, which corresponded to the y-axis direction.  
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3.5.3 All electrical injection and detection of spin-polarized 

electrons through the observation of spin-valve signals and 

Hanle signals 

Figure 3.8 shows a plot of non-local voltage as a function of the in-plane magnetic field 

(Bx) for a lateral spin transport device with Co2MnSi/CoFe/n-GaAs Schottky tunnel 

junctions. The magnetic field was applied along the x-axis direction, which corresponded 

to the easy axis for the magnetization of the Co2MnSi/CoFe bilayer. A bias current (I) of –

40 μA was supplied, where electron spins were injected from the Co2MnSi to n-GaAs. We 

subtracted a background signal consisting of a constant term and linear and quadratic terms 

of Bx so that the non-local voltage at Bx = 0 was set to 0 V because electron spins are 

completely depolarized at Bx = 0 due to precession by the Overhauser field.
46, 47

 Although 

a similar background signal was observed in the same experiment, 
9, 12

 its origin is still not 

 

Fig. 3.7. MR curves measured at 4.2K for Co2MnSi/CoFe/n-GaAs single junctions 

An in-plane magnetic field was applied along [110], [100], and [1-10] of GaAs, 

respectively.  
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well understood. A clear spin-valve-like change of the non-local voltage was observed at 

Bx ≅ +25 mT and –30 mT due to switching between the parallel (P) and anti-parallel (AP) 

states for the magnetization configuration between the injector and detector contacts. 

However, a number of small steps were seen in the observed spin-valve signal. 

Furthermore, the magnetic field range for the AP state was relatively narrow, and |VAP| was 

smaller than |VP|, suggesting an imperfect formation of the AP state. A possible origin of 

the small steps in the spin-valve signal and the imperfect formation of the AP state is a 

complex magnetization reversal arising from a conflict in the magnetic anisotropy between 

the shape anisotropy having the easy axis along the y-axis direction and the 

magnetocrystalline anisotropy having the easy axis along the x-axis direction.  

 

Fig. 3.8. Plot of non-local voltage as a function of in-plane magnetic field (Bx) for a 

lateral spin transport device with Co2MnSi/CoFe/n-GaAs junctions. A background 

signal consisting of a constant term and linear and quadratic terms of Bx has been 

subtracted. 
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Figure 3.9 shows a plot of non-local voltage as a function of out-of-plane magnetic field 

(Bz) for both the P and AP configurations. The non-local voltage for the P (AP) 

configuration gradually decreased (increased) as |Bz| increased and the two curves merged 

at a large Bz. These results clearly indicate the Hanle effect. In the Hanle effect, the 

non-local voltage as a function of Bz can be expressed by
39
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where Pinj(det) is the spin polarization of the injector (detector) contact, ρ is the resistivity of 

the GaAs channel, S is the area of the channel cross-section, lSF is the spin-diffusion length, 

d is the distance between contact-2 and contact-3, τSF is the spin lifetime, I is the injected 

current, D = l
2
SF /τSF is the diffusion constant, ωL = gμBB/ħ is the Larmor frequency, g (= –

0.44) is an electron g factor for GaAs, μB is the Bohr magnetron, and ħ is the reduced 

Planck’s constant. The + (–) sign on the right-hand side of Eq. 3.5 corresponds to the P 

(AP) configuration. The observed Hanle curves can be fitted well with Eq. 3.5. The 

 

Fig. 3.9. Plot of non-local voltage as a function of out-of-plane magnetic field (Bz) 

for a Co2MnSi/CoFe/n-GaAs sample for both P (upper curve) and AP (lower curve) 

configurations. The solid lines are the result of the fitting using Eq. 3.5. 

 



44 

 

estimated spin lifetime τSF was 50 ns. This value of the spin lifetime is comparable to those 

obtained for GaAs with a doping concentration of 10
16

cm
–3

,
47

 suggesting that spins were 

injected into the GaAs channel. The estimated spin diffusion length lSF was 5 μm. The 

Hanle signal for the P state was approximately 10 μV, and that for the AP state was 

approximately 8 μV, so the total of both signals was approximately 18 μV. This value 

agrees with the result of the spin-valve effect. The smaller amplitude of the Hanle curve 

for the AP state was due to the imperfect formation of the AP state, as previously 

described. The observation of the spin-valve signal and Hanle signal in the four-terminal 

non-local geometry provides direct evidence of the spin injection, detection and transport 

in GaAs. 

3.6 Comparison of spin polarization between Co2MnSi 

and CoFe 

In this section, we compare the magnitude of the spin signal (|VP|) and spin polarization 

between the sample with a Co2MnSi electrode and that with a CoFe electrode. Figure 3.10 

shows the bias-current dependence of |VP| for both a Co2MnSi/CoFe/n-GaAs sample and 

an annealed CoFe/n-GaAs sample. The negative (positive) bias region corresponds to the 

spin injection (extraction), where spin-polarized electrons tunnel from ferromagnet 

(semiconductor) to semiconductor (ferromagnet). Here, the spacing (d) between the 

injector and detector contacts was 4.0 μm for both samples. The bias-current dependence 

of |VP| clearly differed between the Co2MnSi/CoFe/n-GaAs sample and the CoFe/n-GaAs 

sample. For the Co2MnSi/CoFe/n-GaAs sample, |VP| increased monotonically as |I| 

increased in the negative bias region, while no clear spin signal was observed in the 

positive bias region. On the other hand, for the CoFe/n-GaAs sample, |VP| increased with 

increasing |I|, reached a peak value at I = –25 μA, and then decreased with increasing |I| in 

the negative bias region, while it increased monotonically with increasing |I| in the positive 
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bias region. From the Eq. 3.4, |VP| depends on I, Pinj(det), ρ, S, lsf, and d. The Eq. 3.4 is valid 

when the junction resistance is much larger than the spin resistance of the channel, which 

condition is satisfied in our devices, as shown later. Since the channel structure of GaAs is 

the same for both samples, the values of ρ, S, lsf, and d are the same. Therefore, the 

difference in the |VP| vs. I characteristics between the two samples comes from the 

difference in the Pinj∙Pdet products. This result indicates that the spin polarization at the 

1.1-nm-thick CoFe/GaAs interface of Co2MnSi/CoFe(1.1 nm)/GaAs heterojunction differs 

from that at the 5-nm-thick CoFe/GaAs interface, which means that Co2MnSi works as a 

spin source in the Co2MnSi/CoFe/n-GaAs sample even though 1.1-nm-thick CoFe was 

inserted between the Co2MnSi and GaAs. This is reasonable because the thickness of the 

inserted CoFe (1.1 nm) layer was less than the spin diffusion length of CoFe (~10 nm).
49

 

The non-linear relations between |VP| and I shown in Fig. 3.10 indicate that the value of 

|Pinj∙Pdet|
1/2

 is not constant against the bias voltage. There have been several experimental
9, 

10, 12
 and theoretical

39-41
 investigations into whether the magnitude and sign of spin 

 

Fig. 3.10. Bias current dependence of VP measured for a Co2MnSi/CoFe/n-GaAs 

sample and a CoFe/n-GaAs reference sample. The solid lines indicate linear 

least-squares fitting in the low negative-bias region. Inset shows the bias current 

dependence of the injector junction resistance for both Co2MnSi/CoFe/n-GaAs 

and 

CoFe/n-GaAs. The junction resistance was normalized by the spin 

resistance of the GaAs channel. 
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polarization for the ferromagnet/GaAs heterointerface are affected by a bias condition. 

Although the junction resistance also affects the spin injection efficiency, the effect was 

negligible in our devices. The inset in Fig. 3.10 shows the junction resistance of the 

injector contacts of both CoFe and Co2MnSi/CoFe as a function of the bias current. The 

junction resistance was normalized by the spin resistance of the GaAs channel, ρlsf/S. As 

shown in the inset, the junction resistance is at least two orders of magnitude larger than 

the spin resistance for almost all bias regions investigated in this study. Thus, the 

impedance mismatch problem
3
 is negligible, and the nonlinear relations between |VP| and I 

result from the change in the Pinj∙Pdet value by the bias voltage rather than from the change 

in the junction resistance. Table I summarizes the values of |Pinj∙Pdet|
1/2

 in a low negative 

bias current region, in which the values of |Pinj∙Pdet|
1/2

 are almost constant. The value for a 

sample without post-deposition annealing
12

 is also shown for comparison. Importantly, the 

value of |Pinj∙Pdet|
1/2

 for the Co2MnSi/CoFe/n-GaAs sample is larger than those for the 

CoFe/n-GaAs samples. The larger value of Pinj ∙ Pdet obtained for the 

Co2MnSi/CoFe/n-GaAs sample cannot be explained by the effect of the impedance 

mismatch, because the junction resistance of the Co2MnSi/CoFe/GaAs sample was smaller 

than that of the CoFe/GaAs one. These results indicate that Co2MnSi has higher spin 

polarization and that a Heusler alloy is a promising spin source for efficient spin injection 

into a semiconductor. Considering that the TMR ratios in MTJs with Co2MnSi electrodes 

increase with increasing annealing temperature around 550 C,
51

 there is much room to 

improve the spin injection efficiency with our sample. It should be noted, however, that 

high-temperature annealing may lead to interdiffusion of atomic species at a 

ferromagnet/GaAs interface, resulting in the degradation of spin injection properties. Thus, 

Sample structure 
Annealing 

temperature [ºC] 
|P

inj
∙P

det
|
1/2

 [%] 

Co
2
MnSi/CoFe/n-GaAs 350 4.4 
CoFe/n-GaAs 350 3.5 

CoFe/n-GaAs
12
 − 3.0 

Table I. Summary of |Pinj∙Pdet|
1/2

 in the low negative bias region for a 

Co2MnSi/CoFe/n-GaAs sample and CoFe/n-GaAs reference samples with and 

without annealing. 
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the annealing temperature of the Co2MnSi layer must be optimized to simultaneously 

obtain high spin polarization and prevent interdiffusion. 

3.7 Summary 

First, we experimentally found that the TAMR effect was suppressed by inserting a 

MgO barrier between CoFe and n-GaAs, indicating Fermi-level depinning and lowering of 

the Schottky barrier height of GaAs. We also found that the non-local spin-valve signal 

was enhanced by a factor of 38 and the sign was reversed when a MgO barrier was 

inserted, suggesting that the effective spin polarization increased.  

Second, we achieved efficient spin injection and a resultant efficient DNP by using a 

Co2MnSi spin source. The maximum electron spin polarization in the GaAs channel 

observed in the sample with Co2MnSi electrodes was larger than that observed in the 

reference sample with CoFe electrodes; this was due to higher spin polarization of 

Co2MnSi. This results indicate that the Heusler alloy is a promising spin source for spin 

injection into a semiconductor. 
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Chapter 4 

 

All electrical investigation of spin 

dependent transport properties in 

strained InGaAs channels 

 

 

 

 

 

 

 

 

 

 

In this chapter, spin transport properties of strained InGaAs channels using spin 

injection from a ferromagnet electrode are described. From observation of Hanle signals, 

spin lifetime in strained InGaAs channels and GaAs channels were estimated. Strained 

InGaAs channels exhibited much shorter spin lifetime than that of GaAs channels, 

indicating that strain induced spin orbit interaction strongly affects to electron spins in 

strained InGaAs channels. The control of spin orbit interaction is a key role for realization 

of spin transistors. All electrical investigation of spin dependent transport properties of 

semiconductor channels with a strong spin orbit interaction opens a path to develop spin 

transistors. 
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4.1 Introduction 

The injection and detection of spin-polarized electrons using ferromagnet/semiconductor 

heterojunctions have attracted much interest for creating viable spintronics devices such as 

spin transistor.
1, 2

 To demonstrate efficient spin injection (detection) and to clarify spin 

dependent transport properties of semiconductor channels are indispensable for realization 

of spin transistors. Recently, we demonstrated spin injection into a GaAs channel using 

CoFe/GaAs heterojunctions
3
 from the observation of spin-valve signals and Hanle signals 

in a nonlocal geometry. Co-based Heusler alloys are one candidate for a highly polarized 

spin source, because we demonstrated giant tunneling magnetresistance ratios of 1995% at 

4.2 K and 354% at 290 K in Co2MnSi based magnetic tunnel junctions using Mn-rich 

Co2MnSi electrodes.
4
 We investigated the applicability of Co-based Heusler alloys to spin 

injection using Co2MnSi/CoFe/GaAs heterojunctions and found that the spin injection 

efficiency with Co2MnSi/CoFe/GaAs heterojunctions was one order of magnitude larger 

than that for the CoFe/GaAs heterojunctions.
5
 Moreover, using Co2MnSi/CoFe/GaAs 

heterojunctions, we observed the transient behavior of a nuclear magnetic field originating 

from dynamically polarized nuclear spins of GaAs due to the hyperfine interaction.
6
 

To realize the spin transistor, it is also important to clarify spin transport properties of 

semiconductor channels. In particular, the effect of spin-orbit-interaction (SOI) in III-V 

semiconductors is a key role for the operation of the spin transistor;
1
 that is, injected 

electron spins from a ferromagnetic source contact are controlled by SOI and collected at a 

ferromagnetic drain contact. SOI is also known as a major spin relaxation mechanism 

because an effective SOI magnetic field is momentum dependent. As the velocity of the 

electron changes by a scattering due to phonon or impurity, the magnitude and direction of 

the SOI field change, resulting in spin relaxation. The influence of SOI on spin dependent 

transport properties were investigated through both electrical methods in InGaAs/InAlAs 

quantum wells
7, 8

 and optical methods in GaAs/AlGaAs quantum wells.
9, 10

 Recently, Kato 

et al., observed a SOI field in strained InxGa1–xAs channels grown on GaAs by using 

optical methods and found that the strain plays a crucial role in producing a SOI field.
11

 

Andrei and Zhang analyzed their experimental results using a strain-induced SOI model.
12

 

Then, the purpose in this chapter is to clarify the spin-dependent transport properties of 

strained InGaAs channels using ferromagnet/semiconductor heterojunctions. The injection 
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and detection of spin-polarized electrons using ferromagnet/semiconductor heterojunctions, 

and characterization of spin dependent transport properties of semiconductors where SOI 

strongly affects to electron spins are prerequisite for development of spin transistor. 

4.2 Experimental methods 

Layer structures consisting of (from the substrate side) a 250-nm-thick undoped GaAs 

buffer layer, a 700-nm-thick n
–
-InxGa1-xAs channel layer, a 15-nm-thick 

n
−
-InxGa1-xAs→n

+
-GaAs transition layer, and a 15-nm-thick n

+
-GaAs layer were grown by 

molecular beam epitaxy on semi-insulating GaAs(001) substrates. The indium composition 

x was chosen to be 0, 4, and 7%. The doping concentration of n
−
-InxGa1-xAs channel layer 

was 3 × 10
16

 cm
−3

 and that of the n
+
-GaAs layer was 5 × 10

18
 cm

−3
 to form a narrow 

Schottky barrier. Samples were transfer to the second MBE chamber without exposure to 

air, and a 10-nm-thick Fe spin source layer and a 10-nm-thick Al cap layer were grown at 

room temperature. Strains in these samples were characterized by two-dimensional 

reciprocal space mapping (RSM) of high-resolution X-ray diffraction (XRD) around GaAs 

(224) and (2-24) at room temperature. Samples were processed into lateral spin transport 

devices using electron beam lithography and Ar ion milling techniques. The size of the 

injector contact and detector contact were 0.5 × 10 μm and 1.0 × 10 μm, respectively, and 

the spacing between them was 4.0 or 8.0 μm. Spin-dependent transport properties for 

lateral spin transport devices were evaluated in a four-terminal nonlocal geometry at 4.2 K. 

4.3 Experimental results  

4.3.1 Structural properties of strained InGaAs channels 

Figure 4.1 shows a typical result from X-ray RSM of the sample with x = 4% around 

(224). A clear 224GaAs peak from the GaAs substrate and a 224InGaAs peak were observed. 

The vertical dotted line marks the location where the reciprocal lattice points of a 

fully-strained layer would appear, whereas the inclined dotted line corresponds to a 

completely relaxed layer. The observation of the 224InGaAs peak between those lines 

indicates the InGaAs film fabricated in this study was partially strained. A similar result 
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was obtained for the sample with x = 7%. It is reasonable for our samples to be partially 

strained state because the critical thickness of around 300 nm for a GaAs/In0.05Ga0.95As 

heterostructures grown on a GaAs substrate was reported.
13

 Table I summarizes the indium 

composition, relaxation rate, and strain values for the InGaAs films. The strain for the 

In0.07Ga0.93As film was approximately 20% larger than that for the In0.04Ga0.96As film. 

  

 

 

Fig. 4.1. A typical result from X-ray reciprocal mapping (RSM) of the sample with 

x = 4% around (224). 

 

Table I. Summary of strain values and relaxation rate for InxGa1–xAs films with 

different indium composition x. 

x (%) 
Relaxation rate 

(%) 
εzz (%) εxx (%) εxy (%) 

4 44 0.146 –0.161 –0.022 

7 58 0.181 –0.198 –0.126 

 



55 

 

4.3.2 Electrical detection of spin injection 

Figure 4.2(a) shows a plot of nonlocal voltage (VNL) divided by injection current (I) as a 

function of in-plane magnetic field for a lateral spin transport device with x = 4%. The 

magnetic field was applied along the [110]GaAs axis direction (the shorter direction of the 

junction), which corresponded to the easy axis for the magnetization of Fe electrodes. 

Similar magnetization anisotropy has been observed in a sample with x = 0 and 7%, and 

Co2MnSi/CoFe electrodes.
6 

A bias current (I) of −20 μA was supplied, where electron 

spins were injected from the Fe to the InGaAs channel. We also observed spin-valve 

signals for devices with x = 0 and 7%.  

 

 

 

  

 

Fig. 4.2. (a) Plot of non-local voltage (VNL) divided by injection current (I) as a 

function of in-plane magnetic field for a lateral spin transport device with indium 

composition x = 4%. (b) Schematic device structure of a four-terminal lateral spin 

transport device and circuit configuration for the nonlocal measurement. 

 

(a) (b)

In-plane Magnetic field (mT)
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Figure 4.3(a)-(c) plot VNL/I as a function of out-of-plane magnetic field (Bz) in the 

parallel magnetization configuration for lateral spin transport devices with different indium 

compositions of 0, 4 and 7%, respectively. We observed clear Hanle signals, and confirmed 

spin injection from the Fe electrode into the GaAs channel and strained InGaAs channels. 

The solid lines in the figures are results of a fitting using the spin drift-diffusion model, in 

which VNL/I as a function of Bz can be expressed by
20
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where d is the distance between the injector and the detector contacts, τ is the spin lifetime, 

D = l
2
SF /τ is the diffusion constant, lSF is the spin diffusion length, ωL is the Larmor 

frequency, g is an electron g factor (–0.44 for GaAs, –0.56 for In0.04Ga0.96As and –0.66 for 

In0.07Ga0.93As
21

), μB is the Bohr magneton, and ħ is the reduced Planck’s constant. From the 

fitting, τ was estimated to be 16 ns for the GaAs channel. This value of the spin lifetime is 

comparable to those obtained for GaAs with a doping concentration of in the order of 10
16

 

cm
−3

.
 22

 On the other hand, the spin lifetime was estimated to be 2 ns for the In0.04Ga0.96As 

channel and 1.4 ns for the In0.07Ga0.93As channel. Interestingly, the values of spin lifetime 

for strained InGaAs channels were much shorter than that for the GaAs channel. Figure 

4.3(d) shows a comparison of the bias-voltage dependence of the spin lifetime for different 

indium compositions. Although spin lifetime was decreased as the bias voltage across the 

junction increased for all samples, the spin lifetime for the GaAs channel was much larger 

than those for strained InGaAs channels in all bias regions. And the sample with x = 4% 

showed longer spin lifetime than the sample with x = 7%. These results indicated that a 

spin relaxation mechanism enhanced or introduced in strained InGaAs channels compared 

by the GaAs channel. 
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Fig 4.3. (a)-(c) Plots of VNL/I for devices with d = 8.0 μm as a function of out-of-plane 

magnetic field (Bz) for samples with x = 0, 4, 7%, respectively. The solid lines are the 

result of the fitting using Eq. 4.1. (d) Comparison of bias voltage dependence of spin 

lifetime with different indium composition. 
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4.4. Discussion on the possible origin of the reduction of 

spin lifetime in strained InGaAs  

Then, we discuss the strong reduction of the spin lifetime in strained InGaAs channels. 

Generally, spin relaxation mechanism in semiconductors is dominated by the 

D’yakanov-Perel’ (DP) mechanism,
17

 Elliot-Yaffet (EY) mechanism,
18

 Bir-Aronov-Pikus 

(BAP) mechanism,
19

 and hyperfine interaction. First, the hyperfine interaction is the 

interplay between electron spins and nuclear spins. Through the hyperfine interaction, 

dynamically polarized nuclear spins affects electron spins as a nuclear magnetic field. In 

GaAs samples, clear nuclear magnetic field was observed in oblique Hanle effect 

measurements, however, in strained InGaAs samples, clear nuclear magnetic field was not 

observed. Thus, the hyperfine interaction was not responsible for the reduction of spin 

lifetime in strained InGaAs channels. Second, the BAP mechanism is a process involving 

the recombination of an electron-hole pair. Therefore, the BAP mechanism would not 

affects electron spins in our n-type strained InGaAs channels. Finally, in the EY and DP 

mechanism, spins can relax via momentum scattering and spin-orbit interaction. Thus, 

modulation of mobility and/or SOI in strained InGaAs channels were considered. Table 2 

summarizes the mobility and resistivity for the GaAs channel and InGaAs channels 

obtained from identically fabricated Hall bars. Although the mobility value decreased as 

the indium composition increased, the decrease ratio (defined by μ(x)/μ(0) where μ(x) is a 

mobility with indium composition x) of the mobility value was 91% for the sample with x 

= 4% and 70% for the sample with x = 7% with respect to the GaAs channel. These values 

were not comparable with the decrease ratio of spin lifetime. 

Next, we discuss the influence of strain-induced SOI on strained InGaAs channels. The 

Hamiltonian of the strain-induced SOI is given by
12

 

𝐻𝑆𝑂𝐼 =  𝐻𝑆𝐼𝐴+𝐻𝐵𝐼𝐴,      (4.2) 

𝐻𝑆𝐼𝐴 =
1

2
𝐶3𝜀𝑥𝑦(𝑘𝑦𝜎𝑥 − 𝑘𝑥𝜎𝑦) ,     (4.3) 

𝐻𝐵𝐼𝐴 = 𝐷(𝜀𝑧𝑧 − 𝜀𝑥𝑥)(𝑘𝑥𝜎𝑥 − 𝑘𝑦𝜎𝑦),    (4.4) 

where, HSIA and HBIA are Hamiltonian of structural-inversion-asymmetry (SIA) type  

strain-induced SOI and that of bulk-inversion-asymmetry (BIA) type strain-induced SOI, 

respectively. C3 and D are material constants, σx, y, z are the 3 spin-Pauli matrices, εij, (i, j = 
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x, y, z) are the components of the strain tensor, and kx and ky are the wave vector 

components. Based on the strain induced SOI model, electron spins in strained InGaAs 

channels are affected by the effective magnetic field (BSOI). When electrons experience a 

momentum scattering, wave vector components randomly change, resulting in the strength 

and direction of BSOI randomly change. That is the origin of dephasing for electron spins 

and reduction of spin lifetime compared with the non-strained GaAs channel. Using C3/ħ = 

2.0 × 10
5
 m/s and D/ħ = 2.1 × 10

4
 m/s from ref. 12, typical values of SOI field with k[110] 

electrons were 0.69 mT for the x = 4% sample, and 0.88 mT for the x = 7% sample. Those 

effective magnetic fields would affect to electron spin lifetime.  

Finally, we investigated a device with different channel direction because BSOI depend 

on k. Figure 4.4(a) shows a typical Hanle signal for the device with the [1-10]GaAs channel 

and indium composition x = 4%. The estimated spin lifetime of 4.5 ns was longer than the 

device with [110]GaAs channel as shown in Fig. 4.3(b). Figure 4.4(b) shows a comparison 

of a bias voltage dependence of the spin lifetime for devices with the [1-10]GaAs channel 

and the [110]GaAs channel. For all bias region, spin lifetime for the [110]GaAs channel were 

shorter than the [1-10]GaAs channel. These results were understood using the strain induced 

SOI model as follows. From spin-valve measurements, spin direction S was parallel to 

[110]GaAs direction. According to Eq 4.3 and 4.4, for electrons with k110, BSOI is parallel to 

the [1-10]GaAs direction. Thus, S and BSOI are orthogonal for the device with [110]GaAs 

channel (S⏊BSOI). On the other hand, S and BSOI are parallel for the device with [1-10]GaAs 

channel (S||BSOI) because BSOI is parallel to the [110]GaAs direction for electrons with k1-10. 

In the S⏊BSOI configuration, Hanle precession occurs due to both external magnetic field 

and SOI field, resulting in the shorter spin lifetime than the S||BSOI configuration. These 

results indicate that the major effect for the reduction of spin lifetime was strain-induced 

spin orbit interaction. 

Table II. Summary of strain values and relaxation rate for InxGa1–xAs films with 

different indium composition x. 

x (%) Mobility (cm
2
/Vs) Resistivity (Ωcm) 

0 2300 4.1 × 10
–2

 

4 2100 7.6 × 10
–2

 

7 1600 9.7 × 10
–2
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4.5. Summary 

In summary, we confirmed spin injection into a GaAs channel and strained InGaAs 

channels from observation of spin-valve signals and Hanle signals using Fe electrodes. 

Obtained spin lifetime were much shorter for strained InGaAs channels compared to the 

GaAs channel. Possible origins of the reduction of spin lifetime in strained InGaAs were 

discussed and strain-induced spin orbit interaction can explain those results. We clarified 

spin dependent transport properties of strained InGaAs channels by all-electrical method. 

This method can be a tool for probing the effect of spin relaxation mechanism as well as 

realizing future semiconductor based spintronics devices.  

 

Figure 4.4. (a) Plot of VNL/I as a function of Bz for a device which has the effective 

magnetic field (BSOI) and electron spins (S) are parallel configuration (S||BSOI). (b) 

Comparison of bias voltage dependence of spin lifetime for devices with the S||BSOI 

and the S⏊BSOI configuration.  
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Chapter 5 

 

Electrical detection of dynamically 

polarized nuclear spins and coherent 

control of nuclear spins through 

nuclear magnetic resonance  

 

 

 

 

 

 

 

 

 

In this chapter, the electrical detection of dynamically polarized nuclear spins, nuclear 

magnetic resonance, and coherent control of nuclear spins using Co2MnSi/CoFe/GaAs spin 

injection devices is described. Dynamic nuclear polarization (DNP) due to spin injection 

significantly enhances nuclear spin polarization by a factor of 1000 compared to a case 

without DNP. DNP also enhances signal-to-noise ratios on nuclear magnetic resonance 

(NMR). In this chapter, electrical detection of DNP and NMR in spin injection devices are 

described for the first step to developing a novel semiconductor-based NMR system. Next, 

using pulsed NMR techniques, the Rabi oscillation which is an evidence of coherent 

control of nuclear spins is observed. These results provide a fundamental technology for 

semiconductor-based nuclear spin quantum bits. 
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5.1 Introduction 

Nuclear spins are an ideal system for implementing quantum bits because of an 

extremely long coherence time. Demonstration of quantum algorithm using 
1
H and 

13
C 

nuclei in a liquid was realized by nuclear magnetic resonance (NMR) techniques.
1
 

However, coherent control of nuclear spins in a solid state device are important for 

development of scalable quantum information devices.
2
 Nuclear spins in semiconductors 

have attracted much interest for the solid state quantum bit because, efficient nuclear spin 

polarization is obtained through the dynamic nuclear polarization (DNP),
3-5

 and small size 

and integrated devices can be fabricated using micro fabrication methods. DNP referred as 

an effective polarization of nuclear spins due to the transfer of angular momentum from 

polarized electron spins to nuclei through the hyperfine interaction.
6
 In the case without 

DNP, nuclear spin polarization is in the order of 10
–6

 for 
69

Ga at 4.2 K and 0.1 T from the 

Boltzmann distribution. We recently demonstrated highly efficient DNP in GaAs using 

spin injection from a Co2MnSi spin source and obtained nuclear spin polarization of 

around 10
–2

.
7
 This value is four orders of magnitude larger than the case without DNP.  

Polarized nuclear spins, on the contrary, affect electron spins as an effective magnetic 

field or Overhauser field. One can evaluate the degree of nuclear spin polarization through 

the strength of the Overhauser field. Oblique Hanle effect measurements have been widely 

used for the detection of Overhauser field, and both optical detection through a spin-LED 

with an MnSb electrode
8
 and with an Fe electrode,

9
 and recently electrical detection 

through a lateral spin-transport device with an Fe
10, 11

 or (Ga,Mn)As
12

 electrode have been 

demonstrated. 

There are several reports on the coherent control of nuclear spins in semiconductors. 

Electrical detection of the coherent control of nuclear spins in GaAs were demonstrated in 

quantum Hall systems using a Hall bar
13

 and a point contact device
14

 formed on a 

GaAs/AlGaAs two dimensional electron system. Optical detection of the coherent control 

of nuclear spins were also demonstrated, and the intrinsic phase coherence time were 

evaluated in GaAs/AlGaAs quantum wells.
15

 However, quantum Hall systems works only 

under quantum Hall states with extremely large magnetic (> 5 T) field and low temperature 

(< 1 K). The device size for optical polarization and detection of nuclear spins is limited by 

a few tens μm due to diameter of incident lights.  
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Then, we propose a novel NMR system using a spin injection devise for quantum bit 

application. Figure 5.1 shows the schematic image of the quantum bit. The quantum bit 

operation is as follows. (1) Electron spin injection from Co2MnSi into GaAs, (2) nuclear 

spin polarization through DNP, (3) quantum operation of the nuclear spin quantum bit 

through NMR, (4) and finally, detection of the nuclear spin state through detection of the 

nuclear field acting on electron spins.  

To realize such a device, the purpose of this study is twofold. The first purpose is to 

understand the transient behavior of nuclear spins in GaAs channels using all electrical 

polarization and detection. The transient oblique Hanle signals were investigated and 

discussed the model for the Overhauser field in a transient state. While the electrical 

detection of oblique Hanle signals has been done only in a steady state,
10

 we observe 

oblique Hanle signals in a transient state, in which the magnetic field is swept faster than 

the relaxation time of the nuclear spins. This gives us an important insight towards an 

understanding of nuclear spin dynamics, especially, the transient response of nuclear spins 

to a change in the magnetic field, and the characteristic time needed for the nuclear spins 

to reach a steady state through the DNP which directly related to an initialization process 

of nuclear spins in spin injection devices. The second purpose is to demonstrate coherent 

control nuclear spin states through the NMR technique in spin injection devices using 

Co2MnSi spin source. The demonstration of the coherent control of nuclear spins in spin 

injection devices provides the proposed solid-state quantum bit.  
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5.2 Experimental methods 

We prepared two samples. Both samples have a similar layer structure which consist of 

Co2MnSi/CoFe bilayer spin source and GaAs layers. The difference between two samples 

was thickness of the CoFe insertion layer (tCoFe) with tCoFe = 1.1 nm for the first sample and 

tCoFe = 1.3 nm for the second sample, as shown in figure 5.2(a).  Layer structures 

 

Figure 5.1. A novel NMR system using spin injection devise for quantum bit 

application. (1) Electron spin injection from Co2MnSi into GaAs, (2) nuclear spin 

polarization through DNP, (3) quantum operation of the nuclear spin quantum bit 

through NMR, (4) and finally, detection of the nuclear spin state through detection 

of the nuclear field acting on electron spins. 
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consisting of (from the substrate side) a 250-nm-thick undoped GaAs buffer layer, a 

2.5-μm-thick n
–
-GaAs (Si = 3 × 10

16 
cm

–3
) channel layer, a 15-nm-thick 

n
−
-GaAs→n

+
-GaAs transition layer, and a 15-nm-thick n

+
-GaAs (Si = 5 × 10

18 
cm

–3
) layer 

were grown by MBE. An ultra-thin CoFe insertion layer and a 5-nm thick Co2Mn1.30Si spin 

source layer (Fig. 5.2(a)) were deposited by magnetron sputtering at room temperature. A 

Mn-rich Co2MnSi film was used to suppress the harmful CoMn antisite to improve the 

half-metallicity.
17, 18

 Finally, a 5-nm-thick Ru cap layer was deposited using magnetron 

sputtering at room temperature. We recently investigated the effect of the CoFe insertion 

thickness on spin injection properties. And we found that CoFe insertion thickness 

significantly affects spin injection efficiency and a device with tCoFe = 1.3 nm exhibited 

highest spin injection efficiency among various tCoFe from 0 to 4.1 nm.
16

 Using electron 

beam (EB) lithography and Ar ion milling techniques, lateral spin transport devices as 

shown in Fig. 5.2(b) were fabricated. The size of the injector contact (contact-2) and 

detector contact (contact-3) were 0.5 × 10 μm and 1.0 × 10 μm, respectively, and the 

spacing between them was 0.5 μm.  

We defined the longer direction of the junction as the y-axis direction. The sample was 

evaluated in a four-terminal non-local geometry in which the nonlocal voltage (VNL) 

 

Figure 5.2. (a) Schematic layer structure. (b) Schematic device structure and 

measurement circuit in the nonlocal geometry. (c) Magnetic field set up for the 

electrical detection of NMR in spin injection devices. 
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between contact-3 and contact-4 was measured under a constant current (I) supplied 

between contact-2 and contact-1 at 4.2 K. For the detection of Overhauser magnetic field, 

we conducted oblique Hanle effect measurements, in which oblique magnetic field (Bob) is 

applied obliquely with respect to spin direction S so that electron spins make precession 

with nuclear field (Bn) and Bob. For the detection of NMR, we applied oblique magnetic 

field and rf-magnetic field parallel to the y-axis direction using a 11 turns coil putting into 

the cryostat with the sample.  

5.3 Experimental results and discussion 

5.3.1 Electrical detection of Overhauser field in a lateral spin 

transport device using Co2MnSi/CoFe/n-GaAs junctions  

In this section, we describe the electrical detection of the Overhauser field through the 

observation of oblique Hanle signals using the Co2MnSi/CoFe/n-GaAs spin injection 

device with tCoFe = 1.1 nm. The steady-state Overhauser field (Bn) induced by the DNP can 

be expressed by
6
 

ob

ob

ob
n B

B

SB
B

22

l

n
B

fb



 ,                      (5.1) 

where f (≤ 1) is the leakage factor and bn is the effective field due to the polarization of 

nuclear spins, which takes the negative value of –17 T in GaAs for the theoretical ideal 

case.
19

 S is the average electron spin (|S| = 1/2 corresponds to PGaAs = 100%), Bob is the 

external magnetic field, Bl is the local dipolar field experienced by the nuclei, and ξ is a 

numerical coefficient on the order of unity, which depends on the nature of the spin-spin 

interactions.
10,19

 In the oblique Hanle effect measurement, Bob is applied obliquely with 

respect to S so that electron spins make precession with Bn and Bob. Note that in the 

conventional Hanle effect measurement, in which S and Bob are orthogonal, no nuclear 

field is generated because Bob∙S = 0. Figure 5.3(a) shows a simulated non-local voltage 

using Eq. 5.1 and 3.5 as a function of Bob. Here, we set S = Sx and Bob = Bob(xsinθ+zcosθ), 

where x and z are unit vectors along the x-axis and z-axis directions, respectively. 
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Considering that electron spins experience the total magnetic field of Bob + Bn, and bn is 

negative, the behavior of the nonlocal voltage shown in Fig. 5.3(a) can be explained as 

follows. At Bob > 0, Bn and Bob are anti-parallel, and electron spins experience a smaller 

effective magnetic field than |Bob|. When Bn and Bob cancel each other, electron spins get 

polarized and the non-local voltage shows a satellite peak. At Bob < 0, on the other hand, 

no satellite peak appears, because Bn and Bob are parallel and no cancelation occurs. Since 

it takes several seconds or more for the nuclear field to reach the steady state,
 7-12

 very slow 

sweeping of the external magnetic field is necessary for the steady-state measurement.  

Figure 5.3(b) shows the Bob dependence of the nonlocal voltage for a 

Co2MnSi/CoFe/n-GaAs sample in the parallel magnetization configuration. Since S is 

parallel to the x-axis direction in the Co2MnSi/CoFe/n-GaAs sample, we applied Bob along 

the direction oblique by 15 degree from the z-axis in the x-z plane so that electron spins 

were affected by Bob and Bn. The device was first initialized at Bob = +42 mT for a hold 

 

Fig 5.3. (a) Simulated nonlocal voltage in the oblique Hanle effect using as a function 

of oblique magnetic field (Bob). The vector diagrams show the relative orientation of 

the average electron spin S, the oblique magnetic field Bob, and the nuclear field Bn. 

(b) Bob dependence of the nonlocal voltage for the Co2MnSi/CoFe/n-GaAs sample in 

the P magnetization configuration. The magnetic field was swept from +42 to −42 

mT (open circle) and was swept back from −42 to +42 mT (black square) with a 

sweep rate of 0.18 mT/s. 
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time (thold) of 60 s at an injection current of –40 μA, so that nuclear spins became 

dynamically polarized. The magnetic field was then swept from +42 mT to –42 mT 

(negative sweep direction) and was swept back from –42 mT to +42 mT (positive sweep 

direction) with a sweep rate of 0.18 mT/s. This sweep rate was too fast for the nuclear field 

to reach the steady state. Compared to the steady-state signal, the observed transient 

oblique Hanle signal has two features: (1) An additional satellite peak is observed at –10 

mT in the negative sweep direction, and (2) no satellite peak is observed in the positive 

sweep direction, showing a clear hysteretic nature depending on the sweep direction. 

 

5.3.2 Transient behavior of nuclear spins through the electrical 

detection of oblique Hanle signals 

To explain the observed oblique Hanle signal, we discuss the behavior of the nuclear 

spin in the transient state. In the negative sweep direction, the behavior of the nuclear field 

for Bob > 0 is qualitatively similar to that for the steady-state nuclear field; i.e., the nuclear 

field is generated along the anti-parallel direction to Bob during an initial holding time at 

Bob = +42 mT, and then Bob and Bn cancel each other at Bob = +33 mT. In a similar way, the 

observation of the satellite peak at Bob = –10 mT indicates that electron spins are 

repolarized due to the cancellation of Bob and Bn. However, this anti-parallel state for Bn 

with respect to Bob is the transient state because Bn and Bob are in a parallel configuration 

at Bob < 0 in the steady state, as indicated by Eq. 5.1. Then, Bn gradually goes to the steady 

state, and it reaches almost the steady state at Bob = –42 mT, resulting in being parallel to 

Bob. In the positive sweep direction, Bob and Bn are parallel at Bob < 0, and this parallel 

configuration is transiently kept just after Bob is reversed from the negative direction to the 

positive one. Thus, no cancellation occurs between Bob and Bn, resulting in the 

disappearance of the satellite peak at Bob > 0 for the positive sweep direction. 

As discussed above, the transient oblique Hanle signals observed in the 

Co2MnSi/CoFe/n-GaAs sample can be qualitatively explained by adiabatic nuclear spin 

reversal; that is, the nuclear spins adiabatically rotate by 180 degrees when the magnetic 

field crosses zero. A similar adiabatic nuclear spin reversal has been reported in the 

electrical detection of spin-valve signals for lateral spin transport devices with Fe/GaAs 
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Schottky tunnel junctions,
11

 and in the optical detection of oblique Hanle signals for a 

spin-LED with a MnSb ferromagnet electrode.
9
 However, there has been no report on the 

transient behavior of the nuclear spins through the electrical detection of oblique Hanle 

signals. In this study, we have shown that adiabatic nuclear spin reversal with the magnetic 

field is an important factor in understanding transient oblique Hanle signals.  

In the spin-valve signal measurement for the Co2MnSi/CoFe/n-GaAs sample, the dip 

structure was observed at Bx ≅ 0, as shown in Fig. 5.4(a), indicating that electron spins 

were depolarized. This contrasted with the result for the CoFe/n-GaAs sample as shown in 

figure 5.4(b), in which the dip structure was not clearly observed in CoFe/n-GaAs 

samples
18

 and the spin-valve signal was almost unchanged from VP at a zero in-plane 

magnetic field. For the Co2MnSi/CoFe/n-GaAs sample, the Overhauser field with its 

direction parallel or anti-parallel to Bx
 
was generated at a sufficiently large |Bx|. Since the 

magnetization of the Co2MnSi/CoFe electrode oriented to the x-axis direction, the stray 

field from the Co2MnSi/CoFe electrode penetrated almost vertically into the GaAs channel. 

Thus, the Overhauser field dynamically rotated and oriented to the direction of the stray 

field at Bx = 0, causing electron spins to be completely depolarized. Note that since the 

stray field is comparable to or smaller than Bl, the strength of the steady-state Overhauser 

field generated by the stray field as well as that of the stray field itself is too small for 

electron spins to be completely depolarized. On the other hand, for the CoFe/n-GaAs 

sample, the stray field penetrated along the y-axis direction, since the magnetization of the 

CoFe/n-GaAs electrode oriented to the y-axis direction. Thus, the direction of the 

Overhauser field oriented parallel or anti-parallel to the y-axis direction, resulting in no 

electron spin precession occurring.  
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5.3.3 Estimation of nuclear field strength 

One can estimate the strength of the nuclear field from the oblique Hanle signal because 

Bob + Bn = 0 is satisfied at the satellite peak position. Furthermore, one can estimate 

through transient analysis the time scale needed for the nuclear spins to reach a steady state. 

Figure 5.5(a) and 5.5(b) shows the thold dependence of the observed satellite peak position 

for Bob >0. The circles and triangles in the Fig. 5.5(b) indicate the data for the 

Co2MnSi/CoFe/n-GaAs sample and those for the non-annealed CoFe/n-GaAs sample, 

respectively. For both samples, the satellite peak position shows almost exponential 

dependence. From the rate equation for the DNP, the time evolution of the nuclear field is 

given by
8
  

 

Figure 5.4. (a) Spin-valve signal in the Co2MnSi/CoFe/n-GaAs sample. In-plane 

magnetic field was applied parallel to the x-axis direction. (b) Spin-valve signal in 

the CoFe/n-GaAs sample. In-plane magnetic field was applied parallel to the 

y-axis direction. 
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𝐵𝑁(𝑡) = 𝐵𝑁(∞) {1 − exp [−𝑡 (
1

𝑇𝑃
+

1

𝑇1
) ]}                      (5.2) 

where BN(∞) is the steady-state Overhauser field, which is given by Eq. 5.1, TP
-1

 and T1
-1

 

are a rate for nuclear polarization through DNP and that for nuclear spin relaxation to 

lattice, respectively. Importantly, the saturation value of the satellite peak position of 37 

mT for the Co2MnSi/CoFe/n-GaAs sample is larger than that of 16 mT for the 

CoFe/n-GaAs sample, suggesting a greater Overhauser magnetic field due to the higher 

spin polarization of the Co2MnSi. The Overhauser magnetic field of 37 mT for the 

Co2MnSi/CoFe/n-GaAs sample is larger than that of 16 mT for the CoFe/n-GaAs sample,
20

 

suggesting a greater Overhauser magnetic field due to the higher spin polarization of 

Co2MnSi.The characteristic time, (1/TP + 1/T1)
-1

, estimated from the exponential 

dependence of the satellite peak positions on thold is approximately 77 s for the 

Co2MnSi/CoFe/n-GaAs sample and 213 s for the CoFe/n-GaAs sample, respectively. 

These values are reasonable for the time scale needed for the nuclear spins to reach the 

steady state through the DNP.
7-12

 The value of |2S|, which corresponds to the spin 

polarization in the channel, estimated from the saturation value of the Overhauser field, 

was 5.4% for the Co2MnSi/CoFe/n-GaAs sample and 2.3% for the CoFe/n-GaAs sample, 

respectively. These values are comparable to the effective spin polarizations of |Pinj∙Pdet|
1/2

, 

estimated from the |VP| for both samples (see Table I).  
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Figure 5.5. (a) thold dependence oblique Hanle signals. thold ranging from 30 to 300 

seconds (b) The thold dependence of the observed satellite peak position at Bob >0 

for a Co2MnSi/CoFe/n-GaAs sample and a CoFe/n-GaAs sample. The satellite 

peak position shows almost exponential dependence (dash line).  

Sample structure 
Annealing 

temperature [ºC] 
|P

inj
∙P

det
|
1/2

 [%] 

Co
2
MnSi/CoFe/n-GaAs 350 4.4 
CoFe/n-GaAs 350 3.5 

CoFe/n-GaAs
20
 − 3.0 

Table I. Summary of |Pinj∙Pdet|
1/2

 in the low negative bias region for a 

Co2MnSi/CoFe/n-GaAs sample and CoFe/n-GaAs reference samples with and 

without annealing. 
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5.4 Coherent control of nuclear spins in GaAs  

5.4.1 Electrical detection of NMR in GaAs using Co2MnSi  

In this section, we describe the electrical detection of the nuclear magnetic resonance in 

the Co2MnSi/CoFe/n-GaAs sample with tCoFe = 1.3 nm. Figure 5.6(a) shows results of 

oblique Hanle signals. We applied an injection current of I = 90 uA, where electron spins 

were extracted from the GaAs channel to the Co2MnSi spin source, and Bob along the 

direction oblique by approximately 5 degree from the z-axis in the x-z plane. The device 

was first initialized at Bob = 200 mT for a hold time (thold) of 180-900 seconds, so that 

nuclear spins became dynamically polarized. Then, the magnetic field was then swept from 

200 mT. As shown in figure 5.6(a), the position of the side peaks, which indicate the 

magnitude of nuclear magnetic field, shifted as thold increased. Figure 5.6(c) shows oblique 

Hanle signals with subtracting liner component on the oblique magnetic field. We found 

the peak position increased, the peak height decreased, and full width at half maximum 

(FWHM) increased as the thold increased. Figure 5.6(d) shows the thold dependence of the 

peak position. As discussed in the Sec. 5.3, the peak position, or Overhauser field 

exponentially increased with respect to thold. From the fitting using Eq. 5.2, we obtained a 

saturation value of the satellite peak position of 124 mT and a characteristic time of 325 

seconds. The obtained saturation value of the satellite peak position for the 

Co2MnSi/CoFe/n-GaAs sample with tCoFe = 1.3 nm was larger than the 

Co2MnSi/CoFe/n-GaAs sample with tCoFe = 1.1 nm. One reason was the higher spin 

polarization of the sample with tCoFe = 1.3 nm than the sample with tCoFe = 1.1 nm because 

the Overhauser field depends on the spin polarization in the GaAs channel. Another 

possible reason was different initialize magnetic field between two samples (30 mT for the 

sample with tCoFe = 1.1 nm, and 200 mT for the sample with tCoFe = 1.3 nm). Further 

investigations for the relation among characteristics time, initialize magnetic field, and 

spin polarization are required. From the Fig. 5.6(c), we found the peak height decreased 

and FWHM increased as the thold increased. These results suggested that the polarized 

nuclear spins had a distribution and its distribution increased with increasing the 

magnitude of nuclear magnetic field.
21

 To reduce the distribution, we choose oblique angle 
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Figure 5.6. (a) Oblique Hanle signals with different thold. Injection current of 90 μA 

was applied with initializing magnetic field of 200 mT for thold seconds at 4.2 K. Due to 

the anti-parallel configuration between nuclear field and external field, electron spins 

stop precession at the side peak. (b) Schematic geometry of the oblique Hanle 

measurements. The magnetic field was applied along the direction oblique by 

approximately 5 degree from the z-axis in the x-z plane. (c) Oblique Hanle signals with 

subtracting liner component from Fig. 5.6(a). The peak height decreased and the full 

width at half maximum increased as the thold increased, suggesting the distribution of the 

nuclear spins increased. (d) thold dependence of the peak position. Exponential 

dependence was obtained as discussed in the Sec. 5.3. 
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θ to be approximately 5 degree because the magnitude of nuclear field increase as the θ 

increased according to Eq. 5.1.  

Figure 5.7(a) shows results of oblique Hanle measurements with rf-magnetic field of 

400-800 kHz applied for thold = 180 seconds. Application of the rf-magnetic field parallel to 

the y-axis direction induced the change in nonlocal voltage, and the dip positions in the 

oblique Hanle signals shifted as the frequency increased. From the derivative of the 

oblique Hanle signals with rf-magnetic field as shown in figure 5.7(c), clear three dip 

positions were extracted, suggesting NMR for 
75

As, 
69

Ga, and 
71

Ga nuclei. Figure 5.7(d) 

shows applied frequency dependence of the dip positions. Linear dependences were 

obtained between the applied frequency and the dip positions. The obtained gyromagnetic 

ratios (γ) from those slopes of 4.76, 6.61, 8.27 × 10
7
 rad/Ts for 

75
As, 

69
Ga, and 

71
Ga, are 

close to the reported values corresponding to 4.596, 6.450, 8.196 rad/Ts.
12

 These results 

indicated electrical detection of NMR in the spin injection device. Note that possible 

origins of the small difference between experimentally obtained γ values and reported ones 

were stray magnetic field due to ferromagnet electrodes, and Knight field originating from 

polarized electron spins.  

The reduction of the nonlocal voltage due to NMR is explained as follows. When the 

NMR condition (γBob = 2πfrf) is satisfied where frf is a frequency of the applied rf-magnetic 

field, nuclear spins precess and reduces their polarization. Due to the reduction of the 

nuclear spin polarization, Overhauser field decreased. Thus, the total magnetic field for 

electron spins change from Bn + Bob to Bob. Here, the precession frequency of electron 

spins was enhanced because Overhauser field and oblique field are anti-parallel 

configuration for the oblique Hanle effect measurement. An enhancement of precession 

frequency and resultant depolarization state for electron spins indicate the reduction of 

nonlocal voltage.  
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 Figure 5.7. (a) Oblique Hanle signals for thold = 180 seconds with rf-magnetic 

field of 400-800 kHz applied. (b) Schematic geometry of the oblique Hanle 

measurements. The rf-magnetic field was applied parallel to the y-axis direction. 

(c) The derivative of oblique Hanle signals with rf-magnetic field. Clear three 

resonant positions were extracted. (d) Applied frequency dependence of the dip 

positions. Linear dependences were obtained between the applied frequency and 

the dip positions. The slopes of the curves for the dip positions vs. frequency were 

close to respective gyromagnetic ratio values of 
71

Ga, 
69

Ga, and 
75

As, indicating 

that the origin of the dips was NMR.  
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5.4.2 Coherent control of nuclear spins using pulsed NMR 

In the following, we focused on 
69

Ga. Figure 5.8 shows frf dependence of the nonlocal 

voltage with a static magnetic field of 113 mT. The rf-magnetic field was continuously 

applied during the measurement and frf was swept from higher (lower) to lower (higher) 

frequency with a sweep rate of 200 Hz/sec corresponding to the red (black) curve. As 

explained in 5.4.1, when NMR occurred, electron spins precessed because the cancellation 

condition between Overhauser field and static magnetic field was not satisfied, resulting in 

reduction of nonlocal voltage. Because the sweep rate of the frequency was faster than the 

time scale for nuclear spins to be the steady state, nuclear spins kept depolarized states 

during the single scan. Thus, electron spins also kept precessing and dip structure as 

observed in conventional NMR measurements was not obtained in nonlocal voltage. From 

a cross point of these curves, we determined resonance frequency of 1170 kHz. Although 

69
Ga, 

71
Ga and 

75
As have nuclear spin moments of 3/2, the evidence of a four-level state 

 
Figure 5.8. Frequency dependence of the nonlocal voltage with a static magnetic field 

of 113 mT. The rf-magnetic field was continuously applied and the frequency of the 

rf-magnetic field was swept from higher (lower) to lower (higher) frequency, 

corresponding to the red (black) curve. 
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due to the quadpolar splitting was not observed in this measurement.  

We prepared the initial nuclear spin state by applying injection current of 90 μA and the 

static magnetic field of 113 mT for 300 seconds. Then, superposition of the up-spin and 

down-spin states, |0> and |1>, was generated by applying pulsed rf-magnetic field with a 

frequency of 1170 kHz and width of trf ranging from 8 to 600 μsec. Figure 5.9(a) shows a 

typical time (t) evolution of nonlocal voltage with trf = 96 μsec applied at t = 0. Nuclear 

spins coherently rotate between |0> and |1> states during the rf-magnetic field radiation, 

and back to the initial state with spending the 300 sec after the rf-magnetic field radiation. 

Thus, the nonlocal voltage change, defined by ΔVNL = VNL(t = 0) – VNL(t = 300), indicates 

final states of nuclear spins immediately after the rf-magnetic field pulse radiation.  

Similar measurements were carried out with different rf-magnetic field width trf. Figure 

5.9(b) shows a color scale plot of VNL as a function of trf and t. A clear oscillatory behavior 

of VNL as a function of τp, indicating the first demonstration of Rabi oscillation in spin 

injection devices was observed. Figure 5.9(c) shows trf dependence of ΔVNL with different 

ac-voltage for the coil to apply rf-magnetic field. We observed Rabi oscillation, indicating 

coherent control of nuclear spins. Red lines in the Fig. 5.9(c) are described by
15

 

𝑉𝑁𝐿(𝑡𝑟𝑓) =
𝐴1

1 + (𝑔𝜇𝐵𝐵(𝑡𝑟𝑓)𝜏/ℏ)2
+ 𝐴2,                                        (5.3) 

𝐵(𝑡𝑟𝑓) = 𝐴3 {1 − cos(2𝜋𝑓𝑅𝑎𝑏𝑖𝑡𝑟𝑓)exp(−𝑡𝑟𝑓/𝑇𝑅𝑎𝑏𝑖)} ,                  (5.4) 

where A1, A2, and A3 is a constant, g is an electron g-factor (g = −0.44 for GaAs), μB 

is the Bohr magneton, τ is an electron spin lifetime, ħ is the reduced Plank’s constant, TRabi 

is an effective dephasing time of Rabi oscillation, and fRabi is a Rabi frequency. This 

approximation is valid in the case for spin diffusion length is much larger than the space 

between the injector and detector contacts, which condition is satisfied in our device. 

Although there is a small discrepancy, the plot of ΔVNL vs. τrf can be fitted well with Eqs. 

(5.3) and (5.4). The possible origin of the discrepancy for the model and experimental 

results are influence of Bn parallel to x or y direction. When Bn orient to the x or y direction 

due to pulsed-NMR, electron spins precess because Bn × S ≠ 0 is satisfied, resulting in a 

reduction of VNL. However, the influence of x or y component of Bn(trf) on the Hanle 

signals is ignored in the simplified model. Another possible origin of the discrepancy 

would come from the insufficient initialization condition. As shown in Fig. 5.6(d), it took 

around 900 sec for nuclei of 
69

Ga, 
71

Ga, and 
75

As to be fully polarize.  

Figure 5.9 (d) shows estimated fRabi using Eqs. (5.3) and (5.4), with different ac-voltage 



81 

 

 

 
Figure 5.9 (a) Time (t) evolution of nonlocal voltage. A pulsed rf-magnetic field 

having width of trf was induced at t = 0. Amplitude of nonlocal voltage change 

ΔVNL, defined by VNL(t = 0) – VNL(t = 300), indicates final states of nuclear spins 

immediately after the rf-magnetic field pulse radiation. Similar measurements 

were carried out with different trf. (b) A color scale plot of VNL as a function of trf 

and t. (c) trf dependence of VP with different ac-voltage for the coil to apply 

rf-magnetic fields. (b) Applied ac-voltage dependence of fRabi. fRabi was lineally 

increased with increasing ac-voltage due to 2πfRabi = γBrf. 
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for the coil to apply rf-magnetic field. fRabi was lineally increased with increasing 

ac-voltage. This result also indicate observed oscillation is the Rabi oscillation because of 

2πfRabi = γBrf. The estimated amplitude of rf-magnetic field using fRabi and γ(
69

Ga) was 

around 1 mT when the ac-voltage of 60 V. This value is consistent with our bipolar 

amplifier and the coil circuit. Estimated TRabi was around 200 μsec for three curves in the 

figure 5.9 (c). The obtained TRabi in our spin injection devices is reasonable because values 

of TRabi from 100 to 1500 μsec were reported by other system.
13-15

 It is known that TRabi is 

affected by the existence of inhomogeneous field. However, detected nuclear spins below 

the detector contact in this study was in a volume of 1.0 × 10 × 2.5 μm. Thus, 

inhomogeneous static and rf-magnetic field was negligible in the small space.  

We observed Rabi oscillations and demonstrated coherent control nuclear spins in GaAs 

which means we could obtain any desired superposition of nuclear spin state by controlling 

pulse width. This is because highly electron spin polarization and resulting highly nuclear 

spin polarization were demonstrated. These results indicate Heusler alloy Co2MnSi is 

promising spin source for creating the solid-state nuclear spin quantum bit, and other 

viable spintronic devices such as spin transistors. Coherent control of nuclear spins in spin 

injection devices has advantages such as smaller magnetic field and higher temperature 

compared with quantum Hall systems, scalable, and a simple semiconductor layer 

structure.  

5.5 Summary 

We demonstrated all-electrical polarization and detection of nuclear spins through 

oblique Hanle signals. Using Co2MnSi spin source, significantly higher nuclear fields were 

obtained compared by the sample with the CoFe spin source. Analysis of transient 

behavior of nuclear spins gave an important insight towards an understanding of nuclear 

spin dynamics. In particular, we found initialization method for nuclear spins using spin 

injection devices from the investigation of characteristic time for nuclear spins to reach the 

steady state.  

We demonstrated electrical detection of NMR using spin injection devices. Using pulsed 

NMR, we observed Rabi oscillation. From the observation of Rabi oscillation, we could 

control nuclear spin states described by a superposition of up- and down-spin states by 
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controlling the pulse width. These results indicate Co2MnSi spin source is promising for 

advancing the implementation of nuclear-spin-based quantum bits and other spintronic 

devices.   
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Chapter 6 
 

Conclusion 

This research produced five important results. 

 

1. The tunneling anisotropic magnetoresistance effect was suppressed by inserting an 

MgO barrier between the CoFe and n-GaAs layers, indicating Fermi-level 

depinning and lowering of the Schottky barrier height of GaAs. The non-local 

spin-valve signal was enhanced by a factor of 38, and the sign was reversed when 

an MgO barrier was inserted, suggesting that the effective spin polarization 

increased.  

2. Efficient spin injection was achieved by using a Co2MnSi spin source. The 

maximum spin polarization in the GaAs channel observed in the sample with 

Co2MnSi electrodes was larger than that observed in the reference sample with 

CoFe electrodes; this was due to the higher spin polarization of Co2MnSi. These 

results indicate that the Heusler alloy is a promising spin source for spin injection 

into a semiconductor. 

3. Spin injection into a GaAs channel and into strained InGaAs channels was 

detected by observation of spin-valve signals and Hanle signals using Fe 

electrodes. The obtained spin lifetime was much shorter for the strained InGaAs 

channels. Possible origins of this reduction were considered, and strain-induced 

spin orbit interaction was found to explain these results. The spin-dependent 

transport properties of strained InGaAs channels was clarified using all-electrical 

method. This method can be used as a tool for probing the effect of the spin 

relaxation mechanism as well as for realizing future semiconductor-based 

spintronics devices. 

4. All-electrical polarization and detection of nuclear spins was demonstrated using 

through oblique Hanle signals. Using a Co2MnSi spin source created significantly 

higher nuclear fields. Analysis of the transient behavior of nuclear spins gave an 
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important insight towards an understanding of nuclear spin dynamics. In particular, 

an initialization method for nuclear spins using spin injection devices was found 

by investigating the characteristic time for nuclear spins to reach the steady state.  

5. Electrical detection of NMR was demonstrated using spin injection devices. 

Significantly larger NMR signals were obtained by using a Co2MnSi spin source. 

Using pulsed NMR produced Rabi oscillation. From observation of Rabi 

oscillation, we could control the nuclear spin states described by a superposition of 

up- and down-spin states by controlling the pulse width. These results are 

promising for advancing the implementation of nuclear-spin-based quantum bits. 

 

In conclusion, efficient spin injection using an MgO tunnel barrier and a Heusler alloy of 

Co2MnSi was demonstrated, the transport properties of electron spins in GaAs and strained 

InGaAs channels were clarified, efficient polarization of nuclear spins and nuclear 

magneto resonance was detected, and coherent control of nuclear spins was demonstrated 

in spin injection devices. These research findings are applicable to novel next-generation 

spintronics devices such as spin transistors and nuclear spin solid-state quantum bits.  
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