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1. Introduction 

1.1 Nuclear spins for implementing quantum bits 

Spintronics is an emerging technology by combining electron charge and spin 

together to create electronic devices with features of nonvolatility, reconfigurable 

logic functions, and ultralow power consumption. It is a study of spin phenomena in 

solids, especially metals and semiconductors. Metal-based spintronic devices such as 

giant magnetoresistance (GMR) heads and magnetic tunnel junctions (MTJs) have 

been commercially applied to hard disk drivers (HDDs) as the read heads and 

magnetic random access memories (MRAMs) as the memory cells, respectively [1, 

2]. Although spintronics has achieved a great progress in metal-based devices, the 

electron spins in semiconductors have not been fully utilized. Compared with the 

metal-based devices, the main advantage of the semiconductor-based devices is that 

they can amplify signals, which is indispensible for information processing and 

communication [3]. Therefore, the development of semiconductor-based spintronic 

devices is an important step in spintronics.  

On the other hand, nuclear spins in semiconductors have attracted much interest 

for implementing quantum bits (qubits) because they have extremely long coherence 

times. The nuclear magnetic resonance (NMR) technique enables the control and 

detection of nuclear-spin-based qubits. However, the sensitivity of the conventional 

NMR technique is limited by the low magnetic moments of the nuclear spins, which 

are three orders of magnitude smaller than that of the electron spins. Dynamic 

nuclear polarization (DNP), where nuclear spins are dynamically polarized through a 

hyperfine interaction between nuclear spins and electron spins, has attracted much 

interest, since it can dramatically increase the NMR signal. The hyperfine interaction 

can be expressed as [4, 5] 

                         
1

[ ( ) ]
2

z zA A I S I S I S       H I S           (1.1) 



2 

where A is the hyperfine constant, I is the nuclear spin, S is the electron spin,    and 

   are the ladder operators of nuclear spins and electron spins, respectively, 

and ( )I S I S    is the spin flip-flop term. In the hyperfine interaction (Fig. 1.1), 

non-equilibrium polarized electrons transfer their spin angular momentum to the 

nuclei through spin flip-flop, leading to an effective nuclear spin polarization, 

referred to as DNP. The polarized nuclear spins will, in turn, affect the electron spins 

as an effective magnetic field or Overhauser field. Similarly, the polarized electron 

spins act on the nuclear spins as an effective magnetic field or Knight field [6]. 

 

 

Fig. 1.1. Illustration of hyperfine interaction between electron spins and nuclear spins. 

 

To generate electron spins, methods such as optical polarization, quantum Hall 

system, and electrical spin injection are used. Several instances of DNP in 

semiconductors induced by optical means or electrical means have been reported 

[7-22]. Furthermore, coherent manipulation of nuclear spins in semiconductors by 

NMR with DNP has been demonstrated electrically in GaAs/AlGaAs quantum Hall 

systems by observing the Rabi oscillation [23-25] and optically in GaAs/AlGaAs 

quantum wells by observing the Rabi oscillation and spin-echo signals [26]. 

Although the optical method is suitable for clarifying the fundamental physics of 

nuclear spins, it is restricted in its scalability because the spatial resolution is limited 

by the optical wavelength. The quantum Hall systems require a strong magnetic field 

of several Tesla and a low temperature below 1 K to create highly polarized electron 
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spins for DNP. Considering these shortcomings, a spin injection system is a better 

choice since it is all electrical and a highly polarized spin source allows efficient 

DNP without a strong magnetic field. 

1.2 Nuclear spin manipulation using electrical spin injection 

Recently, we developed an NMR system that uses spin injection from a highly 

polarized spin source and detected the Rabi oscillation electrically with a static 

magnetic field of ~0.1 T at 4.2 K [27]. Figure 1.2 shows the device structure of the 

NMR system. The device operation includes:  

1) Generation of electron spin polarization in semiconductor by spin injection.  

A half-metallic ferromagnet of Co2MnSi is used as a spin source for an efficient 

spin injection into GaAs because it provides 100% electron spin polarization at the 

Fermi level. By applying a bias current between electrode-2 and electrode-1, 

electron spins are injected from Co2MnSi into GaAs. 

2) Initialization of nuclear spins by DNP. 

The nuclear spins are dynamically polarized by electron spins, resulting in an 

increased nuclear spin polarization. 

3) Quantum manipulation of nuclear spins through NMR effect. 

NMR effect is used to control the nuclear spins and the changes of the nuclear spin 

states result in changes in the nuclear field. 

4) Readout of nuclear spin states through the detection of the non-local voltage (VNL) 

between electrode-3 and electrode-4. 

The non-local voltage is a measure of the response of the electron spins to the 

effective magnetic field including a static magnetic field and a nuclear field. Since 

the nuclear spins affect the electron spins as a nuclear field, any change in the 

nuclear spin state will lead to a change in the nuclear field, resulting in a change in 

VNL. 
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Fig. 1.2. Device structure of an NMR system using electrical spin injection. 

 

Figure 1.3 shows an illustration of Rabi oscillation. An rf magnetic field Brf 

applied to the nuclear spin system induces nuclear spin transition between two-level 

states. The transition of the nuclear spins leads to an oscillation behavior in the z 

component of the nuclear spins, which is known as Rabi oscillation. One important 

thing is that the coherence time T2
*
 of the nuclear spins can be estimated from the 

decay time T2
Rabi

 of the Rabi oscillation as T2
*
 = 1/2T2

Rabi 
[28]. The coherence time 

T2
*
 consists of an intrinsic component T2, which results from the dipolar-dipolar 

interaction between the nuclear spins, and the other component T2
inhom

, which results 

from the inhomogeneity in the external magnetic field. The main purpose of this 

study is to estimate the intrinsic coherence time T2 of the nuclear spins.  

 

Fig. 1.3. Illustration of Rabi oscillation. 

1          2       3           4 
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1.3 Nuclear spin coherence time T2 and T2
*
 

A nuclear spin system can be characterized by two different relaxation times, T1 

and T2. T1 describes the longitudinal relaxation of the nuclear spin magnetization, 

while T2 describes the transverse relaxation. T1 is far greater than T2 in most cases 

and it is not related to this study. T2 is the coherence time related to the qubits. Figure 

1.4 shows the illustration of the decoherence of the nuclear spins. Besides the 

external magnetic field Bext, the nuclear spins can see a local field BL generated by 

the neighbor nuclear spins. The nuclear spins rotate along the effective magnetic 

field B = Bext + BL with a frequency ω = －γ|B|, where γ is the gyromagnetic ratio 

[29]. If the nuclear spins rotate with an identical frequency, then the coherence is 

remained. Since the local field is random, the effective magnetic field experienced by 

each nuclear spin is different and they rotate with a different frequency, and therefore 

the phase for each nuclear spin becomes different, resulting in the decoherence with a 

time scale of T2. For achieving nuclear-spin-based qubits, it is important to clarify the 

nuclear-spin phase coherence time T2, because the lifetime of a qubit is limited by T2. 

In a real system, however, the decoherence is enhanced due to the inhomogeneity in 

the external magnetic field. The real coherence time is known as T2
*
, and it consists 

of an intrinsic component T2 = 1/γBL, which results from the dipolar-dipolar 

interaction between the nuclear spins, and the other component T2
inhom

 = 1/γ∆Bext, 

which results from the inhomogeneity in the external magnetic field. T2 is the 

intrinsic coherence time and it is determined by the material itself while T2
inhom

 is 

extrinsic and determined by the measurement system. In order to know the intrinsic 

T2, a spin echo measurement [26, 30], which refocuses nuclear-spin magnetization by 

using a specific pulse sequence, has to be made to exclude the T2
inhom

 component.  
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Fig. 1.4. Illustration of decoherence of nuclear spins with T2 and T2
*
. 

 

1.4 Purpose  

The purpose of this study is to clarify the intrinsic coherence time of the nuclear 

spins in GaAs through an electrical spin-echo measurement in a spin injection device. 

The broad purpose is to develop a spin-injection combined NMR technique for 

nuclear-spin manipulation. Specifically, electrical spin injection into GaAs-based 

semiconductors with a highly polarized spin source is investigated at first. Then the 

DNP process in GaAs is investigated and analyzed for a better understanding of 

nuclear spin physics. Last but most importantly, an NMR-based nuclear spin 

manipulation system using spin injection is developed and the nuclear spin coherence 

time is investigated in GaAs. 

 

1.5 Overview  

This dissertation is organized as follows: 

Chapter 1 introduces the background and the purpose of this study. Nuclear 

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

of their extremely long coherence time. Recently, we developed an NMR system that 

uses spin injection from a highly polarized spin source to effectively polarize the 
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nuclear spins and demonstrated coherent manipulation of nuclear spins. However, the 

intrinsic coherence time of the nuclear spins has not been investigated yet. The 

purpose of this study is to clarify the intrinsic coherence time of the nuclear spins in 

GaAs through an electrical spin-echo measurement in a spin injection device. 

Chapter 2 covers the theoretical principles of NMR, Rabi oscillation, spin echo, 

as well as electron spin injection/detection.  

Chapter 3 describes the results of spin injection into bulk GaAs [31] and 

AlGaAs/GaAs heterostructures [32] with a highly polarized spin source. In bulk 

GaAs, a clear spin-valve signal and a Hanle signal were observed. The highly 

polarized spin source of Co2MnSi resulted in a high spin polarization, which is 

promising for the DNP process. Moreover, a clear transient oblique Hanle signal was 

observed, which was evidence of nuclear spin polarization. In the AlGaAs/GaAs 

heterostructure, a spin-valve signal was observed up to room temperature. The 

temperature dependence of the spin-valve signal shows relatively complicated 

behavior compared with that of the bulk device, which results from the opposite 

tendency of sheet resistance. Moreover, the spin-valve signal in the AlGaAs/GaAs 

heterostructure is less sensitive to temperature than that in bulk GaAs. This result 

contributes to a better understanding of spin transport in a two-dimensional channel, 

which is indispensable for realizing future spin transistors that can operate at room 

temperature. 

Chapter 4 analyzes the transient behavior of nuclear spins in the presence of 

DNP using the concept of nuclear spin temperature [33] for a better understanding of 

nuclear spin dynamics. 

Chapter 5 describes the detection of nuclear spin coherence time in GaAs 

through a spin-echo measurement [31]. All the measurements were done at a low 

magnetic field of approximately 0.1 T and a relatively high temperature of 4.2 K 

because the highly polarized Co2MnSi spin source enabled efficient DNP. First, Rabi 

oscillation, which is an oscillation behavior of nuclear spins along an rf-magnetic 

field, was measured to determine the pulse durations for the spin-echo measurement. 

Then the spin-echo measurement was conducted. It was found that the intrinsic 
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coherence time T2 obtained from the spin-echo signals was slightly larger than T2
*
 

obtained by the Rabi oscillation, which indicates that the inhomogeneity in the 

external fields exists. In our device, the external fields consist of a static field, a stray 

field from the ferromagnet, and an electron field generated by the electron spins. 

Since the device has nanoscale dimensions, the inhomogeneity in the static field is 

probably negligible. Therefore, the inhomogeneity probably comes from the stray 

field or the electron field. 

Finally, chapter 6 summarizes the results and makes a conclusion. 
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2. Principles of nuclear spin manipulation 

and electron spin injection 

2.1 Nuclear spin manipulation 

Nuclear magnetic resonance (NMR) offers a method for nuclear spin 

manipulation, and it has been widely used in chemical analysis and bioimaging. In 

this section, the principle of NMR will be introduced (Fig. 2.1). Rabi oscillation is an 

oscillation behavior of the z component of the nuclear spin magnetization due to the 

nuclear spin transition between two-level states. Spin echo is the refocusing of the 

nuclear spins by a pulse sequence. Both Rabi oscillation and spin echo are based on 

pulse NMR. Rabi oscillation should be measured ahead to determine the pulse length 

for the spin-echo measurement. Then a spin-echo measurement can be conducted to 

determine T2. 

 

 

Fig. 2.1. Illustration of nuclear spin manipulation in a spin injection system 
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2.1.1 Nuclear magnetic resonance 

The NMR technique enables the control and detection of nuclear spins. In the 

presence of a static magnetic field B0, the nuclear spins split as up spin and down 

spin with different energy levels, and the energy gap between down spin and up spin 

is given by [1] 

            
0E   B       (2.1) 

where ħ is the reduced Planck constant, and γ is the gyromagnetic ratio of the nuclear 

spins. When an irradiated rf-magnetic field Brf with the same energy of ∆E is applied 

to the nuclear spin system, the nuclear spins will absorb energy from Brf or re-emit 

energy as photons, leading to the transition of nuclear spins between two-level states 

(Fig. 2.2(a)). The resonance condition is given by [1] 

         
rf 02 f  B       (2.2) 

where frf is the frequency of Brf.  

Considering the nuclear spins in a coordinate axis with a static magnetic field B0 

along the z-axis, the nuclear spins will precess along B0 with a frequency ω = －

γ|B0| (Fig. 2.2(b)). The rf-magnetic field Brf should be applied perpendicular to B0 

along the x-axis. Brf can be decomposed as 

( )

( ) ( )

( ) | | cos( )

1 1
| |{cos( ) sin( ) } | |{cos( ) sin( ) },

2 2

m

m y m y

t t

t t t t



   



     

rf rf x

rf x rf x

B B a

B a a B a a
(2.3) 

where Brf(m) is the amplitude of Brf, and ω = γ|B0| is the angular velocity of Brf. From 

this equation, we can see Brf can be treated as a sum of two rotating components (Fig. 

2.2(b)). Both components rotate in the xy-plane, at the same frequency, but in 

opposite directions. The component, which has the same rotation direction with the 

nuclear spins is static to the nuclear spins, and consequently contributes to the 

resonance by rotating the nuclear spins. 
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Fig. 2.2. Illustration of NMR by a) nuclear spin transition between two-level states,  

b) rotation of the nuclear spins by the resonance component of Brf. 

 

2.1.2 Rabi oscillation  

Considering the nuclear spins in a rotating axis which rotates along the z-axis 

with a rotating frequency synchronized to the resonance frequency of the nuclear 

spins under a static magnetic field B0 (Fig. 2.3), the net spin at equilibrium is parallel 

to B0 along the z-axis. If an rf-magnetic field Brf with a resonance frequency is 

applied to the nuclear spins along the x-axis, the net spin will rotate along Brf with an 

angle θ = γ|Brf(m)|τp/2, where τp is the pulse duration of Brf. By plotting the τp 

dependence of the z component of the nuclear spin magnetization, the Rabi 

oscillation is obtained (Fig. 2.3) and the z component of the nuclear spin 

magnetization can be expressed as  

Rabi

p 0 Rabi p p 2( ) cos(2 )exp( / )zM M f T     ,       (2.4) 

where M0 is the equilibrium value of the nuclear spins, fRabi = γ|Brf(m)|/4π is the 

frequency of the Rabi oscillation where γ is the gyromagnetic ratio of the nuclear 

spins, and T2
Rabi

 is the decay time of the Rabi oscillation. 

 

(a) (b) 
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Fig. 2.3. Illustration of Rabi oscillation. 

 

One important thing is that the coherence time T2
*
 of the nuclear spins can be 

estimated as T2
*
 = 1/2T2

Rabi 
[2]. The coherence time T2

*
 consists of an intrinsic 

component T2, which results from the dipolar-dipolar interaction between the nuclear 

spins, and the other component T2
inhom

, which results from the inhomogeneity in the 

external magnetic field. To exclude the inhomogeneous component, a spin-echo 

measurement has to be conducted. 

To conduct a spin-echo measurement, a pulse sequence consisting of π/2 pulse, 

π pulse, and π/2 pulse is necessary. A π/2 pulse rotates the nuclear spin by an angle θ 

= π/2 and a π pulse rotates the nuclear spin by an angle θ = π. To determine the 

durations for the π/2 and π pulses, the Rabi oscillation of the nuclear spins should be 

measured ahead, and the pulse durations τp(θ = π/2) and τp(θ = π) can be read from 

the Rabi oscillation as shown in Fig. 2.4.  

 

 

Fig. 2.4. Illustration of Rabi oscillation to determine the pulse durations for π/2 and π pulses. 
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2.1.3 Spin echo 

In the spin echo measurement, a pulse sequence consisting of π/2, π, and π/2 

pulses (Fig. 2.5) is applied to nuclear spins that are initialized to be along the z-axis 

(Fig. 2.5(a)). The first π/2 pulse rotates the nuclear spins by θ = π/2 to the y-axis in 

the rotating frame (Fig. 2.5(b)), and the nuclear spins start to dephase due to the 

inhomogeneous external magnetic field. After a time of τ/2, the nuclear spins split 

because each nuclear spin rotates with a different speed (Fig. 2.5(c)). Some nuclear 

spin rotates fast and the rotation angle from the y-axis is larger, and some nuclear 

spin rotates slowly and the rotation angle from the y-axis is smaller. At this time, if 

we apply a π pulse, then the nuclear spins are rotated along the x-axis by θ = π/2 and 

they start to refocus (Fig. 2.5(d)), which is just the reversal process of the dephasing 

in Fig. 2.5(c). After the same time of τ/2, the nuclear spins will rotate to the minus 

y-axis with an angle equal to that they just rotated from the y-axis. Then a complete 

refocusing, or spin echo, occurs (Fig. 2.5(e)). The refocusing can occur because the 

dephasing due to the inhomogeneous external magnetic field is reversible. Finally, 

the second π/2 pulse rotates the nuclear spins back to the z-axis for readout (Fig. 

2.5(f)). After the application of the pulse, the nuclear field decays due to the local 

field BL, resulting in a change in the effective magnetic field, which can be detected 

by the non-local voltage VNL. 
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Fig. 2.5. Illustration of a spin-echo measurement in a rotating frame with a pulse sequence 

consisting of π/2, π, and π/2 pulses. The effective RF magnetic field is along the x-axis. 
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2.2 Electron spin injection/detection 

In this section, the principle of electron spin injection and detection will be 

introduced. A four-terminal non-local geometry (Fig. 2.6) is used for spin 

injection/detection, and spin-valve effect and Hanle effect are used to demonstrate 

successful spin injection. 

 

 

Fig. 2.6. Illustration of electron spin injection/detection. 

 

2.2.1 Spin injection/detection using four-terminal non-local geometry 

The electron spins have two spin states, and it is conventional to refer to the 

majority spin as “up spin” while the minority spin is “down spin”. Since the densities 

of states (DOS) of two spin states are equal in semiconductors (Fig. 2.7) at the Fermi 

level, the spin polarization is zero. In contrast, the DOS of two spin states are 

different in ferromagnetic materials. The spin asymmetry in the density of states in 

ferromagnets allows nonequilibrium spin injection into semiconductors.  
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Fig. 2.7. Density of states of electron spins of ferromagnets (FM) and semiconductors (SC). 

 

To demonstrate spin injection/detection in semiconductors, a four-terminal 

non-local geometry (Fig. 2.8(a)) is widely used [3-5]. In Fig. 2.8(a), four electrodes 

are formed on top of a semiconductor channel, among which electrode 2 and 3 are 

ferromagnets and electrode 1 and 4 are nonmagnetic metals. By applying a constant 

current between electrode 1 and 2, electron spins are injected from electrode 2 (FM2) 

into the semiconductor. The injected electron spins will drift towards electrode 1 due 

to the electric force. In addition, the electron spins will diffuse in the semiconductor 

due to the inhomogeneity in spin densities. The electron spins diffuse to the right side 

of electrode 2 and can be detected by electrode 3 (FM3) as a voltage VNL between 

electrode 3 and 4. The density of state diagrams for spin injection and detection are 

shown in Fig. 2.8(b). Because the spin detector (FM3) is placed outside the path of 

the current, the measured voltage VNL is called non-local voltage. The four-terminal 

non-local geometry is used to minimize the background effects, such as the 

magnetoresistance in the electrodes, local Hall effects, and other extrinsic 

contributions to the signal. 
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Fig. 2.8. (a) Four-terminal non-local geometry and circuit configuration for spin 

injection/detection. (b) Density of state diagrams for spin injection from FM2 into SC and spin 

detection at FM3. 
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2.2.2 Spin-valve effect 

In the spin-valve measurements, an in-plane magnetic field is swept to change 

the magnetization configuration between injector (FM2) and detector (FM3) and the 

magnetization configuration dependence of the non-local voltage is measured (Fig. 

2.9). The non-local voltage with parallel (P) or anti-parallel (AP) configuration is 

given by [6] 

,exp
2

1
biasinjdet

P(AP)

NL 























sf

sf

l

d

S

l
IPPV         (2.5) 

where Pinj and Pdet are the spin polarizations of injector and detector, respectively, 

Ibias is the spin injection current, ρ is the channel resistivity, S is the cross section of 

the channel, lsf is the spin diffusion length, and d is the distance between the injector 

and the detector.  

To avoid the tunneling anisotropic magnetoresistance effect (TAMR) in the 

non-local voltage [7], the in-plane magnetic field should be applied in the easy axis 

of the electrodes. In the device shown in Fig. 2.9(a), the easy axes for both injector 

and detector are along the y- axis. Since there is a difference in the chemical potential 

between up spin and down spin under the detector (Fig. 2.9(b)), the spin can be 

detected as a non-local voltage. When the injector and detector are in parallel 

configuration, majority spins are detected by the detector. By sweeping the in-plane 

magnetic field, the configuration between the injector and detector switches to the 

anti-parallel case, in which minority spins are detected. This magnetization 

configuration switch results in the change in the non-local voltage as shown in Fig. 

2.9(c).  
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Fig. 2.9. Illustration of the spin-valve effect including a) device structure and circuit 

configuration, b) electrochemical potential for up spin and down spin, and c) an example of a 

spin-valve signal. 
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2.2.3 Hanle effect 

In the Hanle effect measurement, a perpendicular magnetic field is applied to 

the spin injection device (Fig. 2.10(a)). The electron spins precess and dephase along 

the magnetic field, resulting in a decrease in the chemical potential difference 

between up spin and down spin (Fig. 2.10(b)). Consequently, the non-local voltage 

decays. The non-local voltage with parallel (P) or anti-parallel (AP) configuration is 

given by [8, 9] 
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(2.6) 

where τs is the spin lifetime, D = l
2

sf /τs is the diffusion constant, ωL = gμBBz/ħ is the 

Larmor frequency, where g is the electron g factor, μB is the Bohr magneton, and ħ is 

the reduced Planck’s constant. 

In the parallel (anti-parallel) configuration, majority (minority) spins are 

detected. Due to the precession and dephasing of the electron spins along the 

magnetic field, the number of majority (minority) spins decreases (increases) as the 

magnetic field increases, resulting in the change in the non-local voltage as shown in 

Fig. 2.10(c). 
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Fig. 2.10. Illustration of the Hanle effect including a) device structure and circuit configuration,  

b) electrochemical potential for up spin and down spin with a perpendicular magnetic field,  

and c) an example of a Hanle signal. 
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2.3 Detection of nuclear spins in a spin injection system 

In this section, the principle of detection of the nuclear spins from the non-local 

voltage of the electron spins will be introduced. The non-local voltage is a measure 

of the response of the electron spins to the effective magnetic field including a static 

magnetic field and a nuclear field. Since the nuclear spins affect the electron spins as 

a nuclear field, any change in the nuclear spin state will lead to a change in the 

nuclear field, resulting in a change in VNL. From the change in the non-local voltage 

∆VNL, the nuclear spin state can be read out. 

2.3.1 Nuclear field polarized by electron spins 

The rate equation for dynamic nuclear polarization by spin-polarized electrons 

can be constructed from the balance of nuclear polarization and depolarization rates 

T1e
-1

 and T1
-1

 [10]: 
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where <Iz> and <Sz> are the average nuclear and electron spin along the applied 

magnetic field B0 = B0  , I and s are the quantum numbers of the nuclei and electrons, 

respectively, and f is the leakage factor. By solving this rate equation in steady state, 

the average nuclear spin Iav = <Iz>   along the magnetic field is found to be 
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where S is average electron spin (|S| = ½, corresponding to 100% polarization), and 
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B

B
 is used [10], where ξ is a numerical coefficient defined by the ratio 

of the nuclear spin polarization rate to the depolarization rate, and BL is the local 

field experienced by the nuclei.  

The average effect of the hyperfine interaction between an electron and all 

nuclei is an effective magnetic field [10, 11] 
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       ,/ Ibn avn IB              (2.9) 

where 
0

16
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n Ib N
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  is the effective nuclear field at 100% nuclear polarization, 

where g is the electron g factor (g =－0.44 in GaAs), ν0 is the volume of the unit cell, 

μI is the nuclear magnetic moment, η is the electron wave function density, and N is 

the number of the nuclei in the unit cell. Interestingly, the nuclear field is 

anti-parallel to the average nuclear spin because of the negative electron g factor in 

GaAs. 

Thus, the steady-state nuclear field is  
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The polarized nuclear spins affect electron spins as an effective magnetic field 

or Overhauser field. Thus, one can evaluate the degree of nuclear spin polarization 

through the strength of the Overhauser field. To detect the nuclear field, oblique 

Hanle effect measurements in which an oblique magnetic field is used have been 

widely used [12-18]. 

2.3.2 Detection of NMR from a non-local voltage of electron spins  

To generate a nuclear field, an oblique magnetic field with respect to the 

electron spin direction is necessary because 0n  B B S   S is the average electron 

spin and it is in the direction of the x-axis at B0 = 0. According to Eq. (2.10), a 

nuclear field Bn being antiparallel to the static magnetic field B0 should be generated 

as shown in Fig. 2.11. Similarly to the conventional Hanle effect, the electron spins 

precess along the effective magnetic field of B0 + Bn, and the non-local voltage VNL 

can be described by Eq. (2.6) where Bz is the z component of the effective magnetic 

field.  
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Fig. 2.11. The measurement configuration to generate a nuclear field with an oblique magnetic 

field. 

 

Figure 2.12 shows the measurement flow of detection of nuclear spins through 

the detection of VNL. First, the nuclear spins are initialized by the DNP process, and a 

nuclear field (Bn) being antiparallel to the static magnetic field (B0) should be 

generated. The electron spins precess along the effective magnetic field (B0+Bn), 

which is detected by VNL. Then a pulse should be applied for the Rabi oscillation or 

spin-echo measurement. For example, in the case of spin-echo measurement, a 

spin-echo pulse is applied and the nuclear field is rotated by one circle. After the 

application of the pulse, the nuclear field decays (Bn
’
), resulting in a change (∆Bn) in 

the effective magnetic field. If the effective magnetic field is decreased (increased), 

the electron spin precession is suppressed (enhanced), leading to an increase 

(decrease) in the VNL. Therefore, the nuclear spins manipulated by the NMR effect 

can be detected from the non-local voltage. 
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Fig. 2.12. Measurement flow of detection of nuclear spin through the non-local voltage VNL. 
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3. Electrical spin injection into GaAs-based 

semiconductors with a highly polarized 

spin source 

3.1 Introduction 

The injection of spin-polarized electrons from ferromagnets into 

semiconductors has attracted much interest for creating spin transistors. Spin 

injection into bulk semiconductors such as Si [1,2] and Ge [3,4] has been realized 

using a four-terminal non-local geometry at room temperature. GaAs [5-7] also 

attracts much interest as a semiconductor material for spin injection because it has 

high electron mobility and abundant resources of nuclear spins in GaAs. Moreover, 

the two-dimensional electron gas (2DEG) structure of AlGaAs/GaAs has attracted 

much interest due to its higher electron mobility compared with bulk semiconductors, 

and it is used for high electron mobility transistors [8]. In addition, the 2DEG 

structure is useful as a channel of a spin transistor, and it has been suggested to 

employ Rashba spin-orbit interaction to controllably rotate the electron spins in a 

2DEG channel via an electric field, which is well known as the Datta-Das spin 

transistor [9]. Up to now, the spin properties in 2DEGs have mostly been investigated 

using optical methods [10-12], and only a few reports on electrical spin injection are 

available [13-17]. Although electrical spin injection into an AlGaAs/GaAs 2DEG 

channel has been achieved by using GaMnAs as a spin source [16], the 

demonstration of spin injection was limited below 50 K because of the low Curie 

temperature (TC < ~200 K) of GaMnAs, which makes it difficult to investigate spin 

transport properties at a higher temperature.  

Co-based Heusler alloys (Co2YZ, where Y is usually a transition metal and Z is a 

main group element) are promising ferromagnetic electrode material because of the 

half metallicity and relatively high Curie temperatures (well above room temperature) 
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for some of them. Among them, Co2MnSi (CMS) is one of the most extensively 

investigated ferromagnetic electrode materials [18-29] because of its theoretically 

predicted half-metallic nature with a large half-metal gap of 0.81 eV for its 

minority-spin band [30-32] and its high Curie temperature of 985 K [33]. In previous 

studies, we have experimentally shown that harmful defects in CMS thin films – i.e. 

CoMn antisites – can be suppressed by increasing the Mn composition [22-24,34-36]. 

We demonstrated high tunneling magnetoresistance (TMR) ratios of up to 1995% at 

4.2 K and up to 354% at 290 K in magnetic tunnel junctions (MTJs) with Mn-rich 

CMS electrodes [23], indicating a high spin polarization of Mn-rich CMS. Thus, a 

Mn-rich CMS is a promising spin source material for achieving spin injection into 

GaAs-based semiconductors. 

3.2 Spin injection into bulk GaAs 

3.2.1 Layer structure and device geometry 

The layer structures (Fig. 3.1(a)) consisting of (from the substrate side) a 

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

and a 30-nm-thick n
+
-GaAs layer were grown by molecular beam epitaxy (MBE) 

method at 590 C on semi-insulating GaAs (001) substrate. The doping concentration 

of the n
−
-GaAs layer was 3 × 10

16
 cm

−3
 and the doping concentration of the n

+
-GaAs 

layer was 5 × 10
18

 cm
−3

. The role of the n
+
-GaAs layer is to form a narrow Schottky 

tunnel barrier to avoid the conductance mismatch problem [37, 38]. Then the samples 

were capped with an arsenic protection layer and transported in air to an ultrahigh 

vacuum chamber capable of magnetron sputtering. After the arsenic cap was 

removed by heating the samples to 300 °C, a 1.3-nm-thick ultrathin CoFe layer and a 

5-nm-thick Co2MnSi layer were deposited by magnetron sputtering at room 

temperature and successively annealed in situ at 350 °C. The Co2MnSi layer was 

deposited by cosputtering from a Co2MnSi target and a Manganese target. The film 

composition of the Co2MnSi film was chosen to be Co2Mn1.30Si0.88 to suppress 
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harmful CoMn antisites [22-24,34-36]. The ultrathin CoFe layer was inserted to 

suppress the diffusion of Mn atoms into GaAs [29]. Finally, a 5-nm-thick Ru cap 

layer was deposited using magnetron sputtering at room temperature. By using 

electron-beam lithography and Ar ion milling techniques, a lateral spin injection 

device was fabricated (Fig. 3.1(b)). To avoid parallel conduction in n
+
-GaAs, the 

n
+
-GaAs layer was etched away between the contacts. The device consists of a 

10-μm-wide channel, two ferromagnetic contacts and two nonmagnetic contacts. 

Contact 2 (1 × 10 μm
2
) works as the injector and contact 3 (0.5 × 10 μm

2
) works as 

the detector. Contact 1 and contact 4 are nonmagnetic and they work as references. 

 
 

 

 

 

Fig. 3.1. (a) Layer structure of spin injection device. (b) Device structure and circuit 

configuration for non-local measurements. 

 

(a) 

(b) 
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3.2.2 Spin-valve signal and Hanle signal 

Figure 3.2 shows (a) a spin-valve signal and (b) a Hanle signal measured in the 

spin injection device with Co2MnSi/CoFe (1.3 nm)/n-GaAs structures at 4.2 K. In the 

spin-valve signal, a clear spin-valve-like behavior was observed at the magnetic field 

of ±9 mT and ±18 mT due to the switching between the parallel and anti-parallel 

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

Furthermore, a dip structure was observed when the magnetic field became zero, 

indicating that the electron spins were depolarized. The origin of the dip structure 

was due to the nuclear spin polarization [28]. A clear Hanle signal was also observed 

with a parallel configuration, which was more rigorous evidence of spin injection. 

The estimated values of s, lsf, and the effective spin polarization defined by 

|PinjPdet|
1/2

 in Eq. (2.6) were s = 20 ns, lsf = 3 µm, and |PinjPdet|
1/2

 = ~30%, 

respectively.  

The experimentally observed spin-valve signal and Hanle signal indicate that 

electron spins are successfully injected into the spin injection device, and the highly 

polarized spin source of Co2MnSi leads to a high electron spin polarization of ~30 %, 

which is promising for the dynamic nuclear polarization.  

 

     

Fig. 3.2. (a) A spin-valve signal in which an in-plane magnetic field was swept. (b) A Hanle 

signal in which a perpendicular magnetic field was swept. 
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3.3 Spin injection into AlGaAs/GaAs heterostructures 

3.3.1 Layer structure and device geometry  

Figure 3.3(a) shows the layer structure of a spin injection device. Layers 

consisting of (from the substrate side) ud-GaAs (400 nm)/ud-Al0.3Ga0.7As (100 

nm)/n
−
-Al0.3Ga0.7As (Si = 3-4 × 10

18
 cm

−3
 and 100 nm)/ud-Al0.3Ga0.7As (15 

nm)/ud-GaAs (50 nm)/n
−
-GaAs (Si = 7 × 10

16
 cm

−3
 and 100 nm)/n

+
-GaAs (Si = 

7.5-8.5 × 10
18

 cm
−3

 and 30 nm) were grown by molecular beam epitaxy (MBE) on a 

GaAs (001) substrate. Then a CoFe insertion layer (1.3 nm) and a CMS layer (5 nm) 

were grown by magnetron sputtering at room temperature and annealed at 400℃ for 

15 minutes. The purpose of the CoFe insertion layer is to prevent the diffusion of Mn 

atoms from the CMS into the GaAs [29]. For reference, a sample with a CoFe (5 nm, 

TC > 1000 K) spin source was also prepared. By using electron-beam lithography and 

Ar ion milling techniques, a lateral spin injection device was fabricated (Figure 

3.3(b)). To avoid parallel conduction in bulk GaAs, the n
+
-GaAs layer was etched 

away between the contacts. The device consists of a 5-μm-wide channel, two 

ferromagnetic contacts and two nonmagnetic contacts. Contact 2 (1 × 10 μm
2
) works 

as the injector and contact 3 (0.5 × 10 μm
2
) works as the detector. Contact 1 and 

contact 4 are nonmagnetic and they work as references. The spacing (d) between 

contact 2 and contact 3 is 0.5 or 1 or 2 μm. Hereafter, the device with a CMS spin 

source is referred to as CMS/2DEG, while the device with a CoFe spin source is 

referred to as CoFe/2DEG. 
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Fig. 3.3. (a) 2DEG layer structure of spin injection device. (b) Device structure and circuit 

configuration for non-local measurements.  
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3.3.2 Results and discussion 

3.3.2.1 Mobility and contact resistance 

From the Hall effect measurement, electron mobility ranging from 23,100 to 

43,700 cm
2
/V·s and sheet carrier concentration ranging from 6.9 × 10

11
 to 8.5 × 10

11
 

cm
−2

 were obtained at 77 K for the AlGaAs/GaAs 2DEG structures. Although 

samples with an identical layer structure were prepared, the result varies from sample 

to sample. The difference in the mobility probably results from the variation in the 

growth conditions such as the growth temperature [39]. Figure 3.4(a) shows the 

temperature dependence of the mobility for a 2DEG sample and a bulk GaAs sample. 

The mobility increases as temperature decreases for both samples until about 80 K. 

Then the mobility starts to decrease for the bulk sample while it keeps increasing for 

the 2DEG sample. This means that the ionized impurity scattering is suppressed at 

low temperature for the 2DEG sample. At 4.2 K, mobilities ranging from 32,400 to 

80,500 cm
2
/V·s were obtained. Such relatively high electron mobility indicates that 

the 2DEG channel was well formed at the interface of the AlGaAs/GaAs 

heterostructure. Figure 3.4(b) shows current density (J) - voltage (V) characteristics 

for the contacts of both the CoFe/2DEG and CMS/2DEG at 77 K. The nonlinear 

characteristics indicate the tunnel conduction through the Schottky barriers formed at 

the ferromagnet/semiconductor interfaces. The resistance-area product Rj·A, where Rj 

is the junction resistance and A is a contact area, is 400 – 100 kΩ·μm
2
 for the 

CMS/2DEG and 300 – 60 kΩ·μm
2
 for the CoFe/2DEG at the temperatures ranging 

from 4.2 to 294 K. The spin resistance of the 2DEG channel defined by RslsfW [38], 

where Rs is the sheet resistance of the channel, lsf is the spin diffusion length (approx. 

2 μm or less, as shown later in Fig. 3.6(b)), and W (0.5 or 1.0 μm) is the width of the 

contact along the channel direction, is 0.6 - 2.5 kΩ·μm
2
. Thus, the values of Rj·A are 

at least 24 times larger than those of RslsfW, indicating that the spin absorption into 

ferromagnetic contact is negligible and that the spin injection efficiency is 

independent on Rj. 
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Fig. 3.4. (a) Temperature dependence of electron mobility for 2DEG sample and bulk GaAs 

sample. (b) Current density (J) - voltage (V) characteristic for the contacts of both the 

CoFe/2DEG and CMS/2DEG at 77 K. 

 

3.3.2.2 Temperature dependence of spin-valve signal 

Figure 3.5(a) shows a clear non-local spin-valve signal observed from the 

CMS/2DEG device at room temperature, a higher temperature than that reported in 

the previous study, which used GaMnAs as a spin source [16]. In contrast, no clear 

spin-valve signal was observed from the CoFe/2DEG device at room temperature 

due to the relatively large noise. Figure 3.5(b) shows the |∆VNL| as a function of Ibias 

for both the CoFe/2DEG device and the CMS/2DEG device, where ∆VNL = P

NLV −

AP

NLV  is the amplitude of a spin-valve signal at 77 K. The nonlinear relations between 

|∆VNL| and Ibias indicate that the value of (PinjPdet)
1/2

 is not constant against the bias 

voltage. Although there have been several experimental
 

[5-6,28-29,40] and 

theoretical [41-43] investigations in which the magnitude and sign of the spin 

polarization for a ferromagnet/GaAs heterojunction are affected by the bias condition 

and/or ferromagnetic materials, the origin is still an open question. Importantly, 

compared with the CoFe/2DEG device, the |∆VNL| of the CMS/2DEG device is about 
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2 times larger at positive bias, while it is 7-9 times larger at negative bias. It is noted 

that although the values of Rj differ between CMS/2DEG and CoFe/2DEG, as shown 

in Fig. 3.4(b), this effect cannot explain the difference of |∆VNL|, because Rj·A » 

RslsfW is satisfied. The estimated spin polarization defined as (PinjPdet)
1/2

 in Eq. (2.5) 

for the CMS/2DEG device and the CoFe/2DEG device are about 12% and 5%, 

respectively, indicating a higher spin polarization for the CMS/2DEG device than for 

the CoFe/2DEG. However, the value of 12% for the CMS/2DEG is still less than the 

highest value of 52% ever reported in our previous study using a similar CMS spin 

source [29]. In the previous study, we found that the insertion of ultrathin CoFe 

between CMS and GaAs effectively suppressed the Mn diffusion from CMS into 

GaAs, but the spin polarization was so sensitive to the thickness of CoFe. Thus, the 

relatively low spin polarization obtained in the CMS/2DEG device is probably due to 

the insufficient optimization of the CoFe thickness.  

 

 

 

Fig. 3.5. (a) Non-local spin-valve signal observed at 4.2 K and 294 K for Ibias = 10 μA and d = 1 

μm for a CMS/2DEG device with offset. Amplitude of spin-valve signal is defined as ∆VNL = 

P

NLV −
AP

NLV . (b) Bias current dependence of |∆VNL | for CMS/2DEG device and CoFe/2DEG 

device at 77 K. 
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Next, we describe the temperature dependence of the spin-valve signal. Figure 

3.6(a) shows the |∆VNL/Ibias| as a function of temperature for the CMS/2DEG device, 

the CoFe/2DEG device, and a bulk GaAs channel with a CoFe spin source [6], 

respectively. The details of the bulk GaAs channel has been presented elsewhere [6], 

and it is referred to as CoFe/GaAs hereafter. The spin-valve signal was observed up 

to room temperature for the CMS/2DEG device and the CoFe/GaAs device, while for 

the CoFe/2DEG device, the spin-valve signal disappeared after about 140 K. One 

reason for the disappearance of the spin-valve signal is the relatively large channel 

resistance in CoFe/2DEG compared with that in CoFe/GaAs. Above 100 K, the sheet 

resistance of CoFe/2DEG is about 10 times larger than that of CoFe/GaAs, which 

leads to relatively large noise in CoFe/2DEG. Another reason is the quick increase in 

the background signal of CoFe/2DEG as the temperature continuously increases 

above 100 K, making it difficult to distinguish the spin-valve signal. The origin of 

the background signal is not fully understood yet but it may be related to the sheet 

resistance because a quick increase in the sheet resistance of CoFe/2DEG above 100 

K was observed while it is smaller for CoFe/GaAs. Interestingly, for both the 2DEG 

devices, the spin-valve signal does not show a monotonic decrease with increasing 

temperature, and it reaches a peak at about 80 K. This contrasts with the result 

observed in bulk GaAs [6], in which a monotonic decrease of spin-valve signals with 

increasing temperature was observed. To analyze this behavior, the parameters in Eq. 

(2.5) were estimated for the CMS/2DEG device. Figure 3.6(b) shows the temperature 

dependence of the spin diffusion length lsf and the effective spin polarization 

(PinjPdet)
1/2

, which were estimated from the spacing (d) dependence of the spin-valve 

signal. The spin diffusion length at 4.2 K is about 2.5 μm, which is comparable with 

that in the previous study [16]. And this value is also comparable with that in bulk 

GaAs [5,6]. As the temperature increases, lsf decays and becomes about 1 μm at room 

temperature. For the spin polarization, it does not decrease but increases slightly as 

the temperature increases from 4.2 K to 100 K. This kind of abnormal behavior has 

been reported in a previous study in Fe/GaAs structures [5], in which |PinjPdet| rises 

with increasing temperature between 30 and 140 K. And they argue that such 
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behavior is likely associated with an increase in minority spin injection through the 

resonant state formed at Fe/GaAs interface. As the temperature increases, the energy 

of the electrons increases and comes closer to the resonant level, resulting in an 

increase in the minority-spin injection efficiency [42]. Similar mechanism may 

happen in our device at temperature blow 100 K. As the temperature increases above 

100 K, the spin polarization quickly drops to about 4% and remains almost 

unchanged up to room temperature. Figure 3.6(b) also shows the sheet resistance Rs 

for the 2DEG device and the bulk GaAs device, which were estimated from the Hall 

effect measurement. Note that below 100 K, the Rs for the 2DEG device and the bulk 

GaAs device show opposite tendencies with increasing temperature. From the 

analysis, we found that from 4.2 K to about 100 K, although lsf decreases as the 

temperature increases, (PinjPdet)
1/2

 and Rs increase, which maintains the magnitude of 

the spin-valve signal. However, the Rs of bulk GaAs decreases in this temperature 

range, resulting in a different temperature dependence behavior of the spin-valve 

signal compared with that of the 2DEG device. More importantly, the spin-valve 

signal in the CMS/2DEG device decreases by a factor of about 5.6 with increasing 

temperature from 4.2 K to 294 K, and this factor is smaller than the values reported 

in bulk GaAs devices [5-7,29]. This result suggests that the spin-valve signal in a 

2DEG device is less sensitive to temperature than that in a bulk device. 
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Fig. 3.6. (a) Temperature dependence of |∆VNL/Ibias| for CMS/2DEG device, CoFe/2DEG device, 

and CoFe/GaAs device, respectively. (b) Parameters estimated in Eq. (2.5) for CMS/2DEG 

device. Spin diffusion length lsf and spin polarization (PinjPdet)
1/2

 were estimated from spacing (d) 

dependence of spin-valve signal. Sheet resistance Rs for 2DEG device and bulk GaAs device 

were estimated from Hall effect measurement. 

 

3.3.2.3 Spin lifetime 

Although the observation of a Hanle signal is more rigorous evidence of spin 

injection, no clear Hanle signal was observed in our device due to a relatively large 

background signal. The relatively small spin lifetime [16,44-45] also makes it 

difficult to observe the Hanle precession. To understand the spin relaxation 

mechanism in the 2DEG device, the spin lifetime was estimated by 

,/2 Dlsfs      (3.1) 

where lsf is the spin diffusion length, and ])(/[1 2

sF REgeD   is the diffusion 

constant, where e is the electron charge, g(EF) is the density of states at the Fermi 

level, and Rs is the sheet resistance. Figure 3.7 shows the temperature dependence of 
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the spin lifetime, which was found to be weakly dependent on the temperature. Such 

weak temperature dependence of τs was also reported in AlGaAs/GaAs quantum 

wells in the range of 90-300 K, and this was investigated by optical methods [45]. 

The D’yakonov-Perel’ mechanism is expected to be the spin relaxation mechanism 

for the AlGaAs/GaAs heterostructure and it predicts [44] 

,/1 ps T      (3.2) 

for a narrow quantum well, where T is the temperature and τp is the momentum 

scattering time. Figure 3.7 also plots the temperature dependence of the product of T 

and τp. From about 100 K to room temperature, Tτp is almost constant, which is 

consistent with the constant τs. Therefore, the spin relaxation mechanism should be 

the D’yakonov-Perel’ mechanism. However, below about 100 K, although τs stays 

constant, Tτp shows strong temperature dependence, which breaks the relation of Eq. 

(3.2). Another mechanism that might be related is the Elliott-Yafet mechanism, 

which predicts [46] 

.//1 ps T        (3.3) 

However, T/τp shows a similar tendency to that of Tτp below about 100 K as shown in 

Fig. 3.7.  Thus, it is impossible to explain the spin relaxation by D’yakonov-Perel’ 

and/or Elliott-Yafet mechanism, and further studies are needed to clarify the 

mechanism in this temperature range.  
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Fig. 3.7. Temperature dependence of spin lifetime τs (left-axis and red triangles), product of Tτp 

(right-axis and black circles) that corresponds to D’yakonov-Perel’ mechanism, and T/τp 

(right-axis and green circles) that corresponds to Elliott-Yafet mechanism, where T is temperature 

and τp is momentum scattering time, which was estimated from Hall measurement result.  

 

 

3.4 Summary and conclusion 

In summary, electrical spin injection was demonstrated into bulk GaAs and 

AlGaAs/GaAs heterostructures using Co2MnSi as a spin source.  

In bulk GaAs, a clear spin-valve signal and a Hanle signal were observed. The 

highly polarized spin source of Co2MnSi resulted in a high spin polarization, which 

is promising for the DNP process. Moreover, an indication of nuclear spin 

polarization was observed in the spin-valve signal at zero magnetic field. 

In the AlGaAs/GaAs heterostructure, a spin-valve signal was observed up to 

room temperature. The spin-valve signal regarding the temperature shows relatively 

complicated behavior compared with that of the bulk device, which results from the 

opposite tendency of sheet resistance. Moreover, the spin-valve signal in the 2DEG 
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device is less sensitive to temperature than that in the bulk device. This result 

contributes to a better understanding of spin transport in a 2DEG channel, which is 

indispensable for realizing future spin transistors that can operate at room 

temperature. 

Table 3.1 shows the comparison between bulk GaAs and AlGaAs/GaAs 

heterostructures. Bulk GaAs has higher spin polarization and longer spin lifetime, 

which are necessary for efficient DNP. Moreover, an indication of nuclear spin 

polarization was observed in the spin-valve signal from bulk GaAs, which however, 

was not observed from AlGaAs/GaAs hererostructures. In conclusion, the bulk GaAs 

device is suitable for investigating the nuclear spins. 

 

Table 3.1. Comparison between bulk GaAs and AlGaAs/GaAs 2DEG. 

T = 4.2 K Bulk GaAs AlGaAs/GaAs 

Spin polarization ~30% ~10% 

Spin lifetime ~20 ns ~0.1 ns 

Spin-valve signal Yes Yes 

Nuclear spin polarization 

in spin-valve signal 

Yes No 

Hanle signal Yes No 
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4. Transient analysis of dynamic nuclear 

polarization  

4.1 Introduction 

As introduced in section 2.3, an oblique magnetic field is necessary to generate 

a nuclear field, and oblique Hanle effect measurements are used to detect the nuclear 

field. An oblique Hanle effect measurement is similar with the conventional Hanle 

effect measurement except that an oblique magnetic field is swept. Figure 4.1(a) 

shows a simulation result of a steady-state oblique Hanle signal, in which the nuclear 

field is calculated by using Eq. (2.10). It is asymmetric with respect to the polarity of 

the magnetic field by the following reason. When B S   , according to Eq. (2.10), 

the nuclear field Bn is anti-parallel to the external magnetic field. Since the Hanle 

precession is induced by the total magnetic field of B + Bn, when B and Bn cancel 

each other, the Hanle precession is suppressed, resulting in a side peak. On the other 

hand, when B S   , the nuclear field is parallel to the external magnetic field. Thus, 

no cancellation can occur. To ensure that the nuclear spins are in steady states, the 

magnetic field has to be swept slowly enough because the DNP process takes several 

hundred seconds or more.  

Figure 4.1(b) shows a typical transient oblique Hanle signal measured in the 

spin injection device with Co2MnSi/CoFe (1.1 nm)/n-GaAs structures at 4.2 K. 

Because the magnetic field was swept (0.18 mT/s) faster than the DNP process, the 

behavior of the nuclear spins became complicated. Compared with the steady-state 

oblique Hanle signal (Fig. 4.1(a)), we experimentally observed the following two 

features: (1) an additional side peak was observed in the negative sweep direction, 

and (2) no side peak was observed in the positive sweep direction, showing a clear 

hysteretic nature depending on the sweep direction.  

To explain these behaviors of the nuclear spins, we introduce the nuclear spin 
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temperature because the DNP process can be described by the time evolution of the 

nuclear spin temperature. To fully exploit the nuclear spins in future spintronics, we 

quantitatively analyze the transient response of nuclear spins to a change in the 

magnetic field in the DNP process by using the concept of nuclear spin temperature. 

 

 

Fig. 4.1. (a) A simulation result of a steady-state oblique Hanle signal with a slow sweep rate.  

(b) A typical transient oblique Hanle signal observed in GaAs with a fast sweep rate. 

 

4.2 Simulation model 

4.2.1 Nuclear spin temperature 

Nuclear spins are coupled to each other by spin-spin interactions, and also 

loosely coupled to a lattice by a spin-lattice relaxation mechanism. The time scale for 

the spin-lattice system to reach thermodynamic equilibrium is characterized by T1, 

which is on the order of 1 s or more. On the other hand, the interactions inside the 

nuclear spin system (dipole-dipole interaction of the nuclear magnetic moments) are 

characterized by a much shorter time, T2. Each of the nuclei experiences a fluctuating 

local field BL generated by its neighbors. The period of the nuclear spin precession in 

(a) (b) 



51 

BL defines the characteristic time of the interactions inside the nuclear spin system. 

Owing to these internal interactions, the nuclear spin system reaches the 

thermodynamic equilibrium internally during a time of order of T2, which is given by 

1/γBL and is generally on the order of 100 μs, where γ is the gyromagnetic ratio of 

nuclei. This equilibrium state is characterized by a nuclear spin temperature
 
[1] 

which in general differs strongly from the lattice temperature because T1 >> T2. 

Figure 4.2(a) shows a two-level nuclear spin system in the presence of an 

external magnetic field. According to the fundamental Boltzmann law of statistical 

mechanics, the populations    with the energy levels    are proportional to 

             , where kB is the Boltzmann constant and θ is the nuclear spin 

temperature. The net magnetization of a sample containing N spins will thus be [2]  
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So the average nuclear spin will be   
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This is the well-known Curie’s law. Since the nuclear magnetic moment is three 

orders smaller than that of the electron magnetic moment, it is very difficult to detect 

the nuclear spins by conventional magnetostatic methods. From this point of view, 

the DNP has attracted much interest because it can drastically increase the average 

nuclear spin by decreasing the nuclear spin temperature. 
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4.2.2 Cooling of the nuclear spin system through the DNP process 

In the presence of polarized electrons, nuclear spins are effectively polarized 

through the transfer of spin angular momentum from polarized electrons to nuclei, 

leading to the decrease in nuclear spin temperature. The sign of the nuclear spin 

temperature is positive (negative) when the sign of B·S is positive (negative). In the 

case that B·S is positive (Fig. 4.2(b)), the spin angular momentum parallel to B is 

transferred into the nuclear spin system, leading to an increased nuclear spin 

polarization. This corresponds to cooling of the nuclear spin temperature below the 

lattice temperature. For example, for |S| =0.25 and |B| = 5 mT, one finds θ ~10
6

 K. 

When B·S is negative (Fig. 4.2(c)), on the other hand, nuclear spins are negatively 

polarized because a population inversion occurs through the transfer of spin angular 

momentum antiparallel to B, and the nuclear spin temperature becomes negative. 

However, the picture described above is the one for steady-state nuclear spins. If the 

external magnetic field is changed faster than the time scale of the DNP, the transient 

response of nuclear spins should be considered. 

 

 

Fig. 4.2. Schematic images of nuclear spin distribution (a) under an external magnetic field, (b) 

under the DNP process when B·S > 0, and (c) under the DNP process when B·S < 0. 
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4.2.3 Time evolution of the nuclear spin temperature 

Considering the energy balance of the nuclear spin system interacting with 

polarized electrons, the time (t) evolution of nuclear spin temperature under the DNP 

process is described by the following equation [3]: 

                    ,
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                     (4.3) 

where T1e is the characteristic time for the DNP, which can be as long as 100 s or 

more, and θ0 is the steady-state nuclear spin temperature, which is given by [3] 
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Compare to Eq. (2.10), we know that the steady-state nuclear field is 

characterized by θ0. 

4.2.4 Experimental conditions 

In the electrical oblique Hanle effect measurements using a four-terminal 

non-local geometry in a lateral spin transport device (Fig. 4.3(a)), the Overhauser 

field can be detected through the detection of the non-local voltage VNL between 

contacts 3 and 4. The total magnetic field of B + Bn induces Hanle precession for 

electron spins, resulting in a decrease in the electron spin polarization under detector 

contact-3. Similarly to the conventional Hanle signal, VNL can be described by Eq. 

(2.6), where ω
L
 = gμ

B
Bz/ħ is the Larmor frequency, where Bz is the z component of B + 

Bn.  
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Fig. 4.3. (a) Schematic structure of a four-terminal non-local device and circuit configuration for 

oblique Hanle effect measurements. (b) Spin-valve signal and (c) Hanle signals observed in GaAs 

with a Co2MnSi spin source. 

 

To simulate a transient oblique Hanle signal, we assumed an oblique magnetic 

field Bob, which was applied along the oblique direction with φ= 15° from the z-axis 

in the x-z plane – i.e., Bob ≡ Bob(xsinφ + zcosφ), where Bob is the amplitude of the 

oblique field of Bob with both the positive and negative signs, and x and z are the unit 

vectors along the x-axis and z-axis directions, respectively. The device was first 

initiated at Bob = +42 mT for a hold time (thold) of 60 s, so that nuclear spins became 

dynamically polarized. Then Bob was 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. In addition to Bob, we assumed a constant stray field 

Bst = 0.5 (mT) from the ferromagnetic electrodes, which pointed along the z-axis 

direction in the GaAs channel, as part of the external field in our simulation. Then, 



55 

the total external magnetic field B was given by 

B = Bob + Bst z = Bob(xsinφ + zcosφ) + Bst z ,                (4.5) 

where Bob as a function of t is given by 
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There are three kinds of nuclei in GaAs, that is, 
75

As, 
69

Ga, and 
71

Ga. To 

distinguish the contribution of each kind of nuclei, we use three kinds of nuclear spin 

temperature to characterize 
75

As, 
69

Ga, and 
71

Ga nuclei, respectively. So the total 

nuclear field consists of three components. From Eqs. (4.4), (4.5), and (4.6), θ0 in Eq. 

(4.3) is t-dependent. Thus, we solved Eq. (4.3) numerically by dividing t into a time 

step of 1 s, during which Bob is assumed to be constant. Substituting numerically 

solved θ into Eqs. (4.2), (2.9), and (2.6), we simulated the transient response of Bn 

and VNL against a change in the magnetic field. 

Parameters used in our simulation are shown in Table 4.1. The values of 2|S0|, lsf, 

and sf in Table 4.1 were estimated from the fitting of our previous experimental 

results of the spin-valve signal (VNL vs. in-plane magnetic field along the x-axis) and 

Hanle signals (VNL vs. out-of-plane magnetic field) observed in a lateral spin 

transport device with Co2MnSi/CoFe electrodes [4], where |S0| is the average 

electron spin at B = 0. These results are shown in Fig. 4.3(b) and (c), respectively, 

and the details of the device structure and experimental conditions are described in 

Ref. 4. The projection of S to B in Eq. (4.4) was estimated from |S0|. Although the 

Hanle precession through B + Bn changes the component of S perpendicular to B, it 

does not change the component of S parallel to B. Thus, we assumed that S·B is 

equal to S0·B in the simulation. We considered three kinds of nuclei 
69

Ga, 
71

Ga, and 

75
As in the GaAs channel. The values of bn, T1e, and f in Table I were treated as 

fitting parameters. The values of I and γ were taken from Ref. 5, and the value of 

   BL was taken from Ref. 6.  
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Table 4.1. Summary of simulation parameters. 

 

Parameter Value 

2|S0| 4.4 % 

τs 10 ns 

lsf 5 μm 

bn of 75As -4.59 T 

bn of 69Ga -2.19 T 

bn of 71Ga -1.99 T 

T1e 400 s 

f 0.85 

I 
a)

 3/2  

γ of 75As
a)

 4.581×10
7
 rad/T·s  

γ of 69Ga
a)

 6.420×10
7
 rad/T·s  

γ of 71Ga
a)

 8.158×10
7
 rad/T·s  

   BL
b)

 5 mT  

d 0.5 μm 

Bst 0.5 mT 

a) Ref. 5.  b) Ref. 6. 

 

4.3 Simulation results and discussion 

Figure 4.4 shows (a) a typical oblique Hanle signal observed in GaAs with a 

Co2MnSi spin source [4] and (b) a corresponding simulation result [7]. Compared 

with the steady-state signal, we experimentally observed the following two features: 

(1) An additional side peak was observed at Bob < 0 in the negative sweep direction, 

and (2) no side peak was observed in the positive sweep direction, showing a clear 

hysteretic nature depending on the sweep direction. These features were well 

reproduced by using the concept of nuclear spin temperature. The value T1e = 400 s 

used in the simulation is reasonable as a time scale needed for the DNP [4, 8-9]. These 

results validate the simulation model used in this study. A slight deviation between the 

experiment and simulation for Bob > 0 is possibly due to the instability of the 

background signal during the measurement. Although we subtracted a background 

signal consisting of a constant term and linear and quadratic terms of Bob, some 

uncertain background signals might be remained. 



57 

 

 

Fig. 4.4. (a) Oblique Hanle signal observed in GaAs with a Co2MnSi spin source. 

(b) A corresponding simulation result. 

 

Now we will discuss the transient behavior of nuclear spins based on the time 

evolution of nuclear spin temperature. Because bn is negative in GaAs, we know 

from Eqs. (2.7) and (4.2) that if θ is positive (negative), Iav is parallel (antiparallel) to 

B, while Bn is antiparallel (parallel) to B. Thus, a condition that B and Bn cancel each 

other exists only for θ > 0. Fig. 4.5 shows (a) Bob, Bn and (b) 1/θ, 1/θ0 of 
75

As nuclei 

as a function of time, and (c) a simulation result of an oblique Hanle signal, and Fig. 

4.6 shows corresponding nuclear spin distribution of the transient oblique Hanle 

effect measurement. The value of 1/θ increased during a holding time due to DNP, 

resulting in the nuclear field Bn being generated antiparallel to B at t = thold [state-1 

and Fig. 4.6(a)]. When Bob reached 27 mT in the negative sweep direction, Bn and B 

cancelled each other out, leading to one side peak in the non-local voltage VNL 

[state-2 and Fig. 4.6(a)]. When B was reversed, θ0 became negative because B·S < 0. 

This means that B and Bn should be parallel and no cancellation should occur in the 

steady state. However, we observed a clear side peak at Bob = -11 mT [state-3 and Fig. 

4.6(b)], indicating cancellation between B and Bn. This is because Bob was changed 

before the nuclear spin system reached the steady-state. Indeed, 1/θ was delayed with 

respect to 1/θ0 as shown in Fig. 4.5(b), and θ stayed positive for a certain time after B 
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was reversed. This time delay happened because the external magnetic field was 

changed much faster than T1 and T1e processes. After B was reversed, as shown in Fig. 

4.6(b), the nuclear spin system adiabatically changed their spin direction to keep the 

Zeeman energy in the low-energy state for the negative Bob as for the positive Bob, 

resulting in a positive nuclear spin temperature. However, after sufficient time, that is, 

at t > 405 s, a population inversion of nuclear spins occurred owing to the DNP 

process and θ became negative, indicating Bn was parallel to B [state-4 and Fig. 

4.6(c)]. Similarly in the positive sweep direction, θ was negative (B and Bn were 

parallel) at Bob < 0, and it stayed negative for a certain time after Bob was reversed 

from the negative direction to the positive direction [state-5 and Fig. 4.6(d)]. Thus, 

no cancellation occurred between B and Bn, resulting in the disappearance of the 

satellite peak at Bob > 0 for the positive sweep direction. 
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Fig. 4.5. (a) Time evolution of (a) Bob and Bn, (b) 1/θ and 1/θ0 of 
75

As isotope in GaAs. (c) A 

simulation result of oblique Hanle signal. 
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Fig. 4.6. Schematic images of nuclear spin distribution of the transient oblique Hanle effect 

measurement for (a) state-1 and state-2, (b) state-3, (c) state-4, and (d) state-5. 

 

 

4.4 Summary 

The transient response of nuclear spins in GaAs to a change in the magnetic 

field was analyzed by using the concept of nuclear spin temperature. The hysteretic 

nature of nuclear field with respect to the sweep direction of the external magnetic 

field, which originated from the transient response of nuclear spins, was well 

reproduced by this method. From the analysis, we found that this behavior can be 

understood by the delay of the time response of nuclear spin temperature to a change 

in the magnetic field. Also, the simulation provides one method to estimate the time 

scale of the DNP.  
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5. Detection of nuclear spin coherence 

through spin-echo measurements  

5.1 Introduction 

Nuclear spins are promising implementations for qubits because they have 

extremely long coherence times. The nuclear magnetic resonance (NMR) technique 

enables the control and detection of nuclear-spin-based qubits. However, the 

sensitivity of the conventional NMR technique is limited by the low magnetic 

moments of the nuclear spins, which are three orders of magnitude smaller than that 

of the electron spins. Dynamic nuclear polarization (DNP), where nuclear spins are 

dynamically polarized through a hyperfine interaction between nuclear spins and 

electron spins, has attracted much interest, since it can dramatically increase the 

NMR signal. To generalize electron spins, methods such as optical polarization, 

quantum Hall system, and spin injection are used. Coherent manipulation of nuclear 

spins in semiconductors by NMR with DNP has been demonstrated electrically in 

GaAs/AlGaAs quantum Hall systems by observing the Rabi oscillation [1-3] and 

optically in GaAs/AlGaAs quantum wells by observing the Rabi oscillation and 

spin-echo signals [4]. Although the optical method is suitable for clarifying the 

fundamental physics of nuclear spins, it is restricted in its scalability because the 

spatial resolution is limited by the optical wavelength. The quantum Hall systems 

require a strong magnetic field of several Tesla and a low temperature below 1 K to 

create highly polarized electron spins for DNP. Considering these shortcomings, a 

spin injection system is a better choice since it is all electrical and a highly polarized 

spin source allows efficient DNP without a strong magnetic field. 

Recently, we developed a novel NMR system that uses spin injection from a 

highly polarized spin source and detected the Rabi oscillation electrically with a 

static magnetic field of ~0.1 T at 4.2 K [5]. A Mn-rich Co2MnSi was used as a spin 

source and we have demonstrated high-efficiency spin injection from Co2MnSi into 



64 

GaAs via an ultrathin insertion layer of CoFe in a spin injection device, resulting in a 

high electron spin polarization as described in Chap. 3. This enabled efficient DNP 

and sensitive detection of the Rabi oscillation even at a low magnetic field and a 

relatively high temperature [5].  

For achieving nuclear-spin-based qubits, it is important to clarify the 

nuclear-spin phase coherence time T2, because the lifetime of a qubit is limited by T2. 

In a real system, however, the decoherence is enhanced due to the inhomogeneity in 

the external magnetic field. The real coherence time T2
*
 can be estimated from the 

Rabi oscillation as T2
*
 = 1/2T2

Rabi
, and it consists of an intrinsic component T2 = 

1/γBL, which results from the dipolar-dipolar interaction between the nuclear spins, 

and the other component T2
inhom

 = 1/γ∆Bext, which results from the inhomogeneity in 

the external magnetic field. T2 is the intrinsic coherence time and it is determined by 

the material itself while T2
inhom

 is extrinsic and determined by the measurement 

system. In order to know the intrinsic T2, a spin echo measurement [4, 6], which 

refocuses nuclear-spin magnetization by using a specific pulse sequence, has to be 

made to exclude the T2
inhom

 component.  

The purpose of the present study is to clarify the phase coherence time T2 of the 

nuclear spins in GaAs through an electrical spin-echo measurement in a spin 

injection device. Since the durations of π/2 and π pulses should be determined when 

performing a spin-echo measurement, the Rabi oscillation was also measured, as was 

done in our previous work [5]. 

 

5.2 Experimental methods and results 

5.2.1 Device structure 

A lateral spin transport device having Co2MnSi/CoFe (1.3 nm)/GaAs 

heterojunctions was fabricated (Fig. 5.1). The layer structure and device geometry 

are described in section 3.2. The device operation includes: (1) Generation of 

spin-polarized electrons in GaAs by spin injection; (2) Initialization of nuclear spins 
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by DNP; (3) Quantum manipulation of nuclear spins through the NMR effect; (4) 

Readout of nuclear spin states through the detection of the non-local voltage (VNL) 

between electrode-3 and electrode-4. The non-local voltage is a measure of the 

response of the electron spins to the total magnetic field of both the nuclear field and 

external magnetic field. Through the NMR effect, the nuclear spins, or the nuclear 

field, are manipulated, resulting in the changes in the non-local voltage. Thus, the 

nuclear spin states can be read out from the changes of the non-local voltage (∆VNL). 

The creation, control, and detection of the nuclear spins in GaAs were evaluated in a 

four-terminal non-local geometry when VNL between electrode-3 and electrode-4 was 

measured under a constant current I supplied between electrode-2 and electrode-1 

under a static magnetic field B0 and an RF magnetic field Brf. The Brf was generated 

by an 11-turn coil with a diameter of 1.0 cm for the NMR experiment. All the 

measurements were done at 4.2 K. 

 

    

 

Fig. 5.1. Experimental setup of NMR for a lateral spin transport device. The injected electron 

spins are along the x-axis. Taking B0·S > 0 and bn < 0 in Eq. (2.10) into consideration, Bn is 

anti-parallel to B0. 
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We observed clear spin-valve signals (Fig. 5.2(a)) and Hanle signals (Fig. 

5.2(b)), which are evidence of successful spin injection from this device [7]. The 

estimated values of s, lsf, and the effective spin polarization defined by |PinjPdet|
1/2

 in 

Eq. (2.6) were s = 20 ns, lsf = 3 µm, and |PinjPdet|
1/2

 = ~30%, respectively.  

 

 

 

 

  

Fig. 5.2. (a) Spin-valve signals, (b) Hanle signals and (c) Oblique Hanle signals measured at 4.2 

K with a constant current I = 90 μA. 

 

 

 



67 

5.2.2 Initialization of DNP 

This high spin polarization in GaAs due to the spin injection from a highly 

polarized spin source of Co2MnSi is promising for DNP. In order to check whether 

the DNP occurs in our device, the oblique Hanle signal (Fig. 5.2(c)) was measured. 

The magnetic field B0 (|B0| = 200 mT) was applied to the device along a direction a 

small angle θ ≈ 8° from the z-axis in the x-z plane for a holding time thold = 600 s, and 

then it was swept from 200 mT to 0 with a sweep rate of 0.4 mT/s. From Eq. (2.10), 

Bn and B0 are parallel or antiparallel, depending on the sign of bnB0·S. When B0 = 0, 

S points along the x-axis, whereas when B0 ≠ 0, S precesses along B0 + Bn. This 

precession changes only the component of S perpendicular to B0, and conserves the 

component of S parallel to B0, resulting in B0·S > 0 in this magnetic field 

configuration. Taking bn < 0 in Eq. (2.10) into consideration, Bn is generated along 

the direction antiparallel to B0. The VNL plotted in Fig. 5.2(c) can be described by Eq. 

(2.6) by replacing B0 with B0 + Bn. When |B0| was swept from +200 mT to 0, |B0 + 

Bn| reached a local minimum at |B0| = 150 mT, resulting in VNL having a side peak at 

|B0| = 150 mT. In other words, the observation of the side peak is a clear indication of 

DNP.  

For the NMR measurements including the Rabi oscillation measurement and the 

spin-echo measurement, the nuclear spins should be initialized by the DNP. For 

initialization, a static magnetic field B0 with a strength of |B0| = 114 mT was applied 

to the device along the direction by a small angle θ ≈ 8° from the z-axis in the x-z 

plane for approximately 10 minutes (Fig. 5.1). Similarly to the oblique Hanle signal 

measurement shown in Fig. 5.2(c), the electron spins injected from the Co2MnSi spin 

source should polarize the nuclear spins through the DNP process, resulting in a 

nuclear field Bn being anti-parallel to B0.  
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5.2.3 Resonance condition for 
69

Ga nuclear spins 

To determine the resonance frequency for the NMR measurements, an RF 

magnetic field Brf was continuously applied to the device along the x-axis (Fig. 5.1). 

The frequency of the RF magnetic field was swept up or down with a rate of 200 

Hz/s. As shown in Fig. 5.3, when the frequency was swept to approximately 1.118 

MHz, an obvious change occurred in the non-local voltage. This is because the 

nuclear spins became depolarized when the NMR occurred. As described in Chap. 2, 

the non-local voltage is a measure of the response of the electron spin precession 

along the effective magnetic field of B0 + Bn. The depolarization of the nuclear spins 

led to a decrease in Bn, resulting in a change in the electron spin precession. The 

non-local voltage increased because the total magnetic field was decreased and 

consequently, the electron spin precession was suppressed. This resonance frequency 

was close to the theoretical value of 
69

Ga nuclear spins given by Eq. (2.2) under a 

magnetic field of 114 mT. Therefore, the resonance frequency for 
69

Ga nuclear spins 

is determined to be 1.118 MHz, and in the following, NMR measurements will be 

conducted on 
69

Ga nuclear spins. 

 

 

Fig. 5.3. Frequency dependence of the non-local voltage under a static magnetic field of 114 mT. 

The RF magnetic field was continuously applied and frequency was swept up or down with a rate 

of 200 Hz/s. 
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5.2.4 Rabi oscillation of 
69

Ga nuclear spins 

To determine the durations for π/2 and π pulses which are needed for the 

spin-echo measurement, the Rabi oscillation of the nuclear spins should be measured. 

In the following, the experimental result of the Rabi oscillation of 
69

Ga nuclear spins 

will be introduced. 

After the initialization of the nuclear spins, an RF magnetic field Brf was applied 

along the x-axis with a certain pulse duration τp and a frequency of 1.118 MHz, 

corresponding to the resonance frequency of 
69

Ga in a static magnetic field |B0| = 114 

mT. Then, the nuclear spins of 
69

Ga were rotated by an angle of γ(
69

Ga)|Brf(m)|τp/2 in 

the rotating frame which rotates along the z-axis with a rotating frequency 

synchronized to the resonance frequency of 
69

Ga, where γ(
69

Ga) is the gyromagnetic 

ratio of 
69

Ga and |Brf(m)| is the amplitude of Brf. Consequently, the 
69

Ga component of 

Bn was rotated, and the total magnetic field was changed, resulting in a change in VNL 

according to Eq. (2.6). Figure 5.4(a) shows the time evolution of VNL when Brf pulses 

with τp = 30, 50 and 70 μs were applied at t = 0. VNL increased rapidly by VNL = 7, 

13 and 16 μV, respectively, and then it gradually recovered to its initial state on a 

time scale of several hundreds of seconds [7]. The increase in VNL due to the 

irradiation of the RF pulse indicates that the Hanle precession became weaker as a 

result of the decrease in the z component of the effective magnetic field, Bz. The 

value of Bz after the irradiation of a pulse with a duration of τp is given by 

1 2 2( ) cos(2 )exp( / )Rabi

z p Rabi p pB A f T A      ,                     (5.1) 

where A1 and A2 are constants, fRabi (= γ(
69

Ga)|Brf(m)|/4π) is the frequency for the 

oscillation of Bz, and T2
Rabi

 is the effective dephasing time. We define VNL as the 

change in VNL just after the Brf pulse. The oscillatory behavior of Bz induces an 

oscillation in VNL as a function of τp. Figure 5.4(b) shows the τp dependence of VN, 

along with a fitting curve calculated by substituting Eq. (5.1) into Eq. (2.6) [7]. We 

observed clear oscillations in VNL as a function of τp. From the fitting, T2
Rabi

 = 320 

μs and fRabi = 5.4 kHz were obtained, from which the amplitude of Brf was estimated 
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to be ~1 mT. The value of T2
Rabi

 = 320 μs was smaller than that of 400 μs previously 

reported in Ref. [5]. This difference mainly owes to the enhancement of the 

dipole-dipole interactions accompanying a slight increase in θ from 5° to 8° degrees, 

as was discussed in Ref. [4]. From the period of the Rabi oscillation, the durations 

for π/2 and π pulses were determined to be 46 and 92 μs, respectively.  

 

 

 

 

Fig. 5.4. (a) Time evolution of VNL when Brf pulses with τp = 30, 50 and 70 μs were applied at t = 

0. VNL was offset by 10.9 mV, so that VNL = 0 at t = 0. (b) τp dependence of VNL along with a 

fitting curve, where VNL is defined as the change in VNL just after the Brf pulse. 
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5.2.5 Spin echo signal of 
69

Ga nuclear spins 

Finally, the spin echo signal of 
69

Ga nuclear spins will be introduced. In the spin 

echo measurement, a pulse sequence consisting of π/2, π, and π/2 pulses (Fig. 5.5) is 

applied to nuclear spins that are initialized to be along the z-axis (Fig. 5.5(a)). The 

first π/2 pulse rotates the nuclear spins by θ = π/2 to the y-axis in the rotating frame 

(Fig. 5.5(b)), and the nuclear spins start to dephase due to the inhomogeneous 

external magnetic field. After a time of τ/2, the nuclear spins split because each 

nuclear spin rotates with a different speed (Fig. 5.5(c)). Some nuclear spin rotates 

fast and the rotation angle from the y-axis is larger, and some nuclear spin rotates 

slowly and the rotation angle from the y-axis is smaller. At this time, if we apply a π 

pulse, then the nuclear spins are rotated along the x-axis by θ = π/2 and they start to 

refocus (Fig. 5.5(d)), which is just the reversal process of the dephasing in Fig. 5.5(c). 

After the same time of τ/2, the nuclear spins will rotate to the minus y-axis with an 

angle equal to that they just rotated from the y-axis. Then a complete refocusing, or 

spin echo, occurs (Fig. 5.5(e)). The refocusing can occur because the dephasing due 

to the inhomogeneous external magnetic field is reversible. Finally, the second π/2 

pulse rotates the nuclear spins back to the z-axis for readout (Fig. 5.5(f)). After the 

application of the pulse, the nuclear field decays due to the local field BL, resulting in 

a change in the effective magnetic field, which can be detected by the non-local 

voltage VNL. 
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Fig. 5.5. Illustration of a spin-echo measurement in a rotating frame with a pulse sequence 

consisting of π/2, π, and π/2 pulses. The effective RF magnetic field is along the x-axis. 
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Figure 5.6(a) shows the time evolution of VNL when spin-echo pulse sequences 

with τ = 60 and 200 μs were applied at t = 0. VNL changed rapidly by VNL = 8.5 and 

16 μV, respectively, after applying the pulse sequences; then it gradually recovered to 

its initial state [7]. VNL increased because the decay of 
69

Ga nuclear spins resulted in 

a decrease in the z component of the effective magnetic field, which is given by 

 3 2 4( ) exp( / )zB A T A    ,                               (5.2) 

where A3 and A4 are constants. Figure 5.6(b) shows the τ dependence of VNL, along 

with a fitting curve calculated by substituting Eq. (5.2) into Eq. (2.6) [7]. An 

exponential-like behavior of VNL, corresponding to the intrinsic decoherence of 

69
Ga nuclear spins, was observed. The intrinsic coherence time T2 (= 180 μs) was 

obtained from the fitting results and is comparable with the values reported in Ref. 

[4].  

 

 

 

 

Fig. 5.6. (a) Time evolution of VNL after applying spin-echo pulse sequence with τ = 60 and 200 

μs at t = 0. VNL was offset by 10.9 mV, so that VNL = 0 at t = 0. (b) τ dependence of VNL. The 

offset of 5 μV at τ = 0 results from the decay of the Rabi oscillation for one cycle. 
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5.3 Discussion 

The real coherence time T2
*
 can be estimated as T2

*
 = 1/2T2

Rabi
. Since T2

Rabi
 = 

320 μs, then T2
*
 should be 160 μs. It is close to the intrinsic coherence time T2 (= 180 

μs), which indicates that the inhomogeneity in the external magnetic fields is not 

obvious. However, there is still a small difference between T2
*
 and T2, which results 

from the inhomogeneous external magnetic fields. In our device, the external fields 

consist of a static magnetic field and a stray field from the ferromagnet. Since NMR 

was observed within a small volume, the inhomogeneity in the static magnetic field 

is probably negligible. Therefore, the inhomogeneity probably comes from the stray 

field. 

 

 

Fig. 5.7. Illustration of a stray field from the ferromagnet, and an electron field generated by the 

electron spins in the spin injection device. 
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5.4 Summary 

In summary, we demonstrated spin echoes of nuclear spins in a spin injection 

device with a highly polarized spin source by nuclear magnetic resonance (NMR). 

Table 5.1 shows the position of this study among GaAs-based materials. The 

quantum Hall system requires a strong magnetic field and a very low temperature. 

The optical method is restricted in the scalability. In this study, we demonstrated the 

detection of nuclear spin coherence in GaAs using electrical spin injection. Efficient 

spin injection into GaAs from a half-metallic spin source of Co2MnSi enabled 

efficient dynamic nuclear polarization (DNP) and sensitive detection of NMR signals 

even at a low magnetic field of ~0.1 T and a relatively high temperature of 4.2 K. It 

was found that the intrinsic coherence time T2 obtained from the spin-echo signals 

was slightly larger than T2
*
 obtained by the Rabi oscillation, which indicates that the 

inhomogeneity in the external fields exists. The inhomogeneity probably comes from 

the stray field. This study provides an all-electrical NMR system for 

nuclear-spin-based qubits.  

 

 

Table 5.1. Position of this study 
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6. Conclusion 

This research presents significant results on two aspects: 

1. Spin injection into semiconductors 

Electrical spin injection was demonstrated into bulk GaAs and AlGaAs/GaAs 

heterostructures using Co2MnSi as a spin source. In bulk GaAs, a clear spin-valve 

signal and a Hanle signal were observed. The highly polarized spin source of 

Co2MnSi leads to a high spin polarization, which is promising for the DNP process. 

Moreover, a clear transient oblique Hanle signal was observed in GaAs, which was 

evidence of nuclear spin polarization. In the AlGaAs/GaAs heterostructure, a 

spin-valve signal was observed up to room temperature. The spin-valve signal 

regarding the temperature shows relatively complicated behavior compared with that 

of the bulk device, which results from the opposite tendency of sheet resistance. 

Moreover, the spin-valve signal in the 2DEG device is less sensitive to temperature 

than that in the bulk device. This result contributes to a better understanding of spin 

transport in a 2DEG channel, which is indispensable for realizing future spin 

transistors that can operate at room temperature. 

2. Nuclear spin manipulation in semiconductors 

The transient response of nuclear spins in GaAs to a change in the magnetic 

field was analyzed by using the concept of nuclear spin temperature. The hysteretic 

nature of nuclear field with respect to the sweep direction of the external magnetic 

field, which originated from the transient response of nuclear spins, was well 

reproduced by this method. From the analysis, we found that this behavior can be 

understood by the delay of the time response of nuclear spin temperature to a change 

in the magnetic field. Also, the simulation provides one method to estimate the time 

scale of the DNP.  

More importantly, we demonstrated spin echoes of nuclear spins in a spin 

injection device with a highly polarized spin source by nuclear magnetic resonance 

(NMR). Efficient spin injection into GaAs from a half-metallic spin source of 
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Co2MnSi enabled efficient dynamic nuclear polarization (DNP) and sensitive 

detection of NMR signals even at a low magnetic field of ~0.1 T and a relatively 

high temperature of 4.2 K. It was found that the intrinsic coherence time T2 obtained 

from the spin-echo signals was slightly larger than T2
*
 obtained by the Rabi 

oscillation, which indicates that the inhomogeneity in the external fields exists. The 

inhomogeneity probably comes from the stray field or the electron field. This study 

provides an all-electrical NMR system for nuclear-spin-based qubits.   

In conclusion, all the results described above attribute to the development of a 

spin-injection combined NMR technique for nuclear spin manipulation. 
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